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 BELOWGROUND CARBON ALLOCATION IN

 FOREST ECOSYSTEMS: GLOBAL TRENDS'

 J. W. RAICH AND K. J. NADELHOFFER
 The Ecosystems Center, Marine Biological Laboratory, Woods Hole, Massachusetts 02543 USA

 Abstract. Carbon allocation to roots in forest ecosystems is estimated from published
 data on soil respiration and litterfall. On a global scale, rates of in situ soil respiration and
 aboveground litter production are highly and positively correlated, suggesting that above-
 and belowground production are controlled by the same factors. This relationship also
 allows us to predict rates of total soil respiration and total carbon allocation to roots in
 forest ecosystems from litterfall measurements. Over a gradient of litterfall carbon ranging
 from 70 to 500 g m-2 yr-1, total belowground carbon allocation increases from 260 to
 1100 g m-2 yr-1. The ratio of belowground carbon allocation to litterfall decreases from
 3.8 to 2.5 as litterfall carbon increases from 70 to 200 g.m-2 yr-1, but changes little (2.5
 to 2.2) as litterfall carbon increases from 200 to 500 g.m-2 yr-1. Use of this relationship
 permits the construction of simple carbon budgets that can be used to place upper limits
 on estimates of fine root production in forest ecosystems. Determining live-root respiration
 rates in forest ecosystems will further constrain the range of possible root production rates.

 Key words: allocation; carbon; forests; litterfall; root production; soil respiration.

 INTRODUCTION

 How much of the carbon that is assimilated annually
 by forest ecosystems is allocated belowground? There
 is general agreement that much carbon is utilized in
 the production and maintenance of fine roots, the non-
 woody organs that absorb water and take up nutrients.
 However, relatively few measurements of either total
 belowground carbon allocation or fine root production
 have been made, and there is no general consensus
 about the relationship between above- and be-
 lowground production in forests.

 Some investigators have suggested that within re-
 gions or specific forest types the ratio between be-
 lowground and aboveground net primary production
 may decrease with increasing soil moisture and nu-
 trient availability (Nihlgard and Lindgren 1977, Agren
 etal. 1980, Axelson 1981, Persson 1981, 1983, Linder
 1987). Some have even suggested that low rates of
 aboveground production on relatively poor sites are
 largely offset by greater belowground production, re-
 sulting in similar rates of total net primary production
 on rich and poor sites (Keyes and Grier 1981). A third
 proposition is that fine root production increases in
 direct proportion to increases in aboveground produc-
 tion (Nadelhoffer et al. 1985).

 The general lack of insight into the relationship be-
 tween above- and belowground production in forest
 ecosystems results from the relatively few studies of
 belowground production. Also, measurements of be-
 lowground production are of uncertain accuracy. It has
 often been assumed that root:shoot production is sim-

 1 Manuscript received 28 April 1988; revised 26 August
 1988; accepted 2 November 1988; final version 9 December
 1988.

 ilar to root:shoot biomass (Bray 1963, Newbould 1968,
 Whittaker and Marks 1975). However, no general re-
 lationship between above- and belowground produc-
 tion has been definitively established. Additional tech-
 niques to test existing methods, to constrain estimates,
 and to identify relationships between above- and be-
 lowground production are needed. The use of soil car-
 bon budgets is one such technique. In this paper we
 construct soil carbon budgets from published data, uti-
 lize these budgets to estimate belowground carbon al-
 location in forest ecosystems, and discuss the relation-
 ship between above- and belowground carbon allocation
 in forests of the world.

 METHODS

 The use of soil carbon budgets to estimate be-
 lowground carbon allocation in forests is based upon
 the concept of conservation of mass: all carbon that
 enters the soil must either leave the soil or increase soil

 carbon stocks. We couple this fact with the assumption
 that annual changes in total soil carbon storage in closed-
 canopy forests are small in comparison with annual
 fluxes of carbon into and out of the soil. In other words,
 we assume that forest-soil carbon stocks are in ap-
 proximate steady state over the short term (1 yr). Un-
 der this assumption, the amount of carbon entering the
 soil yearly is approximately equal to the annual carbon
 loss. Our analysis considers soils to include soil organic
 matter and fine litter on the soil surface, excluding
 coarse woody debris on and above the soil.

