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ABSTRACT

Aim We examined (1) the relationships between aboveground tropical forest C
storage, biodiversity and environmental drivers and (2) how these relationships
inform theory concerning ecosystem function and biodiversity. Experiments have
shown that there is a positive relationship between biodiversity and ecosystem
functioning, but intense debate exists on the underlying mechanisms. While some
argue that mechanisms such as niche complementarity increase ecosystem func-
tion, others argue that these relationships are a selection effect.

Location Eleven tropical forests in the Americas, Africa and Asia.

Methods We analysed the correlates of biodiversity and carbon storage in tropical
forests using data from 59 1-ha tree plots from a standardized global tropical forest
biodiversity-monitoring network. We examined taxonomic and functional diver-
sity, aboveground C storage and environmental variables in order to determine the
relationships between biodiversity and carbon storage in natural (non-plantation)
tropical forests.

Results We found that aboveground C storage in tropical forests increased with
both taxonomic diversity and functional dominance, specifically the dominance of
genera with large maximum diameters, after potential environmental drivers were
accounted for (final model R2 = 0.38, P < 0.001).

Main conclusions Our results suggest that niche complementarity and the selec-
tion effect are not mutually exclusive: they both play a role in structuring tropical
forests. While previous studies have documented relationships between diversity
and C storage, these have largely been conducted on small scales in biomes that are
relatively species poor compared with tropical forests (e.g. grasslands and temper-
ate or boreal forests). Our results demonstrate that these positive biodiversity–
ecosystem functioning relationships are also present in hyperdiverse systems on
spatial scales relevant to conservation and management. This insight can be used to
inform the conservation and management of tropical forests, which play a critical
role in the global carbon cycle and are some of the biologically richest ecosystems
on the planet.
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functional dominance, Neotropics, niche complementarity, taxonomic diversity,
tropical forest.
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INTRODUCTION

The relationship between biodiversity and ecosystem function-

ing has been a matter of debate for more than three decades

(Grime, 1973; Adler et al., 2011). The importance of a better

understanding of this relationship and the underlying mecha-

nisms is only increasing as habitat loss, species invasions and

climate change alter biotic communities (Sax & Gaines, 2003).

Manipulative experiments designed to control levels of local

diversity have indicated that there are positive relationships

between plant diversity and productivity at the plot scale in

grassland systems (Tilman et al., 1997; Hector et al., 1999).

However, meta-analyses of the biodiversity–ecosystem function

(B-EF) relationship of natural systems have produced conflict-

ing results (Jiang et al., 2009). Some have found that hump-

shaped relationships between species richness and biomass or

productivity are most common (Mittelbach et al., 2001), while

others have argued that positive relationships dominate

(Gillman & Wright, 2006). Critics of these comparative analyses

have argued that variability of conclusions reflects methodologi-

cal differences among the field studies, particularly differences in

the size of the sampling unit and the spatial extent of the studies

(Chase & Leibold, 2002; Whittaker & Heegaard, 2003). As a

result, there have been calls to implement global networks using

standard and consistent approaches to avoid such discrepancies

(Condit, 1995; Adler et al., 2011).

Much of the debate over the mechanisms behind observed

B-EF relationships has centred on whether diversity effects are

driven by niche partitioning and facilitation (i.e. the comple-

mentarity effect; Tilman et al., 1997) or by the selection of one

or more highly productive or high-biomass species (i.e. the

selection effect; Loreau & Hector, 2001; Cardinale et al., 2012).

The complementarity effect hypothesis states that a diverse

group of species has a greater variety of functional traits and can

thus better utilize a pool of limiting resources, thereby increas-

ing total ecosystem functioning, than a less diverse community.

The selection effect hypothesis assumes that dominant species

or traits drive ecosystem functioning and that positive B-EF

relationships arise simply because diverse communities are

more likely to include high-functioning species and traits. A

better understanding of how diversity and dominance affect

ecosystem function would help direct conservation and restora-

tion strategies for threatened or exploited ecosystems.

