
R E V I E W

Carbon allocation in forest ecosystems

C R E I G H T O N M . L I T T O N *, J A M E S W. R A I C H w and M I C H A E L G . R YA N z§
*Department of Natural Resources and Environmental Management, University of Hawaii at Manoa, 1910 East-West Rd.,

Honolulu, HI 96822, USA, wDepartment of Ecology, Evolution and Organismal Biology, Iowa State University, 253 Bessey Hall,

Ames, IA 50011, USA, zUSDA Forest Service, Rocky Mountain Research Station, 240 West Prospect Road, Fort Collins, CO 80526,

USA, § Affiliate Faculty in Department of Forest Rangeland and Watershed Stewardship and Graduate Degree Program in Ecology,

Colorado State University, Fort Collins, CO 80523, USA

Abstract

Carbon allocation plays a critical role in forest ecosystem carbon cycling. We reviewed

existing literature and compiled annual carbon budgets for forest ecosystems to test a

series of hypotheses addressing the patterns, plasticity, and limits of three components of

allocation: biomass, the amount of material present; flux, the flow of carbon to a

component per unit time; and partitioning, the fraction of gross primary productivity

(GPP) used by a component. Can annual carbon flux and partitioning be inferred from
biomass? Our survey revealed that biomass was poorly related to carbon flux and to

partitioning of photosynthetically derived carbon, and should not be used to infer either.

Are component fluxes correlated? Carbon fluxes to foliage, wood, and belowground

production and respiration all increased linearly with increasing GPP (a rising tide lifts

all boats). Autotrophic respiration was strongly linked to production for foliage, wood

and roots, and aboveground net primary productivity and total belowground carbon flux

(TBCF) were positively correlated across a broad productivity gradient. How does carbon
partitioning respond to variability in resources and environment? Within sites, partition-

ing to aboveground wood production and TBCF responded to changes in stand age and

resource availability, but not to competition (tree density). Increasing resource supply

and stand age, with one exception, resulted in increased partitioning to aboveground

wood production and decreased partitioning to TBCF. Partitioning to foliage production

was much less sensitive to changes in resources and environment. Overall, changes in

partitioning within a site in response to resource supply and age were small (o15% of

GPP), but much greater than those inferred from global relationships. Across all sites,

foliage production plus respiration, and total autotrophic respiration appear to use

relatively constant fractions of GPP – partitioning to both was conservative across a

broad range of GPP – but values did vary across sites. Partitioning to aboveground wood

production and to TBCF were the most variable – conditions that favored high GPP

increased partitioning to aboveground wood production and decreased partitioning to

TBCF. Do priorities exist for the products of photosynthesis? The available data do not

support the concept of priorities for the products of photosynthesis, because increasing

GPP increased all fluxes. All facets of carbon allocation are important to understanding

carbon cycling in forest ecosystems. Terrestrial ecosystem models require information on

partitioning, yet we found few studies that measured all components of the carbon

budget to allow estimation of partitioning coefficients. Future studies that measure

complete annual carbon budgets contribute the most to understanding carbon allocation.

Nomenclature:

ANPP 5 aboveground net primary production; can refer to foliage (ANPPfoliage),

wood (ANPPwood), or total (ANPPtotal 5 ANPPfoliage 1 ANPPwood)
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BNPProot 5 belowground net primary production in roots

Fa 5 aboveground litterfall

Fsoil 5 soil-surface CO2 efflux (‘soil respiration’)

GPP 5 gross primary production

NPP 5 net primary production (ANPPtotal 1 BNPProot)

R 5 autotrophic respiration; can refer to foliage (Rfoliage), wood (Rwood), roots
(Rroot), aboveground (Rabove 5 Rfoliage 1 Rwood), or total (Rtotal 5 Rabove 1 Rroot)

TBCF 5 total belowground carbon flux (BNPProot 1 Rroot 1 C to root exudates and

mycorrhizae)

Keywords: aboveground net primary productivity (ANPP), annual carbon budget, autotrophic respira-

tion (R), belowground net primary productivity (BNPP), biomass, carbon flux and partitioning, gross

primary productivity (GPP), total belowground carbon flux (TBCF)
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Introduction

Carbon allocation plays a critical role in forest ecosys-

tem carbon cycling by shifting the products of photo-

synthesis between respiration and biomass production,

ephemeral and long-lived tissues, and aboveground

and belowground components. Changes in carbon allo-

cation affect both the growth of individual plants

(Cropper & Gholz, 1994), as well as terrestrial biogeo-

chemistry via influences on litter quality and decom-

position rates, carbon and nitrogen sequestration, and

plant–atmosphere gas exchange (Friedlingstein et al.,

1999; Bird & Torn, 2006). An incomplete understanding

of carbon allocation currently limits the capacity to

model forest ecosystem metabolism and accurately

predict the effects of global change on carbon cycling

(Ryan et al., 1997a; Friedlingstein et al., 1999; Gower

et al., 1999; Landsberg, 2003).

