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Abstract

Allocation of C to belowground plant structures is one of the most important, yet least well quantified fluxes of C in
terrestrial ecosystems. In a literature review of mature forests worldRigieh and Nadelhoffer (1988Liggested that total
belowground carbon allocation (TBCA) could be estimated from the difference between annual rates of soil respiration and
aboveground litterfall. Here we analyze new measurements of soil respiration and litterfall, including data from the Ameriflux
network. Our results generally agree with Raich and Nadelhoffer’s previous work. A regression analysis of data from mature
forests produced the following relationship: annual soil respiratioR87 + 2.80 x annual litterfall. This regression slope
indicates that, on average, soil respiration is roughly three timageglpound litterfall-C, which further implies that TBCA is
roughly twice annual ativeground litterfall-C. These inferences are based on the uncertain assumption of soil C stocks being
at steady state. Nevertheless, changes in soil C would have to be very large to modify the conclusion that TBCA is generally
much larger than litterfall. Among only mature temperate hardwood forests, however, the correlation between litterfall and
soil respiration was poor, and the correlation among years for a single site was also poor. Therefore, the regression cannot
be relied upon to provide accurate estimates of soil respiration or TBCA for individual sites. Moreover, interannual variation
in TBCA, short-term changes in C stocks, or different temporal scales controlling leaf litter production and soil respiration
may cause important deviations from the global average. The regression slope for data from young forests is steeper, possibly
indicating proportionally greater TBCA, but the steady-state assumption is more problematic for young forests. This method
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for estimating TBCA may be most appropriate where interannual variation is averaged over several years of observations anc
where a near-steady-state assumption of soil, litter, and root C stocks is least problematic.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Carbon dioxide (C@); Carbon cycling; Forest ecosystems; Forest soil; Infrared gas analyzers; Roots; Soil carbon

1. Introduction of this paper is to re-evaluate the approach for es-
timating TBCA from measurements of litterfall and
Allocation of C to belowground plant structures soil respiration, using recent results of the Ameriflux
often equals or exceeds aleground litterfall-C and network, in addition to several published papers from
aboveground respiration in forest ecosystems, making the Euroflux network and other forests of the world.
it the single most important fate for gross primary To avoid methodological inconsistencies that could
productivity Janssens, 2091Despite its importance,  confound results, only IRGA-based soil respiration
total belowground carbon allocation (TBCA) remains measurements made since fRaich and Nadelhoffer
poorly quantified because it is difficult to quan- (1989)publication are used.
tify root and mycorrhizal processes by any method
(Hanson et al., 2000; Hendrick and Pregitzer, 1993;
Kurtz and Kimmons, 1987; McClaugherty et al.,
1982; Zak and Pregitzer, 1998In the absence of
direct measurements of TBCARaich and Nadelho- Soil respiration (Rsoil) is C® flux from the
fier (1989) proposed that the difference between soil soil-litter surface and is comprised of root respira-
respiration (Rsoil) and litterfall-C could be used to tion (Rroot), microbial decomposition of soil organic
estimate TBCA in ecosystems where the stocks of matter derived from dead roots, root exudates, and

soil organic matter, roots, and litter were assumed to mycorrhizal hyphae (lumped here as “root litter C
be near steady state: decomposition”), and microbial decomposition of

o aboveground leaf and woody litter:
TBCA = Rsoil — litterfall-C

2. Assumptions of the conceptual model of TBCA

(1)

Using published studies of sites that presumably sat-
isfied the near-steady-state assumption, and assuming @
that interannual variations in soil and forest floor C A critical assumption of this approach to estimate
stocks are smalRaich and Nadelhoffer (198@evel- TBCA is that the root biomass stocks, the litter layer,
oped a regression formula that related measurementsand mineral soil layers of organic carbon are at steady
of litterfall and soil respiration. Their correlation state. The inputs to these C pools from net primary
based on data from forested ecosystems throughoutproduction equals the amount of decomposition when
the world showed TBCA to be about twice litterfall-C.  the stocks are at steady state. When this steady-state
With the proliferation of whole-ecosystem studies assumption is met, so that the annual inputs of C be-
of C balance in the Ameriflux and Euroflux net- |owground via root exudates, root sloughing, and root
works Baldocchi et al., 200Land complimentary  and mycorrhizae mortality are equal to annual rates

Rsoil= Rroot+ root litter C decomposition
+ aboveground litter C decomposition

measurements of litterfall and soil respiration, a new
opportunity has arisen to evaluate the original re-
view of the Raich and Nadelhoffer (198%pproach.