A range of approaches have been used to examine B-EF rela-

tionships (specifically productivity and/or aboveground C

storage for the following examples) in forests on continental

scales. These approaches include studies of the contribution of

individual species to total community function (Balvanera et al.,

2005), simulations of the response of ecosystem function to

different local extinction scenarios (Bunker et al., 2005), data

resampling to examine the relationship between traits and func-

tion (Baker et al., 2009) and multisite studies that correlate bio-

diversity or functional traits to ecosystem function (Baker et al.,

2004; Vilà et al., 2007). Results have demonstrated mixed

support for the hypothesized B-EF relationships in forests.

There is some empirical evidence for a positive relationship

between species richness and wood production in temperate

and boreal forests (Vilà et al., 2007; Paquette & Messier, 2011),

and Caspersen & Pacala (2001) found that aboveground

biomass was positively related to successional stage and species

richness in temperate forests of the midwestern USA, support-

ing the complementarity mechanism. A study of 6 ha of old-

growth forest in Panama found that tree species richness

explained more variation in carbon storage than did tree domi-

nance, also supporting the complementarity mechanism

(Ruiz-Jaen & Potvin, 2010). However, simulations have demon-

strated that changes in aboveground C storage depend on the

characteristics of the species being removed (Bunker et al.,

2005), and stand-level basal area and wood density correlate

with spatial patterns in aboveground biomass in the Amazon

and Asia (Baker et al., 2004; Slik et al., 2010). These results

support the selection effect hypothesis, with a few dominant

species contributing disproportionately to C storage (Balvanera

et al., 2005). Other studies have found no general relationship

between wood density and forest biomass (Stegen et al., 2009)

and suggested that relationships among diversity metrics and

carbon storage may differ among even geographically close

forests (Ruiz-Jaen & Potvin, 2011).

A concern with many of these multisite studies is that many

potentially influential site factors such as local climate are not

accounted for, which may mask the key relationships (Ma et al.,

2010). In addition, for logistical reasons, many multisite experi-

mental and observational studies have small plot sizes and/or

limited extents, which may cause the impact of diversity on

ecosystem processes to be underestimated (Cardinale et al.,

2011). To better explore relationships among diversity and func-

tioning, a standardized, global approach is needed. We used data

from a standardized tropical forest monitoring effort, the Tropi-

cal Ecology Assessment and Monitoring (TEAM) Network, to

examine the relationship between plot-level biodiversity and

aboveground C storage, a key measure of ecosystem function-

ing. Our goal was to determine whether the relationship was

general across the tropics, and assess whether it was driven by

niche complementarity, the selection effect or a combination

of the two. We used data from 59 1-ha plots at TEAM sites in

Africa, Asia and tropical America that systematically span

current and projected environmental and land-use gradients.

We estimated aboveground C stocks at each plot and compared

them with a number of potential explanatory variables to iden-

tify the major biotic and abiotic correlates of aboveground C

storage. We addressed the following questions:

1. What are the most important environmental controls of

taxonomic diversity, functional diversity and aboveground C

storage in tropical forests?

2. Is there a positive relationship between taxonomic diversity,

functional diversity or functional dominance and aboveground

C storage, after accounting for environmental factors?

Our focus on B-EF in tropical forests enabled us to consider

relationships between diversity and productivity in hyperdiverse

areas where past work has suggested that saturating relation-

ships between diversity, services (e.g. carbon storage) and niche

space may minimize the importance of additional species
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(Hooper et al., 2005; Ruiz-Jaen & Potvin, 2011). This dataset

also allowed us to examine the relationship between diversity

and C storage in tropical forest systems which have historically

received less attention due to a paucity of monitoring plots in

these areas (e.g. Africa and Asia; Ciais et al., 2008). We need to

better understand the relationship between diversity and C

storage in tropical forest systems across continents as both bio-

diversity and C storage are threatened by deforestation and

climate change. Understanding the controls on C storage will

help inform conservation policies intended to mitigate CO2

emissions while preserving biodiversity.