While significant advances have been made in under-

standing terrestrial carbon cycling at local, regional, and

global scales, large uncertainties remain about impor-

tant and fundamental processes. Of total canopy photo-

synthesis, where does the carbon go? What is the

magnitude of belowground carbon flux? What fraction

of photosynthesis is used to produce plant tissues and

what fraction is used for respiration? Do priorities exist

for the products of photosynthesis? Do consistent car-

bon allocation patterns exist across forest ecosystems?

In this review, we first standardize definitions for the

components of carbon allocation to facilitate compar-

ison among past and future studies. We then synthesize

annual carbon budget studies in forest ecosystems and

test a series of hypotheses to determine: (i) patterns in

carbon allocation, and (ii) the plasticity of and limits to

carbon allocation in response to stand age, competition,

and resource availability.

Prior studies and reviews have focused on: (i) inter-

annual allocation of assimilates among functionally

interdependent parts of trees at individual plant, tissue,

and cellular levels (Cannell & Dewar, 1994; Friend

et al., 1994; Lacointe, 2000); (ii) a global scheme for

dry matter production with changing resource avail-

ability (Friedlingstein et al., 1999); and (iii) allocation to

above- and belowground components of conifer-domi-

nated forests (Gower et al., 1994, 1995, 2001). Most

research on carbon allocation has concentrated on eval-

uating patterns of biomass accumulation (e.g. root :

shoot biomass; Tilman, 1988; Wilson, 1988; Jackson

et al., 1996; Cairns et al., 1997) or net primary produc-

tivity (NPP) (e.g. Grier et al., 1981; Runyon et al., 1994;

Gower et al., 2001), and it is unknown if these surrogates

are good approximations of the fraction of annual

photosynthesis used by individual components. No

work has examined all the components of allocation

and their response to stand age, competition, and

resource availability.

Carbon allocation terminology

Carbon allocation terminology employed in terrestrial

ecosystem literature is inconsistent. The terms tran-

slocation, transport, distribution, allocation, partition-

ing, apportionment, and biomass allocation have all

been used synonymously (Dickson & Isebrands, 1993;

Gower et al., 1995). The term carbon allocation has

been used to mean everything from patterns in live

biomass (e.g. Gower et al., 1994; Enquist & Niklas, 2002;

Litton et al., 2003b), to the flux of carbon to a particular

plant component (e.g. Dickson & Isebrands, 1993;

Friend et al., 1994; Haynes & Gower 1995; Keith

et al., 1997), to the distribution of flux as a fraction of

gross photosynthesis (e.g. Ryan et al., 1996a; Giardina

et al., 2003).

We propose these terms and definitions to standar-

dize the vocabulary of carbon allocation for forest

ecosystems: biomass, the amount of material present;
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flux, the flow of carbon to a given component per unit

time; and partitioning, the fraction of gross primary

productivity (GPP) used by a given component.

Biomass is the mass of any or all organic components

within an ecosystem (Odum, 1953). The focus of this

review is on live biomass of vegetation in forest ecosys-

tems (e.g. aboveground live biomass; g C m�2),

although aboveground live biomass estimates typically

include biomass in nonliving heartwood tissue. The

commonly used phrase ‘biomass allocation’ refers to

the distribution of biomass in different components (e.g.

root : shoot). However, the use of the term ‘allocation’

for such descriptors should be avoided, as it is ambig-

uous and misleading.

Flux is the rate at which carbon moves to or from a

particular component of the forest ecosystem per unit

ground area per unit time (e.g. NPP; g C m�2 yr�1;

Odum, 1953). Our emphasis in this review is on annual

fluxes, although flux can be measured on daily (Dick-

son, 1987), monthly or even phenological (Cardon et al.,

2002) time scales.

Partitioning is the flux of carbon to a particular

component as a fraction of total photosynthesis (GPP),

expressed either as a percentage (%) or a proportion (0–

1, no units). Partitioning coefficients are the information

used by process-based terrestrial ecosystem models of

forest carbon cycling to determine what proportion of

photosynthesis a component receives.

In our scheme, the term carbon allocation is a general,

overarching term that can refer to pattern (biomass) or

process (flux and partitioning), or both. We propose that

the term carbon allocation should not be used synony-

mously for any of the individual components listed

above to avoid confusion.

Hypothesis testing

We investigated patterns, plasticity, and limits to the

different facets of carbon allocation in response to stand

age, competition, and resource availability by testing

the following hypotheses:

(i) Annual carbon flux and partitioning can be inferred

from biomass (as assumed in some terrestrial eco-

system models; e.g. Lüdeke et al., 1994; Haxeltine &

Prentice, 1996).

(ii) Component fluxes are correlated: (a) foliage pro-

duction, foliage respiration, wood production,

wood respiration, and total belowground carbon

flux (TBCF) increase with increasing GPP, and

(b) TBCF increases with aboveground production

(Raich & Nadelhoffer, 1989; Nadelhoffer et al., 1998).

(iii) (a) Autotrophic respiration is strongly related to

production (Ryan et al., 1997b; Waring et al., 1998;

Gifford, 2003), and (b) this relationship does not

vary for foliage, wood, and roots.