 The soil carbon budget

 Soil organic matter is derived from two principal
 sources: detritus inputs from aboveground and fine-
 root inputs belowground. These inputs are balanced
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 by the decomposition of soil organic matter to CO2;
 soil-CO2 evolution is the major pathway of carbon loss
 from most forest soils. Although they remain poorly
 quantified, other fluxes of carbon into and out of the
 soil (precipitation, dry deposition, leaching, runoff,
 erosion) are minor in comparison with the major flux-
 es, and so have relatively little influence on the total
 soil carbon budget (Edwards and Harris 1977, Schle-
 singer 1977, 1984, Raich 1983). Therefore, in soils that
 are near steady state with respect to total organic car-
 bon storage, annual inputs of detritus from above- and
 belowground sources are approximately equal to the
 annual respiration of decomposers in the soil, or:

 Rh ' Pa + Pb (1)

 where Rh = heterotrophic respiration (organic matter
 decomposition), Pa = aboveground detritus produc-
 tion, and Pb = belowground detritus production, all
 expressed in units of carbon. In theory, then, it is pos-
 sible to determine Pb by measuring both Pa and Rh. In
 fact, however, it is difficult to measure Rh in intact
 forest soils because CO2 produced by soil organisms is
 intimately mixed with CO2 produced by living roots.
 The sum of heterotrophic and autotrophic (live-root)
 respiration processes in the soil is referred to as soil
 respiration, i.e.:

 Rs = Rh R Rr (2)

 where R, = soil respiration and R, = root respiration.
 Combining Eqs. 1 and 2 gives:

 Rs - Pa P + Rr. (3)

 Using this equation, total annual carbon allocation to
 roots (Ph + Rr) can be estimated from measurements
 of annual rates of soil respiration (Rs) and aboveground
 detritus production (P,), both of which have been mea-
 sured in forests throughout the world.
 We utilize Eq. 3 and data available from published

 studies to estimate how much carbon is allocated to

 roots in forest ecosystems. We use measurements of
 litterfall to estimate aboveground detritus production,
 and therefore disregard, initially, carbon inputs to the
 soil from coarse woody detritus. The implications of
 this are further considered in the Discussion. We

 consider total carbon allocation to roots to be equal to
 the sum of carbon allocated to root detritus production
 plus root respiration (Ph + Rr). Root detritus produc-
 tion includes all carbon transferred from roots and their

 associated mycorrhizae to the soil, whether it be from
 exudation, sloughing of surface tissues, herbivory, or
 mortality; this is equivalent to what most investigators
 refer to as fine root production.

 Soil respiration and litterfall in
 forests of the world

 Soil respiration and litterfall have been measured in
 a variety of forests around the world (Appendix). Be-
 cause both litterfall and soil respiration rates vary sea-

 sonally, only sites for which annual estimates of both
 fluxes were available were included in our analysis. We
 estimated annual rates of soil respiration in some trop-
 ical rain forest sites from short-term measurements

 because few data from the wet tropics are available.
 Litterfall rates shown in the Appendix refer to fine
 litterfall, as is typically measured with litter traps. Lit-
 terfall and soil respiration were not always measured
 in the same forest stands or during the same years, but
 we have attempted to include only those sites for which
 relatively accurate estimates of litterfall were available
 (see footnotes following the Appendix).

 The comparison of measured rates of soil respiration
 is problematic due to the wide variety of techniques
 used by different investigators (Schlesinger 1977, Singh
 and Gupta 1977, Yoneda and Kirita 1978). Included
 in the Appendix are estimates derived from the static
 absorption of CO2 with alkali solutions or soda lime
 in inverted chambers, infrared gas analysis of changes
 in CO2 concentration of air passed through inverted
 chambers, measured changes in CO2 concentration in
 the atmosphere inside inverted (static) chambers, and
 whole-forest gas-exchange techniques. The litterfall
 measurements, in contrast, were all made using similar
 collection techniques.

 Careful perusal of the techniques used to measure
 soil respiration in situ indicates that specific techniques
 result in unreliable or systematically biased estimates
 of soil respiration rates:

 1) Low estimates of soil-CO2 efflux are consistently
 obtained with the chemical absorption of CO2 in static
 measurement systems when alkali absorbant is placed
 inside a vial that has an opening that covers <6% of
 the area covered by the chamber (see Fig. 1 in Walter
 1952 or Fig. 1 in Lieth and Ouellette 1962). This tech-
 nique apparently hinders the absorption of CO2 by the
 alkali solution. Investigators using similar techniques
 with larger surface areas of absorbant directly exposed
 to the atmosphere inside the chambers consistently
 observe higher rates of CO2 efflux (e.g., Kirita 1971,
 Nakane 1975, Ogawa 1978, Raich 1983, Nakane et al.
 1984, Rajvanshi and Gupta 1986).