METHODS

Study sites

Data from this study come from the TEAM Network (http://

www.teamnetwork.org, dataset ID 20120620104615 3074), a

global network of tropical forest monitoring sites designed to

understand the effects of climate change and land use on biodi-

versity and ecosystem services. We examined tropical forest bio-

diversity and carbon storage in 59 1-ha plots at 11 TEAM sites in

America, Africa and Asia (Fig. 1). These plots were selected from

available TEAM data that had more than 80% of trees identified

to the family level (Table 1). Of the plots meeting these criteria,

97% of trees were identifiable to genus and 98% of trees were

identifiable to family. The 11 TEAM sites were all located in

mature, relatively undisturbed tropical forests within protected

areas. The sites covered pronounced gradients in climate, eleva-

tion and latitude (see Results). Some sites were designed to span

elevation gradients within the site (e.g. Volcán Barva, Table 1),

while others had little intrasite variation in elevation (e.g.

Ranomafana, Table 1).

Data

Each TEAM site contained between one and eight 1-ha vegeta-

tion plots (the median number of plots was five). Within each

1-ha plot, all of the trees > 10 cm in diameter were identified and

measured for diameter at 1.3 m (or above basal irregularities) at

least once per year following standardized protocols (TEAM

2009). Lianas were not included in this study. We used the most

recent sampling date at each site; this ranged from 2010 to 2012

depending on the site. We first classified the TEAM sites as ‘dry’

(< 1500 mm year–1 precipitation) or ‘moist’ (1500–3500 mm

year–1) (cf. Chave et al., 2005), where mean annual precipitation

for each site was obtained from the Climatic Research Unit,

University of East Anglia, Norwich, UK (CRU) (see below for

details regarding precipitation data). We then calculated

aboveground biomass for individual, live trees using allometric

equations for dry and moist forests from Chave et al. (2005):

AGB WDdry = × − +[
+ ( ) − ( ) ]

exp . . ln

. ln . ln

0 667 1 784

0 207 0 02812 3

D

D D

AGB WDmoist = × − +[
+ ( ) − ( ) ]

exp . . ln

. ln . ln ,

1 499 2 148

0 207 0 02812 3

D

D D

where WD is the wood density for each genus in g cm−3 and D is

the diameter at 1.3 m in cm. Aboveground biomass (AGB) was

scaled to aboveground C storage by multiplying by a factor of

0.5 (as in Chave et al., 2005). We used the same allometric

regression models for both trees and palms (Chave et al., 2008).

We obtained wood density values for each genus from a publicly

available wood density database (Zanne et al., 2009). If a genus

was missing from the database we used the mean family wood

density. If family data on wood density was missing or a tree had

not been identified to the family level, we used the mean wood

Figure 1 Map of TEAM sites used
in this study: Bukit Barisan (BBS,
Indonesia), Barro Colorado Island (BCI,
Panama), Bwindi Impenetrable Forest
(BIF Uganda), Caxiuanã (CAX, Brazil),
Manaus (MAS, Brazil), Nouabalé Ndoki
(NNN, Republic of Congo), Pasoh Forest
Reserve (PSH, Malaysia), Ranomafana
(RNF, Madagascar), Udzungwa (UDZ,
Tanzania), Volcán Barva (VB, Costa
Rica), Yanachaga Chimillén National
Park (YAN, Peru). Inset gives an example
of the distribution of plots at the
Udzungwa site.

Biodiversity and aboveground carbon storage
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density for that plot (as in Baker et al., 2004; Stegen et al., 2009).

We were able to obtain genus-level wood density values for 76%

of the stems and family- or genus-level values for 85% of the

stems.

