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ABSTRACT
Understanding how biodiversity affects ecosystem functions such as carbon storage and productivity is a major research
field with potentially important implications for conservation policy. However, studies of the links between biodiversity
and ecosystem function (BEF) in carbon-rich and diverse moist tropical forests are only just emerging. Here, I therefore
review the findings of large-scale, field-based and modelling studies of BEF in tropical forests and identify how the
results might best inform conservation policy.
BEF relationships comprise the effect of variation in both composition (the identity and traits of different species) and diversity
(the number of species and their relative abundances) among sites, on processes such as carbon storage and productivity.
Variation in the tree composition of tropical forests has an important role in determining aboveground carbon stocks and
productivity at continental and pan-tropical scales. These relationships are mediated by variation in community-level
average trait values for wood density and maximum height. The presence of species with different traits also increases the
resilience of the carbon stocks of tropical forests to environmental changes, such as drought, over decadal and centennial
time-scales. However, tree diversity is less strongly related to patterns of carbon cycling than variation in composition
and may only be important at small, sub-hectare, spatial scales. These findings suggest that the strongest justification for
conserving the biodiversity of tropical forests in terms of carbon cycling is that higher biodiversity increases the resilience
of forest structure and biomass to environmental change. More practically, this view suggests that connected networks of
protected areas that encompass wide environmental gradients will be most valuable for maintaining ecosystem function
under climate change by allowing shifts in tree species distributions. Although the idea of such ecological corridors is not
a new policy measure, the new evidence on how biodiversity promotes the resilience of carbon stocks to climate change
may help to promote conservation amid the shrinking opportunities for protecting intact tropical forest.

INTRODUCTION
The intensive search for convincing relationships between biodiversity and ecosystem function over the last twenty five
years has been stimulated by the desire to understand the impacts of species loss due to human activities, including
climate change, on the services that ecosystems provide (Chapin et al., 1998, Schulze and Mooney, 1994). The findings
of experimental studies, for example, indicate that extinction can lead to reductions in the delivery of ecosystem services
that are similar to the direct effect of many pollutants (Hooper et al., 2012). However, BEF research in the highest diversity
terrestrial ecosystem and arguably the greatest global conservation priority - tropical forests - remains scarce. Studies
at landscape scales, which are most relevant to informing management decisions, are particularly rare: for example, a
previous policy-facing review of BEF relationships in forest ecosystems contained no large-scale, observational studies
from tropical forests of how biodiversity affects ecosystem function or resilience (Thompson et al., 2009). As a result,
the integration of BEF relationships within arguments for conservation in the tropics is poorly articulated. The purpose
of this chapter is to review recent studies concerning the importance of biodiversity for ecosystem function in tropical
forests and reflect on the implications for future research and conservation policy. I emphasise large-scale, field-based
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and modelling BEF studies, which have the most relevance for informing management decisions, as they explore the
role of biodiversity in the context of wide spatial and temporal environmental gradients. My focus is on aboveground
carbon biomass (AGB) and wood productivity as ecosystem functions, as they are the cornerstone of efforts to generate
payments for ecosystem services to support conservation in tropical forests (Baker et al., 2010).