 2) The insertion of chambers too far into the soil
 (e.g., >7 cm) consistently results in low estimates of
 soil respiration (e.g., Hilger 1963, Cowling and MacLean
 1981, Anderson et al. 1983). Inserting chambers into
 the soil severs and isolates surface roots and prevents
 horizontal root growth into the chambers. Because fine
 roots release both CO2 and decomposable organic mat-
 ter into the soil, severing and isolating surface fine roots
 alters rates of CO2 production in the soil. Wildung et
 al. (1975) clearly demonstrated that measured rates of
 soil respiration decreased with increasing depth of
 chamber placement. Estimates of soil respiration made
 with the techniques criticized above sometimes result
 in estimates of soil respiration that are lower than rates
 of litterfall in the same forests (open circles, Fig. 1),
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 FIG. 1. The relationship between soil respiration (mea-

 sured as CO2 carbon) and litterfall in forest ecosystems of the
 world. Data are from the Appendix. Soil respiration rates that
 were obtained with unreliable techniques are shown as open
 circles (0); all other values are shown as solid circles (0). The
 upper line ( ) shows the linear regression between soil
 respiration and litterfall. The lower line (-- -) shows where
 soil respiration equals litterfall.

 even though no significant annual accumulation of de-
 tritus is reported. We believe these techniques yield
 inaccurate or biased estimates of total soil respiration.
 We have therefore excluded from our analysis all data
 obtained with measurement systems where alkali ab-
 sorbant is placed inside a vial which has an opening
 that is <6% of the surface area of soil ---ithin closed

 chambers, and where chambers were placed >7 cm
 deep in the soil. These are shown as open circles in
 Fig. 1, and are given superscripts 6 and 9, respectively,
 in the Appendix.

 RESULTS

 Soil respiration is directly related to aboveground
 litterfall in the reviewed reports by the least-squares
 regression:

 R, = (2.92 Pa) + 130
 (r2 =0.71, P < .00001, n = 30)

 where Rs is soil respiration and Pa is aboveground
 litterfall, both expressed as grams of carbon per square
 metre per year (assuming that litterfall is 48% carbon).
 The value of the intercept of this equation is not sig-
 nificantly different from zero (.10 < P < .15). This
 relationship is derived using data from forests in bo-
 real, temperate, and tropical regions; from needle-leaved
 and broad-leaved forests; from forests on five conti-
 nents; and from forests ranging from 27 to 170 yr of
 age (Appendix). On a global scale, soil respiration in-
 creases systematically with aboveground litterfall in
 forest ecosystems (Fig. 1).

 This relationship allows us to construct simple soil
 carbon budgets for these forests. Carbon dioxide is
 produced in the soil by the decomposition of litter-
 and root-derived organic matter (Pa + Pb), and through

 root respiration (Rr) (Eqs. 1 and 2). Along a gradient
 of aboveground litter carbon production ranging from
 70-500 g m-2 yr-1, fluxes of CO2 carbon from soil sur-
 faces increase from 330 to 1600 g.m-2 yr-1. Along
 this same gradient, the proportion of total soil respi-
 ration that is attributable to the decomposition of or-
 ganic matter derived from litterfall (Pa) increases from
 20 to 30% and the proportion derived from roots (Rr
 + Pb) decreases from 80 to 70%.

 DISCUSSION

 There is, on a global scale, a highly significant, pos-
 itive correlation between measured rates of soil res-

 piration and aboveground litter production in forest
 ecosystems (Fig. 1). We use this relationship to esti-
 mate root contributions to soil respiration, which are
 assumed equal to total carbon allocation to roots, in
 forests (Fig. 2). Some of the variability in the data that
 is not explained by our linear regression is attributable
 to differences in methodologies used to measure lit-
 terfall and soil respiration, to annual variability in these
 rates, and, perhaps, to intersite variability in the soil
 respiration-litterfall relationship. Nevertheless, within
 the confidence limits of our regression there is a very
 clear trend for total root allocation to increase with

 litterfall.