We measured three dimensions of tree diversity at each plot:

taxonomic diversity, functional diversity and functional domi-

nance. We evaluated all diversity metrics at the genus level

because some of the individual trees were not identified to

species; coverage was much more complete at the genus level

(we had 97% coverage at the genus level). Previous work in

diverse taxa has suggested that lower taxonomic resolution is an

appropriate solution for analysing relationships among diversity

and other factors when needed due to a lack of species-level

identification or other constraints (expertise, information, etc.;

Chainho et al., 2007; Bacci et al., 2009; Timms et al., 2013). Our

taxonomic diversity metrics, genus richness and Shannon diver-

sity, measure the variety of taxa in a plot. Genus richness was

calculated as the number of distinct genera in each plot. We also

calculated the Shannon diversity index at the genus level for each

plot (Magurran, 1988). We used wood density and maximum

diameter for our analyses of functional diversity and dominance

as these traits are closely related to differences in life-history

strategies (Whitmore, 1998). Wood density is a good indicator

of whether a species allocates its growth into fast growth and

early reproduction or slow growth and resistance to environ-

mental hazards (Tilman, 1988; Chave et al., 2006). Typically

fast-growing species have a higher light demand and lower wood

density than slow-growing shade-tolerant species (Whitmore,

1998). Maximum diameter can serve as a proxy for potential

height, which is considered an important indicator of the light

capture strategy (Falster & Westoby, 2005; Kraft et al., 2008).

Functional diversity refers to the variability of functions or char-

acteristics of the trees in a plot. As a functional diversity metric,

we calculated the Rao quadratic entropy (Rao Q) of each plot

using data on wood density and maximum diameter with the

FD package in R (Laliberté & Legendre, 2010; Laliberté &

Shipley, 2011). The Rao Q is a multitrait functional diversity

metric that incorporates both the relative abundances of species

and the pairwise functional difference between species

(Botta-Dukát, 2005). Maximum diameter was determined from

within the dataset, with values assigned equal to the largest

diameter value in the data set for a given genus at a given site (to

account for possible environmental variation). Whereas func-

tional diversity measures the variety of characteristics of the

trees in a plot, functional dominance measures the degree to

which a trait is more numerous than other traits. For functional

dominance, we estimated the community weight mean (CWM)

for wood density and maximum diameter, again using the FD

package in R (Laliberté & Shipley, 2011). Plot CWM was calcu-

lated as the mean trait value of each genus weighted by the

relative abundance of the genus in a given plot.

In order to characterize the environmental variability across

plots we estimated the mean annual precipitation and the coef-

ficient of variation (CV) of mean monthly precipitation for each

site from 1900–98 from a historic global gridded monthly pre-

cipitation dataset provided by the CRU (Hulme, 1992). The CV

of mean precipitation across months measures the month-to-

month variability in rainfall and so is a measure of rainfall

seasonality. Sites with pronounced wet and dry seasons will have

a high CV of mean monthly precipitation. The global precipi-

tation dataset had a spatial resolution of 5°, so we were unable to

resolve plot-scale precipitation variability. We estimated the

mean elevation of each 1-ha plot using 225-m resolution digital

elevation model data from the USGS Global Multiresolution

Terrain Elevation Data 2010 product (Danielson & Gesch,

2011).

Statistical analysis

We used generalized linear mixed models (Zuur, 2009) to

examine the relationships between individual environmental

variables (elevation, mean annual precipitation and CV of mean

monthly precipitation) and taxonomic diversity, functional

diversity and aboveground carbon storage at the plot scale. We

included site as a random effect in our models, since plots within

a given site may be expected to be similar and should not be

considered independent. Due to the potential for communities

within a site to change along elevational gradients, errors were

also considered to be correlated along elevation at each site using

a Gaussian spatial correlation structure (Zuur, 2009). By using

mixed models we took advantage of both plot-scale and site-

scale variability in most factors when analysing the relationships

between environmental drivers, biodiversity and C storage.

Using the same random effects and covariance structure, we also

examined the relationship between taxonomic diversity (genus

richness and Shannon diversity) and functional diversity

(Rao Q).

We next evaluated the combined effects of environmental

drivers (mean annual precipitation, CV of mean monthly pre-

cipitation, elevation) on taxonomic diversity (Shannon diversity

and genus richness) and functional diversity (Rao Q). Finally, we

explored the combined effects of environmental drivers, taxo-

nomic diversity (genus richness), functional diversity and func-

tional dominance (community weighted means of maximum

diameter and wood density) on aboveground C storage.