(iv) Partitioning to respiration is constant across a wide

range of GPP in forest ecosystems (Ryan et al.,

1997b; Waring et al., 1998; Gifford, 2003) and does

not vary with resource availability, competition, or

stand age (Ryan et al., 2004).

(v) Partitioning to aboveground production increases

and to TBCF decreases with increasing stand age

(Davidson et al., 2002; Ryan et al., 2004), decreasing

competition (Ryan et al., 2004), and increasing re-

sources (Thornley, 1972a, b; Cannell & Dewar, 1994;

Friend et al., 1994; McConnaughay & Coleman,

1999).

(vi) Priorities exist for the products of photosynthesis

such that carbon is used first by higher priority

tissues and only released to other tissues when

those needs are satisfied (Waring & Pitman, 1985;

Weinstein et al., 1991).

Methods

We divided the annual carbon budget into five major

components, and estimated GPP as the sum of these

five components (Fig. 1, Möller et al., 1954; Ryan, 1991;

Ryan et al., 1996b, 2004). Components were: foliage

aboveground NPP (ANPPfoliage), which includes

(2) ANPPfoliage

(0.04 –  0.13) (0.10 – 0.23)

(5) Rwood

(0.04 – 0.26)
(3) ANPPwood

(0.08 – 0.31)

(6) TBCF = BNPProot + Rroot + exudates + 
mycorrhizae 
(0.25 – 0.63)

(1) GPP 

(4) Rfoliage

Fig. 1 Simplified diagram depicting the major components

of the carbon budget in forest ecosystems, and the partitioning

of (1) GPP into carbon fluxes to: (2) foliage (ANPPfoliage) and

(3) wood (ANPPwood) aboveground net primary productivity,

(4) foliage (Rfoliage), and (5) wood (Rwood) autotrophic respira-

tion, and (6) total belowground carbon flux (TBCF). Values in

parentheses are 10th and 90th percentiles of carbon partitioning

for studies analyzed herein that provided information on all of

the components of GPP (n 5 29). Modified from Ryan et al.

(2004). See Tables 1a and 1b and Nomenclature for term

definitions.
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reproductive tissues; wood aboveground NPP (AN-

PPwood), which includes bark and branches; foliage

respiration (Rfoliage); wood respiration (Rwood); and TBCF,

which includes root belowground NPP (BNPProot), root

respiration (Rroot), root exudates, and carbon used by

mycorrhizae.

Our calculation of GPP excludes foliage dark respira-

tion during the light period, because of difficulties

associated with estimation (Kirschbaum & Farquhar,

1984) and refixation (Loreto et al., 1999, 2001). We do

not address storage of photosynthates, reproduction,

volatile organic compound emissions (VOCs), or her-

bivory. Carbon used for reproduction is included in

ANPPfoliage in most of the studies, and VOCs and

herbivory are relatively minor sinks in forests (Clark

et al., 2001; Kesselmeier et al., 2002; Pressley et al., 2005).

Understory data were included in stand-level estimates

of biomass and flux where available. We assumed

biomass was 50% carbon when originally given in units

of organic matter.

We selected studies in this review from prior knowl-

edge and literature review. Studies were required to

measure at least TBCF and ANPPtotal, or their indivi-

dual components (Tables 1a and 1b). All but two studies

estimated ANPPfoliage and ANPPwood separately (Table

1a). ANPPwood was estimated as the annual production

of live-tree wood biomass, generally calculated from

tree diameter measurements and site- and species-

specific allometric equations, using repeated sampling

or tree-ring width from cores to estimate diameter

change. ANPPfoliage was estimated from change in

foliage biomass, litterfall, or both, where foliage bio-

mass was estimated with site- and species-specific allo-

metric equations and litterfall with litter traps. See

Clark et al. (2001) for a synthesis on estimating ANPP

in forests.

Thirty four of 63 experiments directly estimated

Rabove (Rfoliage 1 Rwood; Table 1a) based on: (i) gas ex-

change measurements and scaling techniques (e.g. see

Ryan et al., 1994, 1996a, 1997b; Sprugel et al., 1995), or (ii)

gas exchange measurements for maintenance respira-

tion and growth respiration assuming a construction

cost of 0.25 (Ryan, 1991).

TBCF was estimated in 51 of 63 experiments (Table

1b) using a conservation of mass, carbon balance tech-

nique originally known as TRCA or TBCA, total root or

belowground carbon allocation (Raich & Nadelhoffer,

1989; Giardina & Ryan, 2002). We use TBCF instead of

these terms for what is clearly a flux based on our

terminology. TBCF was calculated as soil-surface CO2

efflux (Fsoil) minus aboveground litterfall (Fa) for stu-

dies that did not provide information on annual

changes in soil carbon pools (Raich & Nadelhoffer,

1989). Where possible, however, TBCF was estimated

using a modification that does not assume a steady state

in belowground carbon pools (TBCF 5 Fsoil�Fa 1

change in measured belowground carbon pools; Giar-

dina & Ryan, 2002).