HOW BIODIVERSITY PROMOTES ECOSYSTEM FUNCTION IN TROPICAL FORESTS
BEF relationships comprise the effect of variation in both composition (the identity and traits of different species) and
diversity (the number of species and their relative abundances) among sites, on processes such as carbon storage and
productivity. Variation in composition undoubtedly has an important role for determining spatial variation in carbon stocks
and aboveground wood production at both continental and pan-tropical scales (Baker et al., 2004, Banin et al., 2014). These
relationships are mediated by variation in community-level average trait values for wood density and maximum height
among forests. For example, above ground carbon stocks are approximately 15 % higher in forest plots in central compared
to western Amazonia, because they comprise species that have denser wood which contains more carbon per unit volume
(Baker et al., 2004). Variation in the abundance of species which have different allometric relationships – achieve greater
or lesser height for a given diameter - also affects aboveground carbon stocks. The clearest example of this mechanism is
found in forests in SE Asia where dominance of forests by very tall-statured individuals of the Dipterocarpaceae (Banin
et al., 2012) leads to wood productivity which is 49 % higher than forests growing in similar environmental conditions
in Amazonia (Banin et al., 2014). Less well-appreciated is that this process is also important within some tropical forest
regions: many upland forests on clay-rich soils in the Guianas in South America are dominated by a group of caesalpinoid
legumes which achieve higher statures than many other species found in Amazonia (ter Steege et al., 2006). The forests in
this region therefore have high canopy heights (Feldpausch et al., 2011), and this distinctive composition is one reason for
the particularly high (>400 Mg ha-1) AGB values in this region (Feldpausch et al., 2012, Johnson et al., 2016). Finally, as
variation in the maximum diameter that different species attain is strongly related to their contribution to forest biomass
and woody productivity (Fauset et al., 2015), the abundance of tree species and individuals that reach large diameters is
strongly related to variation in AGB (Baker et al., 2004, Slik et al., 2013). As a result of all these patterns, it is simple to
demonstrate that changes in species composition, particularly losses of large diameter, tall-statured, heavy wooded species,
can lead to substantial reductions in aboveground biomass of tropical forests (e.g. Bunker et al., 2005): species composition
matters for patterns of biomass and woody productivity in tropical forests.
The underlying reasons for the variation in species composition that leads to such differences in ecosystem structure and
function include both current ecological processes, as well as the legacy of historical events. For example, differences
in mean wood density between western and central Amazonian forests is associated with underlying differences in soil
physical and chemical properties that favour either fast-growing species with high mortality rates and low wood density,
or slow-growing species with low mortality rates and high wood density (Baker et al., 2004, Quesada et al., 2012, Baker
et al., 2014). However, variation in the distribution of species with different height diameter allometries may be due
to the legacy of historical processes that have resulted in the dominance of certain families in certain tropical regions
(Banin et al., 2012, Johnson et al., 2016).
A second way in which biodiversity is related to ecosystem service delivery within tropical forests is by increasing
their resilience to environmental change. Over decadal timescales, resilience (the ability of ecosystem function to
resist and bounce back from perturbation; Oliver et al., 2015) relies on the presence of a wide range of species with
different characteristics within the regional species pool. Larger species pools are more likely to contain taxa that have
adaptations that allow them to persist and thrive as a result of changing environmental conditions. A simple example is
how Amazonian forests transitioned to an alternative, but still tree-dominated, state during the last glacial maximum
despite cooler and drier conditions (Colinvaux et al., 2000). Such resilience has also been demonstrated in tropical forests
over recent decades (Fauset et al., 2012): in Ghana, a long term reduction in rainfall since the 1970s has led to an increase
in the abundance of species characteristic of drier tropical forests, and the AGB of these forests has actually increased
during the same period (Fig. 1; Fauset et al., 2012). In this case, alterations in species composition have contributed
to maintaining a stable forest structure, despite a shift in climate. Similarly, modelling studies have demonstrated how
greater diversity could help to maintain high carbon stocks in the face of predicted climate change over coming centuries
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(Sakschewski et al., 2016). Of course, the resilience that biodiversity offers for maintaining forests in the face of climate
change should not be overstated. Substantial changes in climate, or strong interactions between climate change with
direct human degradation will doubtless cause major biome shifts: areas at the fringe of Amazonia became open habitats
during the last glacial maximum (Anhuf et al., 2006) and strong drought in 1982/3 in Ghana coupled with human-caused
fire, caused the savannisation of large areas of forest (Swaine et al., 1997). However, biodiversity can clearly increase the
resilience of tropical forest structure to environmental change.