 Total carbon allocation to roots, as estimated by the
 difference between soil respiration and litterfall, in-
 creases from 260 to 1100 g.m-2 yr- as production
 of aboveground litter carbon increases from 70 to 500
 g m-2 yr- (Fig. 2). In fact, our estimates of root con-
 tributions to soil respiration are probably high because
 we ignored aboveground detritus inputs to the soil from
 herbs and from coarse woody debris. We also ignored
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 FIG. 2. Predicted rates of total belowground carbon al-

 location ( ) in forest ecosystems, as related to aboveground
 litterfall. Belowground carbon allocation is calculated as the
 difference between soil respiration and litterfall for individual
 forests, based on Eq. 3. The least-squares regression (solid
 line) is: root allocation = 1.92 (Litterfall) + 130 (r2 = 0.52,
 P < .001, n = 30). The dotted lines ( ....) show the 95%
 confidence limits of the relationship.
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 TABLE 1. Production of litterfall, herb detritus, and coarse woody detritus (CWD) in some forest sites used in our analysis
 of soil carbon budgets. All litterfall values are from the Appendix. The references below give citations for herb and wood
 production data.

 Location

 Costa Rica
 Japan
 Japan
 Japan
 Malaysia
 Malaysia
 Minnesota, USA
 Minnesota, USA
 Minnesota, USA
 Missouri, USA
 New Hampshire, USA
 New York, USA
 Tennessee, USA
 Tennessee, USA
 Tennessee, USA

 Forest type

 Lowland wet

 Quercus-mixed
 Pinus (age 40)
 Pinus (age 80)
 Dipterocarp
 Dipterocarp
 Quercus-mixed
 Thuja-Betula
 Fraxinus-mixed

 Quercus- Carya
 Mixed deciduous

 Quercus-Pinus
 Liriodendron
 Liriodendron

 Quercus- Carya

 Washington, USA Abies
 Washington, USA Pseudotsuga

 * No data.

 t Based on growth increment of trees.
 : Includes branches and boles between 1 and
 § Assuming that herbs are 48% carbon.
 11 Includes understory litterfall not measured v

 carbon fluxes in throughfall, stem flow, lea(
 off, and erosion, but these are probably min
 closed-canopy forests (e.g., Edwards and H;
 Schlesinger 1977, 1984, Raich 1983).

 Herbaceous litterfall averages 5% (range <
 of fine litterfall in nine of the temperate fo
 in the Appendix (Table 1). If this value is
 forests at large, ignoring detritus inputs fron
 caused us to overestimate total belowground
 by 3%.

 Coarse woody detritus production ranges
 90% of fine litterfall in 10 sites included in o

 (Table 1), but can exceed fine litterfall inpu
 forests (Harmon et al. 1986, Vogt et al. 19
 ever, only part of the carbon in woody litterfi
 to soils; much is released as CO2 rather
 incorporated into the soil. We emphasize tt
 fine litterfall measurements and soil respir;
 surements have similar biases: litterfall mea

 do not include inputs of coarse woody debr
 respiration measurements do not include C(
 from coarse woody detritus on the soil st
 example, losses of carbon as CO2 from the
 sition of coarse woody detritus in Pasoh F
 laysia, were higher than measured rates of
 terfall and totalled half those from soil

 (Yoneda et al. 1977).
 Coarse woody debris is an important cor

 aboveground detritus production. Some ca
 woody debris is incorporated into soils an

 Detritus (OM) produc
 (g-m--2yr-)

 Litter-
 fall Herbs CV

 783 * 37
 678 - 15
 616 - 1C
 709 - 13
 1060 - 93
 1060 - 65
 457 10
 488 11
 412 30
 507 16 16
 460 2 1C
 337 2
 335 - 1C
 335 19§
 417 - 11

 218 5

 257 6311

 tion

 VD  Reference

 '5t D. Lieberman, personal communication
 0:: Nakane 1975
 )6t Nakane et al. 1984
 0:: Nakane et al. 1984
 30 Yoneda et al. 1977
 0+t Kato et al. 1978
 - Reiners and Reiners 1970
 - Reiners and Reiners 1970
 - Reiners and Reiners 1970
 )6t Rochow 1974
 )2 Gosz et al. 1972
 - Whittaker and Woodwell 1969
 )4§ Harris et al. 1975
 - Reichle et al. 1973

 18 Harris et al. (1973), cited by Harmon
 et al. 1986

 - Grier et al. 1981

 - Turner and Long 1975

 10 cm diameter only. Larger diameter branches were not measured.

 vith litter baskets.

 ching, run- therefore underestimated aboveground detritus inputs
 ior in most to the soil. We assume that the magnitude of the woody
 arris 1977, detritus-to-soil carbon flux is insufficient to alter the

 general pattern that we have observed, but we recog-
 <0.1-25%) nize that our estimates of total belowground produc-
 rests listed tion are high by an undefined amount. If most carbon
 I typical of in woody detritus is released to the atmosphere without
 n herbs has first entering the soil, as we assume, then the error due
 I allocation to ignoring carbon fluxes from woody detritus is small.