For the 12 experiments that did not directly measure

Fsoil (Table 1b), TBCF was estimated as the sum of

independent measurements of BNPProot and Rroot.

For most of these studies, Rroot was estimated with

chamber measurements and scaling techniques. Three

additional studies used for our analyses estimated

Rroot as: (i) coarse root respiration from biomass, tem-

perature and stem respiration rates, and fine root re-

spiration as a residual term of GPP (where GPP was

estimated from annual gas-exchange rates and crown

leaf area measurements; Benecke & Nordmeyer, 1982),

(ii) maintenance respiration from tissue temperature

and nitrogen content and growth respiration assuming

a construction cost of 0.25 (Maier et al., 2004), or (iii) Fsoil

differences between control and trenched (root-free)

plots (Ewel et al., 1987). These methods for estimating

Rroot and, thus, TBCF do not include carbon used for

mycorrhizae and root exudates, a potentially large

portion of flux to belowground (Fogel & Hunt, 1979;

Sylvia, 1998).

For analyses of biomass, flux and partitioning across

the entire gradient of GPP, we used only studies that

measured all components included in the analysis

(identified in Tables 1a and 1b). To assess patterns in

partitioning within a given site in response to changes

in resource availability, forest age, and competition we

also included four studies that did not measure Rabove

(Keith et al., 1997; Fornwalt, 1999; Stape, 2002; Litton

et al., 2004). For these four studies, where ANPPtotal and

TBCF were measured but Rabove was not, we calculated

and summed Rfoliage and Rwood using relationships

derived in this review. All of the above cases are clearly

identified in Tables 1a and 1b and in corresponding

analyses and figures.

Statistical analyses

Except where noted, all statistical analyses were per-

formed in SPSS 10.0 (SPSS, 1999, Base 10.0 Application

Guide, SPSS Inc., Chicago, IL). Data were tested for

normal distributions and homogeneity of variance, and

transformed where necessary. We used least-squares

regression to test Hypotheses i–iv and vi. In all cases,

we fit both linear and nonlinear regression models.

Regression lines were forced through the origin when-

ever the equation constant was not significant at

a5 0.05. Goodness of fit and final model selection were

determined by examining P-values, the sum of squares

of the residuals, mean square of error, coefficient of

determination (R2), and by visual inspection of a plot of
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residuals vs. the independent variable. We estimated R2

as 1 – (SSR/corrected SST) where SSR is the sum of

squares of the residuals and corrected SST is the total

sum of squares of deviations from the overall mean. To

test for differences in slopes between production and

respiration among components (Hypothesis iiib), we

used analysis of covariance and linear contrasts (PROC

MIXED; SAS, 1997, SAS System for Windows, Ver. 8.02,

SAS Institute, Cary, NC, USA).

No formal statistical analysis was used to test Hypoth-

esis v about partitioning in response to stand age, re-

source availability and competition. We examined overall

patterns in partitioning for the few studies available.

We used one-way analysis of variance to test if partition-

ing to respiration varied within a site with changes in

stand age (n 5 4) or resource availability (n 5 7).

For several of the regression analyses, the potential

for autocorrelation exists because the dependent vari-

able is part of the independent variable. For example,

when analyzing NPPfoliage vs. GPP, NPPfoliage is the

dependent variable and is also part of the independent

variable because GPP was calculated as the sum of

individual components (Fig. 1). In these cases, it is

possible that significant relationships are the result of

autocorrelation and are not biologically meaningful. We

assessed the potential effect of autocorrelation in each

instance by removing the autocorrelated variable from

the independent variable and rerunning the analysis.

For example, we compared the original regression of

NPPfoliage vs. GPP to that of a regression of NPPfoliage vs.

GPP minus NPPfoliage. In all cases, removing the auto-

correlated variable only slightly changed the R2 and

slope of the relationship and did not change the sig-

nificance (Po0.01 for all significant models with and

without autocorrelated variables). Thus, autocorrelation

of variables had minor impact on our analyses, and did

not influence the biological interpretations or conclu-

sions drawn.

Results and discussion

Biomass vs. carbon flux and partitioning

Hypothesis (i): Annual carbon flux and partitioning can be

inferred from biomass

Biomass patterns have led to much of the current

understanding of carbon allocation (e.g. Tilman, 1988;

Wilson, 1988; Jackson et al., 1996; Cairns et al., 1997), and

it may be reasonable in annual plants to infer flux and

partitioning from biomass. However, because trees ac-

cumulate biomass in both long-lived woody structures

and short-lived foliage and fine roots, forest biomass

reflects both flux and retention and may not be related

to flux or partitioning of current-year assimilates. For

example, root biomass is probably a poor proxy for

TBCF because roots serve as support and storage struc-

tures in addition to acquiring resources (Tilman, 1988).

Biomass does not appear to be a good predictor of

carbon flux in forests. The ratio of TBCF: ANPPtotal 1

Rabove was not dependent on root : shoot biomass (Fig.