Infrared gas analyzers (IRGAs) are nhow more com-

of decomposition of dead roots and root-derived soil
organic matter, then the first two terms on the right
side ofEq. (2) sum to the total amount of carbon al-

located belowground (TBCA), which is expressed in

monly used for chamber-based measurements of soilEq. (3)

respiration, thus obviating some of the doubts that 3)
Raich and Nadelhoffer (198%ad about the quality

of data from soda lime techniques that were most Similarly, the amount of annual litterfall equals the
common in the literature at that time. The objective amount of decomposition of the adeground litter

TBCA = Rroot+ rootlitter C decomposition
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when the litter layer is at steady state:
aboveground litter C decomposities litterfall-C  (4)

Raich and Nadelhoffer (1989point out that the

41

these preliminary results are accurate. Descriptions
of the Ameriflux sites are archived at the web site:
http://cdiac.esd.ornl.gov/programs/ameriflux/

Because some sites approach the near steady-state

steady-state assumption need not be absolutely cor-assumption and some do not, we divided the data
rect, but that the annual changes in the soil and litter into two groups: (1) “mature” sites that have not un-
stocks must be small relative to soil respiration and dergone obvious major disturbance during the last 45

litterfall-C. For exampleGaudinski et al. (200Q)sed

years; and (2) “young” sites that were clearly recov-

radiocarbon measurements to estimate that the upperering from relatively recent<45 years) disturbance.

limit of soil C sequestration at the Harvard forest in
Massachusetts is aboud § C nm2 per year, whereas
Savage and Davidson (200Eport 5-year averages of
750 g C n12 per year soil respiration and @3 C n12

per year litterfall in the same forest. Hence, although

Although some mature sites are accumulating carbon
(Goulden et al., 1996; Hollinger et al., 1999; Law
et al., 2000, most of the C accumulation is probably
in the aboveground live and dead biomass and not
the soil Gaudinski et al., 2000 The mean residence

we cannot be confident that the Harvard forest soil-C time of actively cycling C in the soil is on the order
is exactly at steady state, the magnitude of the gain of a few decadeslfumbore, 2000 Therefore, soil C

in soil C is likely to be<4 and <14% of soil respi-
ration and litterfall, respectively. When the changes
in C stocks are small relative to soil respiration and
litterfall fluxes, then the only two terms that make sig-
nificant contributions to soil respiration are litterfall
and TBCA. Substitutindgegs. (3) and (4)nto Eq. (2)

the following is derived:
Rsoil = TBCA + litterfall-C (5)

Rearrangingeqg. (5) then yieldsEq. (1) which esti-

stocks in forest stands that have not undergone major
disturbance during the last several decades are likely
approaching a steady-state condition. We recognize
that changing climate, N deposition, @Qertiliza-
tion, and successional status may be violating the
steady-state assumption, but changes in soil C stocks
due to these processes would have to be large rela-
tive to annual rates of litterfall and soil respiration to
affect the TBCA calculation. We assume tltag. (1)
applies for the mature sites of this study.

mates TBCA based on measurements of annual rates For the Ameriflux sites, total fine litterfall is de-

of soil respiration and litterfall Raich and Nadel-
hoffer, 1989.

3. Compilation of datasets

For this analysis, concurrent annual estimates of

soil respiration and fine litterfall were needed from

fined as all non-woody material that falls into litterfall
traps, including leaves, acorns, fruits, flowers, etc.
and woody material that is entirely within the trap,
shorter than 20cm, and with a maximum diameter
<l1lcm. Unfortunately, not all publications provide
specific definitions for their litterfall collections.
Comparisons of regression equations between
young and mature forests and between mature forests

each forest site. Several such papers were found in theof this study and of th&aich and Nadelhoffer (1989)
literature, and several more datasets were offered by study were made using the dummy variable method

participants of a workshop of Ameriflux participants
held at Pellston, MI, 4—7 May 2000. We relied upon

each investigator to determine his or her best method

described byZar (1996)

for annual estimates, which were usually made ei- 4. Results and discussion

ther from interpolating between measurement dates

or from parameterized temperature-dependent mod-4.1. Mature forests

els. It should be noted that the dataTiable 1cited

as “pers. commun.” or those that correspond to the

references containing “submitted for publication” in

When the data from both young and mature
forests are plotted togetheFif. 1), the least squares

the reference list have not gone through peer review regression line has a steeper slope6{3t+ 0.78,

and publication, but to the best of our knowledge,

95% CI) than the slope (2.92) reported Bgich and
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This study:
annual soil respiration = 161 + 3.61 * annual litterfall

""""""""" 95% confidence interval

Raich and Nadelhoffer, 1989:
annual soil respiration = 130 + 2.92 * annual litterfall

Fig. 1. Regression of annual soil respiration and annuavedround litterfall-C for all sites shown ifiable 1(see table for identification
of plotting symbols). For this study, the regression is significani(0.01; R? = 0.73). TheRaich and Nadelhoffer (1983egression
equation is also shown for comparison.