 More information on this subject is needed.
 from 20 to Despite these limitations our analysis indicates that
 ur analysis total carbon allocation to roots increases with increas-
 lts in other ing litterfall (Fig. 2). This finding is consistent with
 }86). How- Schlesinger's (1977) observation that forest soil res-
 all is added piration and litterfall increased in direct proportion to
 than being one another along a latitudinal gradient. These results
 his because suggest that aboveground litter production and be-
 ation mea- lowground carbon allocation are strongly interrelated
 isurements in forests: either one process controls the other, or both
 is, and soil are controlled by the same factors.
 2 released Although both litter production and total be-
 Irface. For lowground allocation increase together, there is con-
 decompo- siderable uncertainty about whether the ratio ofabove-
 orest, Ma- ground to belowground carbon allocation changes along
 woody lit- the litterfall gradient. The null hypothesis that there is
 respiration no change in the root allocation-litterfall ratio with

 increasing litterfall cannot be ruled out. According to
 nponent of our best estimate, however, relative carbon allocation
 irbon from to roots decreases from 3.8 to 2.5 as litterfall carbon

 d we have increases from 70 to 200 g m-2 yr-1, but changes little

 October 1989  1349
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 FIG. 3. Predicted ratio between total belowground carbon

 allocation and aboveground litterfall along a gradient of in-
 creasing rates of aboveground litter production in forest eco-
 systems ( ). This figure is derived from Fig. 2. The dotted
 lines (.... ) are direct transformations of the confidence limits
 around the relationship shown in Fig. 2.

 as litterfall carbon increases from 200 to 500 g.m-2.

 yr- (solid line, Fig. 3). Uncertainty about the ratio of
 above- to belowground carbon allocation is greatest at
 the low end of the litterfall gradient (dotted lines, Fig.
 3). We emphasize that the global scale of our data set
 may mask important intraregional variability.

 In conclusion, the use of soil carbon budgets pro-
 vides much needed insight into patterns of carbon al-
 location in forests, and may serve as a useful check on
 independent estimates of fine root production. Al-
 though we cannot distinguish the CO2 produced by
 living roots from that produced by the decomposition
 of root detritus, we can estimate the sum of these two
 processes and thereby place an upper limit on total
 carbon allocation to roots in forest ecosystems. Root
 respiration and its contribution to total soil respiration
 have been estimated in three of the sites used in our

 analysis. In a 50-yr-old Liriodendron forest in Ten-
 nessee, and 80-yr-old Pinus densiflora forest of Japan,
 and a Florida Pinus elliottii plantation, the proportion
 of total soil respiration attributed to live-root respi-
 ration was 35 (Edwards and Harris 1977), 50 (Nakane
 et al. 1983), and 62% (Ewel et al. 1987b), respectively.
 These studies show that live-root respiration can be a
 major contributor to total soil respiration, accounting
 for between one-third and two-thirds of the annual

 carbon release from forest soils. Additional measure-

 ments of root respiration rates in forest ecosystems
 may enable us to constrain further the upper limit to
 root detritus production.

 ACKNOWLEDGMENTS

 R. D. Bowden, K. C. Ewel, E. B. Rastetter, G. R. Shaver,
 and P. M. Vitousek provided valuable comments on earlier
 drafts of this manuscript. R. L. Edmonds and K. Van Cleve
 provided litterfall data. This work was funded by NASA grant
 NAGW-714 and NSF grant BSR-87-8718426.

 LITERATURE CITED

 Agren, G., B. Axelsson, J. G. K. Flower-Ellis, S. Linder, H.
 Persson, J. Staaf, and E. Troeng. 1980. Annual carbon
 budget of a young Scots pine. In T. Persson, editor. Struc-
 ture and function of northern coniferous forests-an eco-

 system study. Ecological Bulletins-NFR 32:307-313.
 Anderson, J. M. 1973a. Carbon dioxide evolution from two

 temperate, deciduous woodland soils. Journal of Applied
 Ecology 10:361-378.

 . 1973b. Stand structure and litter fall of a coppiced
 beech Fagus sylvatica and sweet chestnut Castanea sativa
 woodland. Oikos 24:128-135.

 Anderson, J. M., J. Proctor, and H. W. Vallack. 1983. Eco-
 logical studies in four contrasting lowland rain forests in
 Gunung Mulu National Park, Sarawak. III. Decomposition
 processes and nutrient losses from leaf litter. Journal of
 Ecology 71:503-527.