WHERE BIODIVERSITY HAS LIMITED IMPORTANCE FOR ECOSYSTEM FUNCTION IN TROPICAL FORESTS
In contrast to the importance of composition, variation in diversity is a weaker correlate of aboveground carbon stocks
in tropical forests. An analysis of 360, one hectare forest plots from all three tropical continents that accounted for
variation in environmental factors and spatial auto-correlation, indicated that there was no significant relationship
between diversity and carbon stocks across tropical forests (Sullivan et al., in review). This result contrasts with prior
studies of 58 sites in the neotropics (Poorter et al., 2015), and 59, one hectare plots across the tropics (Cavanaugh et al.,
2014) which hinted at a positive relationship between diversity and AGB, using similar plot sizes. However, the larger
scale study indicates that the results at a one hectare scale from these previous analyses cannot be generalised across
the moist tropical forest biome (Sullivan et al., in review). In contrast, positive relationships between diversity and AGB
are more consistently significant at small scales (e.g. 0.1 ha plots, Poorter et al. (2015); 0.04 ha plots Sullivan et al. (in
review)). These relationships are consistent with how mechanisms such as selection effects and niche differentiation might
operate (Sullivan et al., in review, Poorter et al., 2015). However, as these relationships have only been detected at very
small scales where there is little environmental variation and few species interact, it is unlikely that these mechanisms
are important determinants of variation in biomass at landscape and regional scales.
The effect of biodiversity on forest productivity has been less well studied than relationships with AGB. At large spatial
scales, variation in composition may be an important control of productivity, in addition to the effect of environmental
variables, such as rainfall and soil physical and chemical properties, which control tree growth (Quesada et al., 2012,
Baker et al., 2003). However, the importance of environmental variables may be far stronger than any effect of composition
and/or diversity. For example, variation in the functional composition of western and central Amazon forests does not
cause the higher productivity of western Amazon forests: within the same functional group of tree, higher productivity
is observed in western compared to central Amazon forests, suggesting that environmental factors play a more important
role than variation in composition (Baker et al., 2009).

Figure 1: Changes in (left) aboveground biomass and (right) tree species composition in relation to the abundance of
species with preferences for wet or dry forests, quantified as ‘Dry Forest Score’ (Fauset et al., 2012), over a 20 year period in 19
intact forest plots in Ghana. For most plots, aboveground biomass increased and forest composition shifted to favour more
drought-tolerant species, shown by the increase in ‘Dry Forest Score’ over time. Redrawn from Fauset et al. (2012).
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OPPORTUNITIES FOR STUDYING BIODIVERSITY AND ECOSYSTEM FUNCTION RELATIONSHIPS
IN TROPICAL FORESTS
Current knowledge of BEF relationships in intact tropical forests demonstrates how variation in composition defines
spatial patterns of carbon stocks and the importance of biodiversity for the resilience of these ecosystems. However,
there are many opportunities for further research. As noted above, studies of the effect of biodiversity on productivity
are largely lacking in tropical forests. In addition, the role of phylogenetic diversity for determining ecosystem function
(Cadotte, 2013) may reveal useful relationships in ecosystems where high diversity precludes easy measurement of
the functional properties of thousands of species. In general terms, there is also much work to be done understanding
the species, community and landscape-scale mechanisms that underpin the role of biodiversity in augmenting the
resilience of ecosystem function in tropical forests (Oliver et al., 2015). For example, we know that rare species in
tropical forests may have unusual combinations of functional traits, but we do not understand how that links to
their performance and therefore their overall importance for ecosystem function and resilience (Mouillot et al.,
2013). In particular, we need to understand the nature (e.g. which ecosystem functions are most resilient and which
are most sensitive?) and limits (e.g. what are the thresholds where biome collapse is unavoidable?) of the resilience
that biodiversity affords tropical forests in much more detail. For example, there is compelling evidence for upward
altitudinal shifts in species distributions in the Andes as a result of warming temperatures (Feeley et al., 2011, Duque
et al., 2015), but we do not know how these shifts are related to changes in forest structure or function. High-quality,
standardised forest plot datasets with information on the identity, traits, sizes and population dynamics of tropical
trees, linked with measurements using LiDAR and hyperspectral remote sensing technology (e.g. Asner et al., 2015)
that provide a landscape-scale perspective, will be essential for understanding the role that biodiversity will play in
the future trajectory of ecosystem function in this biome.