2a), TBCF was not related to total belowground biomass

(R2 5 0.00; n 5 43; P 5 0.80), and there was no relation-

ship between ANPPtotal 1 Rabove and aboveground bio-

mass (R2 5 0.04; n 5 34; P 5 0.24). If we omit the

structural component of biomass and focus on the
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Fig. 2 Carbon flux is poorly related to biomass in forest eco-

systems. Biomass ratios and flux (TBCF: ANPPtotal 1 Rabove, an

ecosystem carbon flux analog to root : shoot biomass) were not

related for (a) total root : shoot across diverse forest ecosystems

that represent gradients in resource availability, stand age and

competition. A somewhat better relationship existed between (b)

flux and fine root : foliage biomass. Triangles are needleleaf

evergreen forests, circles are temperate deciduous forests, and

squares are broadleaf evergreen forests. TBCF, total below-

ground carbon flux.
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metabolically active components (foliage and fine

roots), the relationship between flux and biomass im-

proves (Fig. 2b) but biomass is still only able to explain

33% of the variability in flux and is not likely to be

useful for prediction.

The data also do not support the hypothesis that

carbon partitioning in forests can be inferred from

biomass. Biomass ratios are often used as proxies for

partitioning, but we found no relationship between

partitioning to ANPPtotal 1 Rabove and the ratio of

aboveground: total biomass (Fig. 3a). Likewise, no

relationship existed between partitioning to individual

aboveground components and biomass (R2�0.10;

n 5 28; P�0.11). The same was true for belowground,

where the ratio of belowground: total biomass only

explained 3% of the variation in partitioning to TBCF

across studies (Fig. 3b). Moreover, no relationship ex-

isted between partitioning to TBCF and root : shoot

biomass (R2 5 0.05; n 5 32; P 5 0.22).

Flux

Hypothesis (ii): Component fluxes are correlated: (a) foli-

age production, foliage respiration, wood

production, wood respiration, and total

belowground carbon flux increase with

increasing GPP, and (b) total below-

ground carbon flux increases with above-

ground production

Across forests, ANPPfoliage, Rfoliage, ANPPwood, Rwood,

and TBCF were all linearly and positively related to

GPP (Fig. 4a–e; Po0.01, R2 5 0.61–0.89) which sup-

ports part (a) of our hypothesis. Slopes appear to

differ by component, indicating that increasing GPP

does not increase all component fluxes proportionately.

ANPPfoliage, in particular, increased less per unit in-

crease in GPP than did other components (Fig. 4a). The

relationship between ANPPfoliage and GPP across for-

ests is robust (R2 5 0.71) and may provide an indepen-

dent method for estimating GPP, as ANPPfoliage is

commonly measured in forest ecosystem studies.

TBCF and ANPPtotal (ANPPfoliage 1 ANPPwood) were

tightly related across a wide range of environmental

gradients and forest types (Fig. 5), as hypothesized,

because all component fluxes increased with GPP. TBCF

was also tightly linked to ANPPtotal across large gradi-

ents in tree density and stand age in Pinus contorta

forests (Litton et al., 2004). Soil-surface CO2 efflux (Fsoil)

is the largest flux within the mass balance equation for

estimating TBCF (Giardina & Ryan, 2002; Litton et al.,

2003a), and there is an increasing appreciation of a tight

link between carbon fixed in the forest canopy and the

flux of carbon from soils as CO2 (Högberg et al., 2001;

Irvine et al., 2005). However, other studies have shown

a lack of correlation between Fsoil or TBCF and ANPP

across diverse forested landscapes (Campbell et al.,

2004). Our results also differ from those of Palmroth

et al. (2006), where TBCF declined as productivity

(estimated from leaf area index) increased following

disturbance. The global relationship between TBCF and

ANPPtotal shown here may not be accurate for estimat-

ing TBCF for a specific site (Gower et al., 1996; Nadel-

hoffer et al., 1998; Davidson et al., 2002).

Hypothesis (iii): Autotrophic respiration is strongly re-

lated to production, and (b) this relation-

ship does not vary for foliage, wood, and

roots

Autotrophic respiration was strongly linked to produc-

tion for all components (Fig. 6), which supports part (a)

of our hypothesis. However, the relationship differed by

component (Po0.02), refuting part (b) of our hypoth-

esis. The slope of the relationship between respiration
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and production was lower for wood (Fig. 6b) than for

foliage (Fig. 6a) or roots (Fig. 6d), indicating that

respiration per unit production is lower for wood,

likely as a result of its lower metabolic activity. These

relationships correspond to mean (�1 SE) carbon use

efficiencies [CUE 5 NPP/(NPP 1 Respiration)] of 0.36

(�0.02), 0.60 (�0.03), 0.51 (�0.02), 0.41 (�0.03), and

0.43 (�0.02) for foliage, wood, aboveground, roots, and

total, respectively.

Autotrophic respiration can be partitioned into com-

ponents based on its function, and one of the most

common distinctions is between respiration used for

biomass production (growth respiration) and that used

to support existing biomass (maintenance respiration).