 Axelsson, B. 1981. Site differences in yield-differences in
 biological production or in redistribution of carbon within
 trees. Swedish University of Agricultural Sciences, De-
 partment of Ecology and Environmental Research Report
 9:1-11.

 Billes, G., J. Cortez, and P. Lossaint. 1971. L'activit6 bio-
 logique des sols dans les 6cosystemes mediterraneens. I.
 Min6ralisation du carbone. Revue d'Ecologie et de Biologie
 du Sol 8:375-395.

 Bray, J. R. 1963. Root production and the estimation of net
 productivity. Canadian Journal of Botany 41:65-72.

 Chiba, K. 1977. A study of soil respiration. Pages 123-132
 in T. Shidei and T. Kira, editors. Primary productivity of
 Japanese forests: productivity of terrestrial communities.
 Japan International Biological Program Synthesis Volume
 16. University of Tokyo Press, Tokyo, Japan.

 Cowling, J. E., and S. F. MacLean, Jr. 1981. Forest floor
 respiration in a black spruce taiga forest ecosystem in Alas-
 ka. Holarctic Ecology 4:229-237.

 Cuevas, E., and E. Medina. 1986. Nutrient dynamics within
 Amazonian forest ecosystems. I. Nutrient flux in fine litter
 fall and efficiency of nutrient utilization. Oecologia (Berlin)
 68:466-472.

 Duvigneaud, P., and S. Denaeyer-De Smet. 1970. Biological
 cycling of minerals in temperate deciduous forests. Pages
 199-225 in D. E. Reichle, editor. Analysis of temperate
 forest ecosystems. Springer-Verlag, New York, New York,
 USA.

 Edwards, N. T., and W. F. Harris. 1977. Carbon cycling in
 a mixed deciduous forest floor. Ecology 58:431-437.

 Edwards, N. T., and B. M. Ross-Todd. 1979. The effects of
 stem girdling on biogeochemical cycles within a mixed de-
 ciduous forest in eastern Tennessee. I. Soil solution chem-
 istry, soil respiration, litterfall and root biomass studies.
 Oecologia (Berlin) 40:247-257.

 Edwards, N. T., and B. M. Ross-Todd. 1983. Soil carbon
 dynamics in a mixed deciduous forest following clear-cut-
 ting with and without residual removal. Soil Science Society
 of America Journal 47:1014-1021.

 Ewel, K. C., W. P. Cropper, Jr., and H. L. Gholz. 1987a.
 Soil CO2 evolution in Florida slash pine plantations. I.
 Changes through time. Canadian Journal of Forest Re-
 search 17:325-329.

 Ewel, K. C., W. P. Cropper, Jr., and H. L. Gholz. 1987b.
 Soil CO2 evolution in Florida slash pine plantations. II.
 Importance of root respiration. Canadian Journal of Forest
 Research 17:330-333.

 Fassbender, H. W., and U. Grimm. 1981. Ciclos bioqui-
 micos en un ecosistema forestal de los Andes occidentales
 de Venezuela. II. Producci6n y descomposici6n de los re-
 siduos vegetales. Turrialba 31:39-47.

 Franken, M., U. Irmler, and H. Klinge. 1979. Litterfall in

 B w E. . . l . . . . . .

 \

 .... ... .... . .
 :. . . . . . .  a *

 0 ~~~~~~~~~- O

 1350  Ecology, Vol. 70, No. 5

This content downloaded from 129.186.176.219 on Wed, 06 Dec 2017 20:04:50 UTC
All use subject to http://about.jstor.org/terms



 BELOWGROUND CARBON ALLOCATION IN FORESTS

 inundation, riverine, and terra firme forests of central Ama-
 zonia. Tropical Ecology 20:225-235.

 Froment, A. 1972. Soil respiration in a mixed oak forest.
 Oikos 23:273-277.

 Garret, H., and G. Cox. 1973. Carbon dioxide evolution
 from the floor of an oak-hickory forest. Soil Science Society
 of America Proceedings 37:641-644.

 Gessel, S. P., D. W. Cole, D. Johnson, and J. Turner. 1980.
 The nutrient cycles of two Costa Rican forests. Progress in
 Ecology 3:23-44.

 Gholz, H. L., C. S. Perry, W. P. Cropper, Jr., and L. C. Hendry.
 1985. Litterfall, decomposition, and nitrogen and phos-
 phorus dynamics in a chronosequence of slash pine (Pinus
 elliottii) plantations. Forest Science 31:463-478.

