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Abstract

Belowground carbon allocation (BCA) in forests regulates soil organic matter
formation and influences biotic and abiotic properties of soil such as bulk
density, cation exchange capacity, and water holding capacity. On a global
scale, the total quantity of carbon allocated belowground by terrestrial plants
is enormous, exceeding by an order of magnitude the quantity of carbon
emitted to the atmosphere through combustion of fossil fuels. Despite the
importance of BCA to the functioning of plant and soil communities, as well
as the global carbon budget, controls on BCA are relatively poorly
understood. Consequently, our ability to predict how BCA will respond to
changes in atmospheric greenhouse gases, climate, nutrient deposition, and
plant community composition remains rudimentary. In this synthesis, we
examine BCA from three perspectives: coarse-root standing stock,
belowground net primary production (BNPP), and total belowground carbon
allocation (TBCA). For each, we examine methodologies and methodological
constraints, as well as constraints of terminology. We then examine available
data for any predictable variation in BCA due to changes in species
composition, mean annual temperature, or elevated CO, in existing Free Air
CO, Exposure (FACE) experiments. Finally, we discuss what we feel are
important future directions for belowground carbon allocation research, with a
focus on global change issues.

Introduction

Belowground carbon allocation (BCA) links the soil ecosystem and
foodweb with the forest canopy, providing a flow of organic carbon (C) to the
soil from the CO, fixed by photosynthesis from the air. From an evolutionary
perspective, BCA represents the currency with which photosynthetic
cyanobacterial endosymbionts in leaves (chloroplasts) acquire nutrients, water
and structural support from their symbiotic partners belowground (plant roots,
mycorrhizal fungi, and in some cases nitrogen-fixing bacteria). This flow of
organic C between aboveground endosymbiont and belowground symbionts
has a substantial impact on the global carbon cycle. BCA is the Earth’s third
largest biologically mediated C flux, after terrestrial photosynthesis (from
which BCA is derived) and oceanic photosynthesis. Terrestrial plants allocate
belowground some 60 Pg C out of the 120 Pg C fixed by terrestrial vegetation
through photosynthesis, with most this gross carbon flux occurring in
ecosystems with trees (Grace and Rayment 2000)On an annual time step,. By
comparison, the annual flux of combusted fossil fuel C into the atmosphere is
about 6 Pg C (Schimel 1995). At the stand scale, plants allocate large
quantities of carbon belowground for the construction and maintenance of
roots and mycorrhizae, such that BCA may represent the largest sink for gross
primary production (Ryan et al. 1996, Janssens et al. 2001). In resource-
limited environments typical of terrestrial ecosystems, high plant investment



in BCA is necessary to secure the water and nutrients that drive terrestrial
primary production.

Despite the magnitude of BCA, both globally and locally, BCA
remains the least understood C flux in plant communities (Ryan et al. 1996,
Clark et al. 2001a, Giardina and Ryan 2002, Giardina et al. 2004). However,
in contrast to aboveground plant physiology, which is precisely captured in
leaf-based physiological process models (Landsberg and Gower 1997),
controls on belowground processes are poorly captured in process models.
Specifically, efforts to test these models are hindered by the complexity of
above and belowground interactions with local and global changes in
environmental factors (Figure 1). Further, the soil matrix complicates nearly
all aspects of BCA. There are a wide range of approaches to characterizing
belowground carbon cycling (Figure 2), but robust validation of these
approaches remains problematic. As a result, conceptual and theoretical
models describing BCA response to global change variables are highly
uncertain (Giardina and Ryan 2000, Holland et al. 2000, Pendall et al. 2004),
with ecosystem models often relying on the assumption that the functioning
and dynamics of aboveground tissues adequately describe those of
belowground tissues (e.g., VEMAP et al 1994).

Forests are dynamic, with rates pf processes depending on factors
such as species composition, nutrient and water supplies, and temperature.
These factors influence BCA, and will determine the overall response to
global-scale changes. Species change is a dominant feature of global change
(Figure 3, and other chapters in this volume), with composition varying over
long and short periods. Dramatic species change can occur in response to
climatic change in just centuries (Figure 3). Species change in response to
exploitation (e.g., loss of white pine in the Great Lakes forests) or disease
(e.g., loss of chestnut to blight) can occur in decades or less. Change can be
even faster when short-term droughts are coupled with severe fires. Human
management of ecosystems has altered species composition across plant life
forms — annual grasses in agricultural systems, perennial grasses and forbs in
managed pastures, and long-lived trees in forest plantations.

Agricultural land use changes soil, most of which are negatlve with
regards to nutrient availability and organic matter content (Paul and Clark
1996, Davidson et al. 2002). Forest management alters species composition
(by planting, and use of fire and herbicides), nutrient supply (through
fertilization or indirectly with harvesting and other silvicultural operations),
and even water supply. These modifications typically increase aboveground
process rates, but the response of BCA is less clear and probably variable.
For example, intensive forest management usually increases aboveground net
primary production (ANPP), but BCA may be reduced as a result of species
(and genotype) change and improved tree nutrition. Afforestation in the 20®
Century may have increased soil quality through increased organic matter
content and reduced bulk density in many regions (see Six et al. 2002 for
agricultural lands; Minkinnen et al. 1999 for a peatland case study), but we
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have little idea of the magnitude of changes in BCA that account for these
changes (Bashkin and Binkley 1998, Binkley and Resh 1999, Paul et al. 2002,
Giardina et al. 2004).