The strong relationships between autotrophic respira-

tion and production (Fig. 6) support an important link

between total respiration and growth, even though

respiration required for growth is only a portion of total

respiration (o10% for foliage and �50% for wood; Ryan

et al., 1996a). This further suggests that maintenance

processes are also linked with the metabolic processes

that promote growth, or that growth respiration reflects

the energetic cost of constructing the compounds in

tissues (Penning de Vries et al., 1974; Williams et al.,

1989). These relationships provide a method of generat-

ing estimates of respiration that are sensitive to flux
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used by different components, and may yield more

realistic estimates than assuming a whole plant carbon

use efficiency suggested by Waring et al. (1998) or

Gifford (2003). We, therefore, recommend that when

necessary, forest autotrophic respiration be estimated

by component (Rfoliage, Rwood, and Rroot) because com-

ponents differ in their relationship between respiration

and production.

Partitioning to respiration

Hypothesis (iv): Partitioning to respiration is constant

across a wide range of GPP in forest

ecosystems and does not vary with

resource availability, competition, or

stand age

Despite numerous studies on forest production, little

information is available on stand-level autotrophic re-

spiration (Rtotal), a key component of annual carbon

budgets (Sprugel et al., 1995; Ryan et al., 1996a; Waring

et al., 1998). Previous studies have suggested that Rtotal

can consume 30–90% of GPP in forests (Ryan et al.,

1997b; Waring et al., 1998; Amthor & Baldocchi, 2001;

Gifford, 2003), yet measurements are sparse and tech-

niques laborious.

Based on data for sites where measurements exist for

all components, Rtotal used an average of 57% of GPP

(Fig. 7), and the relationship had low variability among

sites (R2 5 0.95; SE 5 2.3%), which supports our hypoth-

esis. Our estimate of partitioning to respiration (57%)

agrees well with a 5-year average for a northern hard-

wood forest (58%, Curtis et al., 2005) and is similar to,

but higher than average values compiled in other studies

(53%, Waring et al., 1998; 53%, Gifford, 2003). Our results,

however, differ from those of DeLucia et al. (2007), where

partitioning to respiration averaged 0.47 across a range

of sites, possibly because GPP was estimated indepen-

dently with models for many of the studies.

Partitioning to Rtotal did vary across sites – the range

for studies analyzed was 42–71%. Three ecosystems

used in this synthesis exhibited substantially higher

partitioning to Rtotal than the average (57%), for un-

known reasons: 71% for boreal spruce (Ryan et al.,

1997b); 66% for boreal pine (Ryan et al., 1997b); and

68% for a primary tropical forest (Chambers et al., 2004).

DeLucia et al. (2007) also report a range of values for

partitioning to respiration (17–77%).

Partitioning to Rtotal did not vary within a site with

changes in stand age (P 5 0.60; n 5 4) or resource avail-

ability (P 5 0.77; n 5 7), which supports the second part

of our hypothesis. Other studies, some of them included

in our compilation, have also shown that partitioning to

Rtotal did not vary with stand age (Law et al., 1999; Ryan

et al., 2004), resource availability (Ryan et al., 1996a,

2004; Keith et al., 1997; Waring et al., 1998; McDowell

et al., 2001; Giardina et al., 2004), aboveground biomass

(Ryan et al., 1997b), or competition (Ryan et al., 2004).

Partitioning in response to stand age, competition, and
resource availability

Hypothesis (v): Partitioning to aboveground production

increases and to total belowground flux

decreases with increasing stand age,

decreasing competition, and increasing

resources

Stand age and tree density. Changes in partitioning with

stand age generally supported our hypothesis. For most

studies, partitioning to ANPPfoliage and ANPPwood

increased with stand age (Fig. 8a and b), together with

a decrease to TBCF (Fig. 8c). One exception was

lodgepole pine stands in Wyoming, where partitioning

to ANPPfoliage decreased in older stands (Litton et al.,

2003a, 2004). Another exception were the Eucalyptus

saligna stands in Hawaii, where partitioning to

ANPPwood decreased and to TBCF increased with age

(Ryan et al., 2004).

Intraspecific competition (tree density) had no large

or consistent effect on partitioning (Fig. 8d–f), which
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does not support our hypothesis. Shifts in partitioning to

ANPPfoliage and ANPPwood were site specific, showing

both small increases and decreases, while partitioning to

TBCF varied minimally with competition.

Nutrient and water availability. Increased nutrient

availability increased partitioning to ANPP and

decreased partitioning to TBCF for all studies (Fig. 9a–c),

strongly supporting our hypothesis. Fertilization increased

partitioning to both ANPPfoliage (Fig. 9a) and ANPPwood

(Fig. 9b) in all cases except one, where phosphorous

fertilization resulted in a decrease in partitioning to

ANPPfoliage. Partitioning to TBCF decreased with

fertilization for all studies (Fig. 9c).

Water availability also changed partitioning (Fig. 9d–f),

in support of our hypothesis, but results were not as

consistent as for nutrient availability. Partitioning to

ANPPwood increased with irrigation for all studies

(Fig. 9e), while partitioning to ANPPfoliage increased in

two studies and decreased in two (Fig. 9d). Partitioning

to TBCF decreased with irrigation for all but one

study (Fig. 9f). Further support for the effect of water
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availability on partitioning is evident in Eucalyptus grandis,

where the effect of irrigation was greater in a drier year

(Stape, 2002).