Optimal models were selected using stepwise regression pro-

cedures. Models fitted by maximum likelihood methods were

compared using likelihood ratio tests; parameters retained in the

final models were all significant at the P < 0.05 level according to

Type III ANOVA. For the final model we quantified the variance

explained using the R2 measures developed for fixed effects in

linear mixed models (Edwards et al., 2008). To aid in visualiza-

tion and interpretation, we plotted the bivariate relationships

between the predictor and response variables for the final

models of taxonomic diversity, functional diversity and

aboveground C storage.

Although wood density and stem diameter were both used to

estimate aboveground C storage at the stem level, we assumed

that plot CWMs of these variables could still be considered to be

relatively independent predictors of plot C storage (following

Baker et al., 2004; Ruiz-Jaen & Potvin, 2011). Essentially we are

comparing community traits with estimates of carbon storage

Biodiversity and aboveground carbon storage
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determined by individual tree values. For example, the plot

CWM of maximum diameter represents the potential height of

the community in a given plot, whereas C storage is calculated

from the actual diameter of each tree. Maximum potential

diameter will not necessarily be correlated with actual stem

diameter. In fact, the relationship between the maximum diam-

eter of species and the actual diameter of their stems was

extremely weak (linear regression R2 = 0.02).

RESULTS

Precipitation, elevation and latitude varied widely among sites

(Table 1). Mean annual rainfall ranged from 1239 to 3462 mm

and the CV of mean monthly rainfall (a measure of seasonality)

ranged from 0.15 to 0.91 (Table 1). Elevation ranged from 48 m

above sea level (Caxiuaña, Brazil) to 1880 m (Bwindi Impen-

etrable Forest, Uganda). Some sites covered large elevation gra-

dients (e.g. plots at the Volcán Barva site ranged from 68 to

1997 m), while others (e.g. Ranomafana and Caxiuaña) had

only slight intrasite differences in elevation.

The number of genera per plot ranged from 20 to 140 (Fig. 2a).

On average, the Neotropical sites had more than twice as many

genera per plot as the African sites (89.8 vs. 43.2; two-sample

t-test: t = 6.81, d.f. = 38, P < 0.0001), but there was no significant

difference in genus richness between the Neotropical and Asian

sites (89.8 vs. 78.6; t = 1.32, d.f. = 36, P = 0.20). The amount of

aboveground carbon was highly variable across sites, ranging

from 50 to 350 t ha–1 (Fig. 2b). There were no large differences in

aboveground C biomass between continents, although the Asian

plots had slightly lower C on average, 141.8 ± 15.2 Mg C ha−1

(mean ± SE), than had the Neotropical, 193.8 ± 12.3 Mg C ha−1,

and African sites, 170.1 ± 14.5 Mg C ha−1.

Analyses of bivariate relationships indicated that taxonomic

and functional diversity were correlated with certain environ-

mental variables but aboveground C storage was not. Taxo-

nomic diversity (genus richness) was significantly negatively

correlated with elevation, while Shannon diversity was signifi-

cantly positively correlated with mean annual precipitation and

negatively correlated with elevation (Table 2). Functional diver-

sity (the Rao Q of wood density and maximum diameter) was

also positively correlated with mean annual precipitation and

negatively correlated with elevation. The Rao Q was positively

correlated with latitude and negatively correlated with longi-

tude. As expected, genus richness was highly correlated with

Shannon diversity (R2 = 0.70, P < 0.001); for this reason we con-

sidered only genus richness as the taxonomic diversity predictor

of C storage in the final model. However, neither genus richness

nor Shannon diversity was significantly associated with func-

tional diversity (R2 < 0.01, P = 0.55 and R2 < 0.01, P = 0.55,

respectively).

Only elevation was a significant predictor of taxonomic diver-

sity, explaining 10% of the variation in Shannon diversity and

Figure 2 Distribution of plot (a) genus
richness and (b) aboveground carbon
storage at each TEAM site. See caption to
Fig. 1 for the full name and country of
each site.