 Gordon, A. M., R. E. Schlentner, and K. Van Cleve. 1987.
 Seasonal patterns of soil respiration and CO2 evolution
 following harvesting in the white spruce forests of interior
 Alaska. Canadian Journal of Forest Research 17:304-310.

 Goreau, T. J. 1981. Biochemistry of nitrous oxide. Disser-
 tation. Harvard University, Cambridge, Massachusetts,
 USA.

 Gosz, J. R., G. E. Likens, and F. H. Bormann. 1972. Nu-
 trient content of litter fall on the Hubbard Brook Experi-
 mental Forest, New Hampshire. Ecology 53:769-784.

 Grier, C. C., K. A. Vogt, M. R. Keyes, and R. L. Edmonds.
 1981. Biomass distribution and above- and below-ground
 production in young and mature Abies amabilis zone eco-
 systems of the Washington Cascades. Canadian Journal of
 Forest Research 11:155-167.

 Harmon, M. E., J. F. Franklin, F. J. Swanson, P. Sollins, S.
 V. Gregory, J. D. Lattin, N. H. Anderson, S. P. Cline, N.
 G. Aumen, J. R. Sedell, G. W. Lienkaemper, K. Cromack,
 Jr., and K. W. Cummins. 1986. Ecology of coarse woody
 debris in temperate ecosystems. Advances in Ecological
 Research 15:133-302.

 Harris, W. F., P. Sollins, N. T. Edwards, B. E. Dinger, and
 H. H. Shugart. 1975. Analysis of carbon flow and pro-
 ductivity in a temperate deciduous forest ecosystem. Pages
 116-122 in Productivity of world ecosystems. National
 Academy of Sciences, Washington, D.C., USA.

 Hilger, F. 1963. Activite respiratoire de sols &quatoriaux:
 application de la methode respirometrique in situ. Bulletin
 de l'Institute Agronomique et la Station Recherche Gem-
 bloux 31:154-182.

 Johnson, D. W., D. C. West, D. E. Todd, and L. K. Mann.
 1982. Effects of sawlog vs. whole tree-harvesting removal
 on the nitrogen, phosphorus, potassium, and calcium bud-
 gets of an upland mixed oak forest. Soil Science Society of
 America Proceedings 46:1304-1309.

 Kato, R., Y. Tadaki, and H. Ogawa. 1978. Plant biomass
 and growth increment studies in Pasoh Forest. Malayan
 Nature Journal 30:211-224.

 Keller, M., W. A. Kaplan, and S. C. Wofsy. 1986. Emissions
 of N20, CH4 and CO2 from tropical forest soils. Journal of
 Geophysical Research 91:11791-11802.

 Keyes, M. R., and C. C. Grier. 1981. Above- and below-
 ground net production in 40-year-old douglas-fir stands on
 low and high productivity sites. Canadian Journal of Forest
 Research 11:599-605.

 Kirita, H. 1971. Studies of soil respiration in warm-tem-
 perate evergreen broadleaf forests of southwestern Japan.
 Japanese Journal of Ecology 21:230-244.

 Klinge, H., and W. A. Rodrigues. 1968. Litter production
 in an area of Amazonian terra firme forest. Part 1. Litter-

 fall, organic carbon and total nitrogen contents of litter.
 Amazoniana 1:287-301.

 Laudelot, H., and J. Meyer. 1954. Les cycles d'6elments
 mineraux et de matiere organique en foret equatoriale Con-
 golaise. Transactions of the Fifth International Congress of
 Soil Science, Leop6ldville, 1954. Volume 2:267-272.

 Lieth, H., and R. Ouellette. 1962. Studies on the vegetation
 of the Gasp& Peninsula. II. The soil respiration of some
 plant communities. Canadian Journal of Botany 40:127-
 140.

 Linder, S. 1987. Responses to water and nutrients in co-
 niferous ecosystems. Pages 180-202 in E.-D. Schulze and
 H. Zwolfer, editors. Potentials and limitations of ecosystem
 analysis. Ecological Studies Analysis and Synthesis 61.

 Lossaint, P. 1973. Soil-vegetation relationships in Mediter-
 ranean ecosystems of southern France. Pages 199-210 in
 F. di Castri and H. A. Mooney, editors. Mediterranean type
 ecosystems: origin and structure. Springer-Verlag, New York,
 New York, USA.

 Maldague, M. E., and F. Hilger. 1963. Observations fau-
 nistiques et microbiologiques dans quelques biotopes fo-
 restiers equatoriaux. Pages 368-374 in J. Doeksen and J.
 van der Drift, editors. Soil organisms. North-Holland, Am-
 sterdam, Holland.