Rising concentrations of gases in the atmosphere affect plants directly
and indirectly. Increased concentrations of CO, in the atmosphere may
stimulate productivity, including BCA (Pregitzer et al. 2000b, Zak et al.
2000a, King et al. 2001, Norby et al. 2002). ‘Other gases such as ozone (Os)
inhibit productivity (Reich 1983, Reich and Amuridson 1985, King et al.
2001, Karnosky et al. 2003). Elevated CO, and other greenhouse gases also
indirectly affect plants and ecosystems by changing global climate. Taken
together, these direct and indirect effects on plants will likely impact BCA but
above to belowground links (Figure 1) remain poorly quantified.

Rising greenhouse gases are likely to warm the biosphere, and micro
to meso-scale studies often show strong temperature and moisture effects on
plants and microbes (Uselman et al. 2000, Pregitzer et al. 2000a, Zak et al.
2000b, Pendall et al. 2004). The effects of increased greenhouse gases on
BCA in forests remain uncertain, including direct alteration of canopy
processes and indirect influences through warming and changing hydrology.
Experiments on these individual processes have documented impacts on
aboveground plant productivity (Reich 1983, Townsend et al. 1996, Holland
et al. 1996, Karnosky et al. 2003), plant and mycorrhizal community
composition (Karnosky et al. 2003, Lilleskov et al. 2001, Lilleskov et al.
2002), and soil heterotrophic organisms (Zak et al. 2000a, Zak et al. 2000b).
However, the overall response of BCA to global change has been difficult to
quantify King et al. (2001) because BCA integrates above and belowground
changes, and the direct and indirect effects of global change factors on
ecosystems can offset one another (Figure 1).

' Few generalizations about controls on BCA have be made because
methods and resulting estimates of BCA range widely (Ovington 1957, Raich
and Nadelhoffer 1989, Albaugh et al. 1998, Reich and Bolstad 2001, Shaver
and Jonasson 2001, Gower et al. 2001a, King et al. 2001, Davidson et al.
2002, Giardina and Ryan 2002), and responses to environmental variables are
diverse (King et al. 1999, Pregitzer et al. 2000a, King et al. 2001, Giardina
and Ryan 2002, Litton et al. in review). However, advances in belowground
carbon science are occurring rapidly, particularly where stable isotopes permit
investigators to track the flow of carbon through soil (Loya et al. 2003,
Giardina et al. 2004, Matamala et al. 2004).

Two sets of findings point to an important change in our
understanding of how global change factors control BCA. First , belowground
processes in forests may be less responsive to temperature perturbations than
previously believed, with root acclimation and substrate limitation on soil
surface CO, efflux (Fitter et al. 1999, Giardina and Ryan 2000, Hogberg et al.
2001, Janssens et al. 2001, Melillo et al. 2002) potentially reducing the
sensitivity of “soil respiration” to global warming (but see Burton and
Pregitzer 2003, Burton et al. 2003). Secondly, plant canopies are tightly



coupled to soil surface CO, efflux, with efflux being derived largely from
recent photosynthesis (Horwath et al. 1994, Fitter et al. 1999, Janssens et al.
2001, Hogberg et al. 2001, Giardina et al. 2004). The degree of coupling was
highlighted in a boreal forest by Hogberg et al. (2001), who reported up to a
40% reduction in soil CO, efflux within days of eliminating phloem transport
of carbon to roots and mycorrhizae through girdling. Giardina et al. (2004)
used "°C isotopic methods to calculate that 90% of soil surface CO, effluxina
humid tropical forest was derived from current-year photosynthesis.

Further advances in belowground science have become possible with
experiments exposing whole stands of trees to multiple global change
variables (Karnosky et al. 2003). The free air CO, enrichment (FACE)
experiment in Rhinelander, Wisconsin is especially important because three
tree communities have been fumigated, singly and in combination, with gases
that stimulate (CO,) or reduce (O;) plant primary production. The high cost
of such replicated and multi-factorial ecosystem-scale experiments limits the
number of interacting factors that can be examined. Consequently, the
numerous interacting feedbacks originating both above and belowground will
likely have to be examined through a combination of one and two-factor
experiments, natural gradient studies, and modeling (Norby and Luo 2004).

A final feature of BCA complexity involves definitions of BCA. The
terminology employed to describe carbon allocation within plants has been
described as ‘“varied, inconsistent, confusing, and often inadequate for
understanding and integrating research results” (Dickson and Isebrands 1993).
A similar lack of clarity continues to exist in BCA studies (Figure 2). BCA is
often defined as fine or coarse root biomass standing stock (defined as
partitioning by Dickson and Isebrands 1993), fine root production, total root
production (coarse plus fine), total root production plus exudation and
mycorrhizal production (which equals BNPP), and total belowground carbon
allocation (which equals TBCA). Further, important components of BNPP
are sometimes ignored in efforts to estimate whole stand or large scale
patterns of NPP. While methodological ambiguities are not uncommon in
ecological studies, the implications with respect to BCA are sizable because
estimates are often scaled to entire regions or continents (e.g., Schimel et al.
1994, VEMAP 1994, Li et al. 2003), with uncertainties seriously impeding
efforts to model climate change impacts on the global carbon cycle (Holland
et al. 2000, Sarmiento 2000).

In this synthesis of global changes and the response of belowground
production, we examine three BCA methods: coarse root standing stock,
belowground net primary production (BNPP), and total belowground carbon
allocation (TBCA). These three categories are methodologically and
conceptually distinct, spanning span the full spectrum of BCA studies. Coarse
root standing stock is a pool determined through excavation and weighing,
with quantification occurring at a single point in time. Changes over time are
often inferred to be proportional to changes in aboveground biomass. BNPP is
a flux arrived at by summing individually and periodically measured
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