The use of a 2� 2 factorial design that manipulated

both nutrient and water availability in the E. grandis

(Stape, 2002), Pinus radiata (Ryan et al., 1996a), and Pinus

taeda (Maier et al., 2004) studies allowed us to examine

the combined effect of increased nutrient and water

supply on partitioning (Fig. 9g–i). Results supported

our hypothesis and were similar to the two separate

analyses where increased resource supply resulted

in greater partitioning to ANPPfoliage and ANPPwood

(Fig. 9g and h; one exception being partitioning to

ANPPfoliage for E. grandis in a normal precipitation year)

and decreased partitioning to TBCF (Fig. 9i). The effect of

fertilization plus irrigation on partitioning in the E. grandis

stands was greater in a drier year.

Partitioning to ANPPwood and TBCF varied widely

across a broad productivity gradient, with partitioning to

ANPPwood increasing and partitioning to TBCF decreasing

(Fig. 10b and c). Partitioning to ANPPfoliage was

remarkably conservative across the gradient (0.26 � 0.03;

Fig. 10a). Shifts in partitioning occurred whether as a

result of changes in resources within a

site (Fig. 9) or changes in resources across sites (Fig. 10b

and c). However, partitioning trends within a site

prompted by changing resources or stand age did

not correspond in magnitude with changes across the

entire productivity gradient. The range in partitioning

seen across studies (Fig. 1) far exceeded changes in

partitioning observed within a given site (Fig. 10d–f).

For example, TBCF varied from 21% to 75% of GPP

across all studies, but within a site change never

exceeded 15% of GPP. Still, within-site changes in

partitioning in response to resource supply were much

greater than expected from the global relationship

between GPP and partitioning (Fig. 10c and d).

Hypothesis (vi): Priorities exist for the products of photo-

synthesis such that carbon is used first by

higher priority tissues and only released

to other tissues when those needs are

satisfied
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Our review showed no support for the concept of

priorities for the products of photosynthesis in the sense

of a ‘tipping bucket’ model, where the highest-priority

pool fills first, followed by the next priority, etc. As GPP

increased across sites, all component fluxes increased

(Fig. 4). This suggests that all components are likely to

first receive some proportion of GPP to satisfy base

needs. Partitioning to foliage (ANPPfoliage 1 Rfoliage),

however, is conservative and partitioning to ANPPwood

and TBCF is primarily determined by resource avail-

ability (Fig. 10).

In place of priorities, we suggest that the following

points should be considered when conceptualizing how

carbon is partitioned in forest ecosystems. First, foliage

(ANPPfoliage 1 Rfoliage) and Rtotal use relatively constant

fractions of GPP and change little with forest age,

competition, and resource availability. Partitioning to

both was conservative across all forests (Figs 7 and 10a).

Second, partitioning to ANPPwood and TBCF are the

most sensitive to resources and environment. Partition-

ing to ANPPwood is low and to TBCF high at low

resource availability, and increasing GPP shifts parti-

tioning between these components (Fig. 10b and c).

How do data, theory, and models compare?

The general postulate behind existing carbon allocation

theory is that plants maximize growth rate by partition-

ing carbon to various plant organs to optimize

the capture of limiting resources (Thornley, 1972a, b;

Cannell & Dewar, 1994; Friend et al., 1994; McCon-

naughay & Coleman, 1999). The observed responses
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to resource availability in our survey support this pre-

diction. Our survey also supports the idea that resource

supply increases GPP while simultaneously decreasing

partitioning to TBCF (Giardina et al., 2003).

Understanding the current and future role of forest

ecosystems in global carbon cycling is primarily accom-

plished with the use of terrestrial ecosystem models,

and our hypotheses were largely based on how carbon

allocation is treated in models (see Cramer et al., 2001).

Models differ widely on the relative importance of

partitioning to individual components, limits to parti-

tioning, shape of the response function, and response to

resource availability. In general, models have either

a static or dynamic carbon allocation scheme. Static

models use either fixed partitioning coefficients or

observed patterns in biomass or flux to estimate coeffi-

cients. Dynamic models use partitioning indices refer-

enced to physiological processes so that partitioning can

vary with ontogeny, environment and resource avail-

ability. Often, dynamic partitioning schemes have fixed

limits for some or all components and use simple linear

responses to change partitioning. A thorough compar-

ison of our results with current terrestrial ecosystem and

dynamic global vegetation models would be a useful and

important exercise to determine if models can accurately

predict changes in flux and partitioning with variability

in stand age and resource availability. While this exercise

was outside of the scope of this work, there are several

important generalizations that can made about models

and carbon allocation based on our results.

The use of constant partitioning coefficients in static

models is unlikely to provide a realistic picture of forest

carbon cycling. Friedlingstein et al. (1999) showed that a

dynamic carbon allocation scheme in the CASA model,

where partitioning varied based on resource supply,

changed the relative proportion of biomass in foliage,

wood and roots and decreased total global biomass by

10% compared with the original static allocation scheme.