Nadelhoffer (1989)although these slopes are not sig- 130 reported byraich and Nadelhoffer (1989 any
nificantly different. When only mature forests are used case, the two regression lines are nearly parallel, but
in the regression, the slope.8® 4+ 0.98, 95% CI) is slightly offset Fig. 2).

similar to the 2.92 slope reported Baich and Nadel- Three of the soil respiration rates shownFHiy. 2
hoffer (1989) Statistical tests showed no significant for tropical rainforests (CR2, Brl, and Br3) exceed
difference in slopesy = 0.77) or intercepts g = the range reported bigaich and Nadelhoffer (1989)
0.20), although a test of coincidence indicates that the About half of the data points fall very near the Raich
two lines are not coincidentp(= 0.04; Zar, 1996. and Nadelhoffer regression line and the other half are
This situation occasionally occurs because the test of above this line, indicating that there is a general bias
coincidence has greater statistical power due to more towards higher respiration rates in this study than re-
degrees of freedom in tHe-test than do the tests for ported byRaich and Nadelhoffer (1989Vnderesti-
intercepts or slopes alone. Thénterceptin thisstudy  mation of soil respiration by the soda lime method
(287 + 254, 95% CI) is significantly different from  (Ewel et al., 198yused in the majority of studies cited
zero, which was not the case for theintercept of by Raich and Nadelhoffer (1983pay have caused
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This study:
— annual soil respiration = 287 + 2.80*annual litterfall
95% confidence interval

Raich and Nadelhoffer, 1989:
annual soil respiration = 130 + 2.92 * annual litterfall

Fig. 2. Regression of annual soil respiration and annualedround litterfall-C for all mature forests (45 years of age). Sade 1for
identification of plotting symbols. For this study, the regression is signifiaant 0.01; R?> = 0.62). TheRaich and Nadelhoffer (1989)
regression equation is also shown for comparison.

underestimation of th&-intercept in their regression  sites. In contrast, the La Selva forest of Costa Rica
analysis. (plotted as “CR1” and “CR2") receives twice as much
The forest sites in the Brazilian eastern Amazon mean annual rainfall as the eastern Amazonian sites,
region (plotted as “Brl” and “Br3") fall above both  experiences only a very brief and mild dry season, and
regression linesKig. 2), indicating higher soil res-  appears to allocate less C belowground relative to its
piration than would be predicted from litterfall rates litterfall-C compared to the Amazonian sites.
and the regression equations. This region experiences Given the paucity of sites in this dataset with lit-
along dry season, and the canopy is maintained ever-terfall >25 g C n 2 per year, this regression result
green through uptake of stored soil water by a large must be interpreted with caution. Likewise, not all
and deep root biomashklépstad et al., 1994Hence, it forest biomes of the world are represented in this
is not surprising that TBCA is above average for these dataset; boreal forests are conspicuously absent, and
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significant respiration of mosses on the forest floor of 4.2. Young forests

boreal forests would complicate and perhaps preclude

this approach to estimating TBCA. As in all cross-site  The regression equations for the mature and young
comparisons, there could be unidentified differences subsets of dataF{gs. 2 and P are statistically not

in definitions of fine litterfall and biases caused by dif- coincident p = 0.04), with no difference in inter-
ferences in designs of litterfall traps, soil respiration cepts p = 0.38) and a nearly significant difference
chambers, and spatial and temporal sampling schemesin slopes p = 0.06). The slope for the young forests
However, it appears that the results generally confirm (4.16 + 1.22, 95% ClI) is steeper than the slope for
the conclusion oRaich and Nadelhoffer (198%hat, the mature forest (80 + 0.98, 95% CI), possibly

on average, annual soil respiration is about three timesindicating a larger amount of root respiration or de-
litterfall-C (more than three times where litterfall is composition of root litter contributing to higher soil
low so that theY-intercept becomes more important). respiration relative to decomposition of@eground