Table 2 Mixed-model bivariate relationships between
environmental variables and genus richness, Shannon diversity,
Rao Q, and carbon storage. Precipitation seasonality was
calculated as the coefficient of variation across months of mean
monthly precipitation.

Variable Coefficient R2 P

Genus richness

Mean annual precipitation 1.9 × 10−2 0.04 0.11

Precipitation seasonality −34.64 0.01 0.38

Elevation −2.0 × 10−2 0.16 0.00

Latitude 0.38 0.00 0.69

Longitude −1.4 × 10−1 0.02 0.24

Shannon diversity

Mean annual precipitation 4.30 × 10−4 0.07 0.04

Precipitation seasonality −1.01 0.03 0.16

Elevation −3.10 × 10−4 0.09 0.02

Latitude 0.01 0.01 0.51

Longitude 0 0.01 0.38

Functional diversity (Rao Q)

Mean annual precipitation 2.0 × 10−4 0.12 0.01

Precipitation seasonality −0.28 0.01 0.35

Elevation −2.0 × 10−4 0.10 0.02

Latitude 0.02 0.16 0.01

Longitude −2.0 × 10−3 0.07 0.04

Aboveground C storage

Mean annual precipitation −1.0 × 10−3 0.00 0.96

Precipitation seasonality 90.00 0.02 0.21

Elevation −3.0 × 10−3 0.00 0.78

Latitude −1.28 0.01 0.46

Longitude −0.18 0.01 0.41

K. C. Cavanaugh et al.
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16% of the variation in genus richness (Table 3). Functional

diversity (the Rao Q of wood density and maximum diameter)

was only explained by mean precipitation, which explained 11%

of the variation in the Rao Q (Table 3). Taxonomic diversity

(genus richness) and functional dominance (CWM of

maximum diameter) together explained 38% of the variance in

carbon storage (Table 3). These findings were not qualitatively

affected by inclusion of stem density in the models (the same

parameters retained to explain 25% of variation). Figure 3

shows the bivariate relationships between each significant pre-

dictor and its corresponding response variable for the final

models of taxonomic diversity, functional diversity and

aboveground C storage.

DISCUSSION

We found that aboveground C storage was positively associated

with both functional dominance and taxonomic diversity in

tropical forests, after site effects were accounted for and the

impact of potential environmental drivers was considered. This

provides empirical evidence that producer biomass increases

with diversity, even in hyperdiverse ecosystems such as tropical

forests. We accounted for environmental variability among sites,

but did not find any direct relationships between our climate/

environmental variables and aboveground C storage.

The CWM of wood density appeared to be unimportant as a

factor explaining aboveground C storage. This result argues

against the hypothesis that aboveground forest biomass is gen-

erally related to the dominance of trees with either high or low

wood densities (cf. Stegen et al., 2009). However, the positive

relationship between CWM of maximum diameter, a measure of

functional dominance, and C storage suggests that characteris-

tics of the dominant trees in a plot (specifically their maximum

potential diameter) do influence aboveground C storage in

mature forests. This result agrees with previous studies that have

found that the traits of dominant species (i.e. wood density and

diameter) have a large effect on aboveground C storage

(Balvanera et al., 2005; Ruiz-Jaen & Potvin, 2010) and produc-

tivity (Healy et al., 2008). Brown & Lugo (1992) found that the

relative abundance of tree stems >70 cm diameter was positively

correlated with estimates of aboveground biomass in the Bra-

zilian Amazon, further demonstrating the importance of large

trees in plot biomass estimates. Baker et al. (2004) and Slik et al.