Here, our survey indicates that biomass is a poor pre-

dictor of flux and partitioning. In addition, resource

availability always caused shifts in partitioning, especially

to TBCF and ANPPwood. Finally, partitioning changed

with stand age, although the pattern differed by species.

Should a fixed partitioning coefficient be used to

estimate Rtotal? Our analysis and prior analyses (using

some of the same studies; Gifford, 1994, 2003; Waring

et al., 1998) show that there is a strong central tendency

in partitioning to Rtotal and that this does not change

within a site in response to forest age and resource

supply. Models that do estimate Rtotal, therefore, should

show the same lack of response in partitioning. Fixed

partitioning to Rtotal also does not support the assump-

tion that respiration is a ‘tax’ that must be supplied first.

Some dynamic partitioning schemes use the hypoth-

esis that partitioning to different tissues follows a

priority, where lower priority tissues only receive car-

bon after the needs of higher priority tissues are satis-

fied (Waring & Pitman, 1985; Weinstein et al., 1991). Our

data do not support the concept of ‘priorities’ for the

products of photosynthesis (see Hypothesis vi), because

increasing GPP resulted in a linear increase in all

component fluxes.

Conclusions: carbon allocation patterns and

constraints

Our review has shown that carbon allocation in forests

is best understood by examining all facets of allocation
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Fig. 10 Carbon partitioning to (a) foliage (ANPPfoliage 1 Rfoliage)

was conservative [slope 5�0.3� 10�6; P 5 0.70; dotted line is a

mean value for all forests (0.26 � 0.03)], while partitioning to (b)

wood (ANPPwood 1 Rwood) increased and to (c) belowground

(TBCF) decreased with increasing GPP across diverse forest

ecosystems. Change in resource availability within a site led to

minimal change in carbon partitioning to (d) foliage (ANPPfoliage

1 Rfoliage), but a much greater response in partitioning to (e)

wood (ANPPwood 1 Rwood), and (f) belowground (TBCF) than

would be predicted from global relationships (gray fill and lines

represent changes in nutrient availability, and black fill and lines

changes in nutrient 1 water availability). Triangles are needleleaf

evergreen, circles are temperate deciduous, and squares are

broadleaf evergreen forests.
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(biomass, flux, and partitioning). While data on some

components remain sparse, especially belowground

flux and autotrophic respiration, this survey and the

testing of our hypotheses support several important

generalizations:

(i) Biomass should not be used to infer either flux or

partitioning in forests because trees accumulate

biomass in both long- and short-lived tissues, and

flux and partitioning are not proportional to re-

tention (Figs 2 and 3).

(ii) Component carbon fluxes are strongly linked.

Flux of carbon to all components increases with

increasing GPP (a rising tide lifts all boats), re-

gardless of forest type, gradients in resource

supply, tree density, or stand age (Fig. 4).

(iii) Autotrophic respiration is linearly related to pro-

duction for individual components and for all

components combined (Fig. 6). However, respira-

tion should be estimated by component (foliage,

wood, and roots), because components differ in

the respiration vs. production relationship, and

such estimates would reflect differences among

stands in flux for individual components.

(iv) Partitioning to Rtotal is conservative across a wide

range of GPP (57%; Fig. 7) and does not change

with resources, stand age or competition within

an individual site. However, sites do differ for

unknown reasons.

(v) Partitioning to TBCF and ANPPwood: (a) is sensi-

tive to changes in water and nutrient availability

within a site (Fig. 9), (b) varies with age (Fig. 8),

but the pattern is not consistent across all studies,

and (c) does not vary with intraspecific competi-

tion (tree density; Fig. 8).

(vi) Partitioning to foliage (ANPPfoliage 1 Rfoliage) is

conservative across a wide range of forests

(0.26 � 0.03; Fig. 10).

(vii) Partitioning to wood (ANPPwood 1 Rwood) is low

and to TBCF is high at low resource availability,

but these patterns shift with increasing GPP (i.e.

resource availability), whether as a result of

changes in resources within a site or from changes

across sites (Fig. 10).

(viii) Available data do not support the concept of

priorities for the products of photosynthesis.

(ix) Carbon fluxes vary more among forests than does

partitioning. Partitioning is critical to understand-

ing carbon allocation, and should be an area of

focus for future work and models.

We identified patterns in and responses to carbon

allocation, but several areas require further study.

Changes in flux and partitioning with forest develop-

ment, particularly to belowground, remain poorly

understood. The cause of differences in partitioning to

autotrophic respiration among sites is not known. The

response of partitioning to changes in stand age and

resource availability is relatively consistent among stu-

dies, but none have examined the shape or duration of

the response. Finally, other factors such as intraspecific

genotypic diversity (Crutsinger et al., 2006), atmo-

spheric CO2 concentrations (Schäfer et al., 2003; Palm-

roth et al., 2006) and temperature (Raich et al., 2006) may

influence carbon allocation but data are limited.
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