By difference, TBCA is inferred to be about twice litter. Although only a marginally statistically signif-
(or more) that of litterfall-C. Not surprisingly, how- icant difference, this trend is consistent with greater
ever, the global average does not accurately predictinvestment in belowground C by young forests to
TBCA for each specific site, which has also been establish and maintain a root system capable of sup-
demonstrated previouslyzpwer et al., 1996 porting the demands for water and nutrients of the

2200 ~

Hi3

Young Forest Hi2

2000 -

1800 -

_1)

1600 -

1400 -

1200 -

1000 +

800 -

Annual Soil Respiration (gCm yr

600 -

400 -

200 ~

0 T T T T ]
0 100 200 300 400 500

2 -
Annual Litterfall (gC m ~ yr )

— annual soil respiration = 139 + 4.16 * annual litterfall
95% confidence interval

Fig. 3. Regression of annual soil respiration and annuaVvedround litterfall-C for all young forests<@5 years of age). Segable 1for
identification of plotting symbols. The regression is significant<(0.01; R? = 0.81).
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rapidly growing trees@holz et al., 1986; Jipp et al., slope = 1.13 + 2.55, 95% CI). As was the case
1998. If root biomass also is aggrading in these sites, for the tropical forests already discussed, differences
then TBCA could be further underestimated by the in aboveground and belowground C allocation may
regression shown ifig. 3. vary among the mature temperate hardwood forests,
Where the assumption of near-steady-state C pool depending on climate, land use history, life history
sizes is not applicable, as in young aggrading forests traits of the dominant plant species, and soil type.
or old, disturbed, or diseased declining forests, These results suggests that predicting TBCA from
Nadelhoffer et al. (1998have shown that additional litterfall data, using either thRaich and Nadelhoffer

terms are needed in this mass balance approach: (1989) equation or the one ifrig. 2, may be ac-
ceptable for global scale modeling and for obtaining
TBCA = Rsoil — litterfallC + AlitterC rough estimates, but may not always provide reliable
+ As0ilC + ArootC+ export (6) estimates for individual sitesGpower et al., 1996

In other words, the 1:2 ratio of akeground litter to
where AsoilC, AlitterC, andArootC are the changes  pelowground allocation of C implied by the Raich
in C stocks of mineral soils, forest floor, and root and Nadelhoffer equation may be rough|y correct as
biomass, respectively, and export is C loss via leach- 3 broad-brush approximation, but it is not universal,
ing. When the forest floor is accumulating, litterfall even among forests near Steady state. Indeed, we may
is no longer a good estimate of G@roduction from  |earn the most about C allocation by observing how
decomposition of litter CKq. (4). Likewise, ifabove-  and perhaps why various ecosystems diverge from
ground litter and/or root litter are being incorporated the “average” 1:2 allocation ratio.
into soil organic matter (SOM) in a non-steady-state  The Michigan site, for example, was included in
manner, or if there is significant soil erosion, then the regression analysis for mature forests shown in
the AsoilC term inEq. (6) may become important.  Fig. 2 (“Mi”), but it stands out as having unusually
Leaching of DOC from litter or SOM also violates  high soil respiration for the amount of litterfall. This
Egs. (3) and (4)so that not all of the litterfall-C  mid-successional forest could be unusual because it is
should be subtracted from soil respiration to estimate Current|y undergoing a transition from an even-aged
TBCA. Finally, coarse woody debris is not included aspen stand to an uneven-aged oak forest, which could
in the fine litterfall estimate, and it is usually avoided cause changes in root and soil stocks of C or changes
in soil respiration measurements, but it could con- jn TBCA. On the other hand, the reported data are for
tribute significantly to soil C inputs, particularly in  only 1 year, and means of multiple years of data might
old or disturbed forests. show that this site conforms to the expected regression

We do not attempt to estimate the additional terms predictions. Ongoing measurements will determine
in Eq. (6)for the “young" sites. These are site-specific whether this site has above average TBCA, or chang-
parameterizations that are left to site-specific publica- ing stocks of soil and root C, or if the first year’s data
tions. Rather, we point out, &&adelhoffer etal. (1998)  simply reflect unusual conditions of either soil respi-
and Gower et al. (1996have done, that the regres- ration or litterfall. Although it was not identified as
sions based on “mature” forests with a steady-state an outlier by the studentized residual, when this point
assumption should not be applied to relatively young, is removed from the regression for mature forests,
aggrading forests. the slope increases to 3.04, the intercept decreases to

204, and the?? value increase from 0.62 to 0.71.