(2010) also found that forest basal area explained a significant

amount of between-site variation in aboveground biomass in

Amazonian and Asian tropical forests. These findings support

the selection-effect hypothesis, which emphasizes the impor-

tance of these dominant species in maintaining ecosystem func-

tion (Smith & Knapp, 2003; Loreau & Hector, 2001; Cardinale

et al., 2012). All of the aforementioned studies that have linked

functional dominance to C storage and productivity have had

local (100s of metres; e.g. Healy et al., 2008; Ruiz-Jaen & Potvin,

2010) to regional extents (100s to 1000s of kilometres; e.g. Baker

et al., 2004; Slik et al., 2010). Our study was global in its extent,

and therefore our results demonstrate that the positive relation-

ship between aboveground C storage and the dominance of trees

with large potential diameters is apparent both across and

within continents. This relationship thus appears to be consist-

ent across a variety of scales.

However, taxonomic diversity (genus richness) was still posi-

tively associated with aboveground C storage after functional

dominance was accounted for. This indicates that niche comple-

mentarity, the ability of a diverse assemblage of species to more

efficiently utilize a pool of limiting resources, may also be oper-

ating in diverse tropical forests. Previous studies have suggested

that the niche complementarity effect may be less important in

stable and productive environments, where competition is often

the most common form of species interaction, than in unstable

and stressful environments (Paquette & Messier, 2011). This

hypothesis is supported by Ruiz-Jaen & Potvin (2011), who

found that functional dominance explained most of the vari-

ation in aboveground C storage in an old-growth tropical forest

in Panama while there was no relationship between species rich-

ness and C storage. They suggested that the relationship between

taxonomic diversity and C storage saturated in this species-rich

forest. In contrast, we found that taxonomic diversity was

nearly as important as functional dominance in explaining

aboveground C storage in diverse tropical rain forests (Table 3).

This discrepancy may be partially explained by the size of our

vegetation plots. Our 1-ha plots were more than an order of

magnitude larger than plots used in the aforementioned forest

B-EF studies (e.g. 0.07 ha in Vilà et al., 2007, 0.04 ha in Paquette

& Messier, 2011, 0.004 ha in Ruiz-Jaen & Potvin, 2011). Larger

plot size may have enhanced our ability to detect B-EF relation-

ships, as there is evidence that diversity effects are more apparent

at larger spatial scales because more heterogeneity and niche

opportunities are captured (Cardinale et al., 2011). Moreover,

the global extent of our study may also have contributed to the

positive relationship we found between genus richness and

aboveground C storage. It has been suggested that variation in C

storage and productivity increases with the extent of a study, and

this increased variation can result in a larger overall response to

species richness (Mittelbach et al., 2001). In addition, all of our

plots were located in mature forests, and there is evidence that

Table 3 Results of full mixed models of genus richness, Rao Q,
and carbon storage.

Variable d.f. X2 P

Genus richness

Elevation 1 11.4 < 0.001

Intercept 1 123.7 < 0.001

Rao Q

Mean annual precipitation 1 10.8 < 0.001

Intercept 1 11.1 < 0.001

Aboveground C storage

Genus richness 1 21.4 < 0.001

CWM maximum d.b.h. 1 29.8 < 0.001

Intercept 1 5.8 0.01

CWM, community weighted mean.

Biodiversity and aboveground carbon storage
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the effects of complementarity increase over time, especially in

communities of long-lived organisms such as forests (Cardinale

et al., 2007). Our overall results are consistent with a recent

meta-analysis of manipulative studies which found that, on

average, selection and niche complementarity effects both con-

tribute about 50% to the B-EF relationship (Cardinale et al.,

2011). We demonstrate that the coexistence of these two effects

is not only apparent when many ecosystems are examined

together; they can both contribute to biomass storage in a single,

hyperdiverse ecosystem.

While taxonomic diversity was positively associated with

aboveground C storage, we did not find a significant relation-

ship between functional diversity and C storage, which is in

disagreement with the niche complementarity hypothesis

(Tilman et al., 1997). A possible explanation is that the traits

that were most important to complementary resource allocation

were not included in our functional diversity metric (Petchey &

Gaston, 2006). While wood density and maximum diameter

capture variability in important life-history traits, other traits

for which we did not have data (e.g. maximum height, leaf mass

per area and nitrogen fixing capabilities) might have better char-

acterized potential competition among species.