BEF AND CONSERVATION IN TROPICAL FORESTS
The first way in which the BEF research described above links to conservation policy is related to the design of
carbon-based payments for ecosystem services. This topic has been particularly prominent in debates about the
design of REDD+ (Reducing Emissions from Deforestation and Degradation) schemes which aim to reduce carbon
emissions from land-use change (Angelsen, 2008). One aspect of the debate is whether biodiversity conservation
should be an integral part of carbon-based conservation because there are mechanistic reasons that lead higher
biodiversity to generate greater carbon stocks in tropical forests (Poorter et al., 2015). However, the lack of a
relationship between diversity and carbon storage among a comprehensive sample of one hectare plots (Sullivan et
al., in review) indicates that such mechanisms may, at best, only operate at very small spatial scales. At landscapescales relevant to conservation, there is therefore no evidence that tropical forest landscapes containing thousands
of tree species have higher carbon stocks than landscapes with a few hundred different taxa. A second related
aspect of the debate is whether effective biodiversity conservation can be achieved with a carbon-based approach,
because spatial patterns of both parameters are broadly correlated rather than because there is a direct mechanistic
link between biodiversity and carbon storage (Cavanaugh et al., 2014). However, again, the lack of correlation
between diversity and carbon stocks among tropical forests suggests the conservation of carbon and species
require, broadly-speaking, independent strategies (Sullivan et al., in review). In general, this finding emphasises
the importance of including substantial incentives within carbon-based strategies to optimise the contribution
they make to biodiversity conservation (Venter et al., 2009, Grainger et al., 2009, Miles and Kapos, 2008). Overall,
the lack of consistent ‘win-win’ outcomes for both carbon and biodiversity if conservation policy solely focuses on
just one of these parameters is exemplified by considering that the most carbon-dense tropical ecosystems in the
neotropics – the peatlands of northwest Amazonia – contain some of the least diverse tree communities (Draper
et al., 2014, Pitman et al., 2014) and that the remarkable beta diversity of neotropical dry forests is associated with
generally low carbon stocks (DRYFLOR, 2016, Becknell et al., 2012). Conservation strategies will need to value
carbon and biodiversity independently to protect both of these vegetation types.
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A second, perhaps more compelling, way in which BEF research could strengthen conservation policy is through
the increased resilience that biodiversity provides for forest structure, and therefore the ecological functions that
forests perform, in the face of environmental change. Biodiversity provides this resilience because species can change
in abundance depending on changing environmental conditions (Fauset et al., 2012, Sakschewski et al., 2016).
Realising this resilience depends on conserving a connected protected area network that encompasses the regional
species pool. The idea of connected networks of protected areas is not a new idea; ecological networks and corridors
are well established as a key conservation strategy in response to land-use change which can be beneficial for both
biodiversity and carbon (Jantz et al., 2014, Bennett and Mulongoy, 2006). The idea that such networks might allow
species to persist in the face of the interacting effects of changes in both land-use and climate is also now widely
appreciated (Bennett and Mulongoy, 2006, Brodie et al., 2012) and the concept has been influential in the design of
a range of specific, large-scale conservation initiatives in tropical forest landscapes such as the Vilcabamba-Amboró
corridor in Bolivia and Peru (Bennett and Mulongoy, 2006, Ibisch et al., 2007). However, the idea that both biodiversity
and carbon conservation is ensured over time by the existence of such networks because biodiversity increases the
resilience of carbon stocks to environmental change is not well integrated within existing conservation planning in
the tropics. For example, the designation of the Sierra del Divisor as a National Park in Peru in 2015 acknowledged
the role that these forests have for supplying ecosystem services - their overall large carbon stocks and protection
of watersheds - as well as the presence of high-profile species and their importance as ancestral lands of indigenous
groups (SERNANP, 2012). However, the importance of biodiversity conservation to increase the resilience of the
ecosystem services provided by the protected area network in Peru, or across Amazonia, was not used as a reason to
protect this region. The Sierra del Divisor National Park is located along a key north-south precipitation gradient,
between a set of other protected areas in Peru and Brazil. Conserving this area therefore ensures connectivity along
an environmental gradient that is highly likely to be affected by climate change, and where species migration is likely.
Overall, the greater resilience that biodiversity gives to forest carbon stocks is considered an important link between
biodiversity conservation and ecosystem service provision (Thompson et al., 2009). Firm evidence now exists to
support this argument from the tropical forest biome. Overall, this concept shows the importance of integrating the
impact of climate change fully within conservation planning (cf Freudenberger et al., 2013) and the new evidence
potentially provides powerful support to use this argument for justifying the protection of networks of intact tropical
forest in the face of increasing threats from land-use and climate change.
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