4.3. Mature temperate hardwood forests

4.4. Interannual variation

Temperate hardwood forests are the best repre-
sented group in this dataset, and we use this group to One of the uncertainties of using this approach
evaluate variability of TBCA estimates within a single to estimate TBCA is the possibility of interannual
biome. The range of soil respiration and litterfall rates variation of either litterfall or soil respiration. The
among the temperate hardwood forests is relatively approach implicitly assumes that the controls of soil
small, and the regression is not significafig( 4; respiration and ativeground litter production operate
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Fig. 4. Regression of annual soil respiration and annuaVedround litterfall-C for mature temperate forests. $ekle 1for identification
of plotting symbols. The regression is not significamt= 0.05; R? < 0.01).

on the same temporal scale. The datasets used her¢he near-steady-state assumption over the time scales
included some cases where these measurements wereommon for short-term ecological studies.

averaged over more than 1 year, so that some interan- Using data from our long-term study at the Harvard
nual variation may be averaged out, and some casesforest Savage and Davidson, 20Q0lwe compared
where a single year’s estimate of soil respiration was annual litterfall and soil respiration for 4 years in
compared to a single year’s litterfall (predominantly each of five study plotsHig. 5). Soil respiration var-
the previous autumn’s litterfall in temperate forests). ied among years, with the largest emissions recorded
Although a site may be near steady state in terms of during wet summers of 1998 and 2000 and the lowest
decadal changes in soil and forest floor C stocks, there during the dry summer of 1999. Litterfall, in contrast,
could be important variation in these pools on annual was relatively similar among the years of 1996-1999.
time scales due to interannual variation in herbivory, We found no significant correlations between litterfall
in climatic effects on foliage production, litterfall, and and soil respiration, either among years or among
decomposition, and in allocation to seeds and other study plots within years. We conclude that the inter-
reproductive structured(egitzer and Burton, 1991 annual differences in soil respiration were due more
Some of the divergence from the regression line in to climatic effects on decomposition and/or TBCA
Fig. 2 could be due to these variations that violate than to differences in the previous autumn’s litterfall.
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Fig. 5. Regression of annual soil respiration and annualedround litterfall-C for 4 years of observations (1997-2000) at five locations

a—e (stratified by soil drainage class) in the Harvard forest, MassachuSati@gé and Davidson, 200IThe annual soil respiration for

each site and year is plotted against the previous year's litterfall-C for that site because most of the litterfall occurs in the autumn. The
regression is not significani (> 0.05; R? < 0.01).

Although interannual variation in litterfall was not minimum of a 4-5-year period that matches the re-
large at the Harvard forest, litterfall varied substan- turn interval of El Nino events may be needed to make
tially between years at La Selva, Costa Rica. Only 1 the best comparisons of mean annual litterfall and soil
of 2 years of available data was used for the La Selva respiration.
site in the regression analysishig. 2, because it was Comparisons of annual soil respiration to annual
recognized that the litterfall during the second year litterfall could reveal interannual variation of above-
was unusually large due to a severe El Nino event. El- ground and belowground C allocation, but it would
evated litterfall in 1 year will presumably affect soil be difficult to distinguish between this interannual
respiration in subsequent years, but observations overvariation in inferred C allocation and short-term
several years are needed to integrate these events intmon-steady-state gain or loss in the forest floor C
long-term averages. In the case of El Nino effects, a stock. The soil respiration-minus-litterfall approach
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for estimating TBCA, which depends upon the
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Andrews, J.A., Schlesinger, W.H., 2001. Soil £@ynamics,

near-steady-state assumption, is best applied to data acidification, and chemical weathering in a temperate forest
averaged over several years, where the steady-state with experimental C@ enrichment. Glob. Biogeochem. Cycles

assumption is more likely to be nearly correct.

5. Conclusion

This analysis of forests from around the world,
including new data from the Ameriflux network,
has reconfirmed the general conclusion R&ich
and Nadelhoffer (1989}hat total belowground C
allocation (TBCA) is usually at least two times the
aboveground litterfall-C in mature forests. We found
a non-zeroY-intercept to this relationship, indicating
that TBCA may be more than two times litterfall-C
where litterfall rates are relatively low. Regression

lines for analyses of mature and young forests were gpan 51 schmid, H.P., Grimmond, C.S.B.,

not coincident, with a marginally significantly steeper

slope for the young forests possibly indicating greater

TBCA allocation relative to litterfall than observed in
most mature forest. Not surprisingly, significant vari-

ation among sites and among years within sites was

observed, indicating that estimates of annual TBCA
from litterfall-C and soil respiration are probably im-
proved by averaging over multiple years. The global

relationship is generally robust and demonstrates

that TBCA is the single largest flux of C in forest
ecosystems aside from canopy assimilation.
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