We were not able to detect significant relationships between

aboveground C storage and any of the climate or environmental

variables (Tables 2 & 3). A direct relationship between climate/

environmental variables and estimated aboveground C stocks

could have been obscured by limitations in the accuracy of our

estimates of aboveground C and our climate data. Estimating

plot-level aboveground biomass through the use of allometric

scaling equations (as we have done here) is a common practice,

but comprehensive accuracy assessments of these plot-scale esti-

mates have not been conducted (Clark & Kellner, 2012). The

accuracy of our climate data (CRU gridded data) is dependent

on the density of climate stations near our sites and the quality

of the interpolation methods used. Interpolated precipitation

data can have poor accuracy in mountainous areas due to high

local variability in rainfall. In addition, areas with a low popu-

lation density typically have fewer climate stations. Finally, while

our 1-ha size plots are large relative to many other empirical

forest B-EF studies (e.g. Vilà et al., 2007; Paquette & Messier,

2011; Ruiz-Jaen & Potvin, 2011), there is still fine-scale varia-

tion in forest biomass that could add uncertainty to our

empirical relationships between environmental variables and

aboveground C storage.

It is important to note that relationships between environ-

mental variables and biodiversity can vary among continents

(Parmentier et al., 2007; Ghazoul & Sheil, 2010). For example,

African forests generally have higher biomass and low diversity

compared with Amazonian forests (Parmentier et al., 2007;

Ghazoul & Sheil, 2010). Tropical forests in parts of Asia (e.g.

Borneo) also tend to have high aboveground biomass compared

with forests from the Neotropics (Paoli et al., 2008). These pat-

terns are probably influenced by a suite of factors including

disturbance histories, historical climate, botanical effects and

geological and soil characteristics. Some of the influence of these

factors is probably accounted for by the random ‘site’ effect in

the mixed model. We also found that aboveground C storage

was still positively associated with taxonomic diversity and
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functional dominance when continent was included as a fixed

effect in the model. However, we did not have enough sites to

perform the above analyses entirely for each continent or appro-

priately consider interactions. As a result we were not able to

fully examine how the relationships between environmental

factors, biodiversity and aboveground C storage vary across con-

tinents. As coordinated global networks such as TEAM increase

in size, future studies will be able to more accurately evaluate the

impact of regional effects on the relationships between biodi-

versity and C storage.

While causality cannot be demonstrated from observational

studies such as this one, our results do suggest that biodiversity

is positively related to aboveground C storage in natural,

hyperdiverse systems. This positive relationship appears to be

driven both by individual, dominant species and some form of

complementarity among species, mirroring conclusions from

recent multisystem meta-analyses of manipulative studies

(Cardinale et al., 2011, 2012). Most of the other observational

studies that have linked biodiversity to biomass or productivity

in forests have been conducted in relatively species-poor tem-

perate and boreal forests (e.g. Caspersen & Pacala, 2001; Vilà

et al., 2007, Paquette & Messier, 2011). Much less is known

about these relationships in highly diverse tropical forests. In

general, few observational studies have demonstrated improved

function at high levels of species richness (Schwartz et al., 2000).

Our results demonstrate that biodiversity has a significant

impact on aboveground C storage in diverse tropical forests at

large spatial scales that are relevant to management and conser-

vation. This insight can help increase the relevance of B-EF

research to tropical forest conservation and management

research. For example, our results highlight the importance of

conserving trees with large potential sizes in order to increase

the C storage of forest plots. However, they also indicate that

protecting or planting species with high wood density may not

necessarily be a good management strategy for increasing

carbon storage (cf. Stegen et al., 2009). Finally, the positive rela-

tionship we found between genus richness and C storage sup-

ports the feasibility of efforts to reduce C emissions from

forested lands while conserving biodiversity (e.g. REDD+;

Huston & Marland, 2003). Improving the conservation and

management of tropical forests is of critical importance. These

ecosystems are the biologically richest places on the planet and

they play a disproportionately large role in the global carbon

cycle; however, they face significant threats that range in scale

from local deforestation to global climate change.
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