 Medina, E., H. Klinge, C. Jordan, and R. Herrera. 1980.
 Soil respiration in Amazonian rain forests in the Rio Negro
 basin. Flora 170:240-250.

 Medina, E., and M. Zelwer. 1972. Soil respiration in tropical
 plant communities. Pages 245-267 in P. M. Golley and F.
 B. Golley, editors. Tropical ecology with an emphasis on
 organic production. University of Georgia, Athens, Geor-
 gia, USA.

 Nadelhoffer, K. J., J. D. Aber, and J. M. Melillo. 1985. Fine
 roots, net primary production, and soil nitrogen availabil-
 ity: a new hypothesis. Ecology 66:1377-1390.

 Nakane, K. 1975. Dynamics of soil organic matter in dif-
 ferent parts on a slope under evergreen oak forest. Japanese
 Journal of Ecology 25:206-216.

 1980. Comparative studies of cycling of soil organic
 carbon in three primeval moist forests. Japanese Journal
 of Ecology 30:155-172.

 Nakane, K., H. Tsubota, and M. Yamamoto. 1984. Cycling
 of soil carbon in a Japanese red pine forest. I. Before a clear-
 felling. Botanical Magazine (Tokyo) 97:39-60.

 Nakane, K., M. Yamamoto, and H. Tsubota. 1983. Esti-
 mation of root respiration rate in a mature forest ecosystem.
 Japanese Journal of Ecology 33:397-408.

 Newbould, P. 1968. Methods of estimating root production.
 Pages 187-190 in F. E. Eckardt, editor. Functioning of
 terrestrial ecosystems at the primary production level.
 UNESCO, Paris, France.

 Nihlgard, B., and L. Lindgren. 1977. Plant biomass, primary
 production and bioelements of three mature beech forests
 in South Sweden. Oikos 28:95-104.

 Ogawa, H. 1978. Litter production and carbon cycling in
 Pasoh Forest. Malayan Nature Journal 30:367-373.

 Persson, H. 1981. The effect of fertilization and irrigation
 on the vegetation dynamics of a pine-heath ecosystem. Veg-
 etatio 46:181-192.

 1983. The distribution and productivity of fine roots
 in boreal forests. Plant and Soil 71:87-101.

 Proctor, J., J. M. Anderson, S. C. L. Fogden, and H. W.
 Vallack. 1983. Ecological studies in four contrasting low-
 land rain forests in Gunung Mulu National Park, Sarawak.
 II. Litterfall, litter standing crop and preliminary obser-
 vations on herbivory. Journal of Ecology 71:261-283.

 Raich, J. W. 1983. Effects of forest conversion on the carbon
 budget of a tropical soil. Biotropica 15:177-184.

 Rajvanshi, R., and S. R. Gupta. 1986. Soil respiration and
 carbon balance in a tropical Dalbergia sissoo forest eco-
 system. Flora 178:251-260.

 Reichle, D. E., B. E. Dinger, N. T. Edwards, W. F. Harris,
 and P. Sollins. 1973. Carbon flow and storage in a forest
 ecosystem. Pages 345-365 in G. M. Woodwell and E. V.
 Pecan, editors. Carbon and the biosphere. Technical In-

 October 1989  1351

This content downloaded from 129.186.176.219 on Wed, 06 Dec 2017 20:04:50 UTC
All use subject to http://about.jstor.org/terms



 J. W. RAICH AND K. J. NADELHOFFER

 formation Center, Office of Information Services, United
 States Atomic Energy Commission.

 Reiners, W. A. 1968. Carbon dioxide evolution from the
 floor of three Minnesota forests. Ecology 49:471-483.

 Reiners, W. A., and N. M. Reiners. 1970. Energy and nu-
 trient dynamics of forest floors in three Minnesota forests.
 Journal of Ecology 58:497-519.

 Richards, B. N. 1981. Forest floor dynamics. Pages 145-
 157 in Productivity in perpetuity. Proceedings of the Forest
 Nutrition Workshop, Canberra, Australia. Commonwealth
 Scientific and Industrial Research Organization Division
 of Forest Research, Canberra, Australia.

 Rochow, J. J. 1974. Estimates of above-ground biomass
 and primary productivity in a Missouri forest. Ecology 62:
 567-577.

 Santos, O. M., and B. M. Crisi. 1981. Efeito do desmata-
 mento no atividade dos microorganismos de solo de terra
 firme na Amazonia. Acta Amazonica 11:97-102.

 Schlentner, R. E., and K. Van Cleve. 1985. Relationships
 between CO2 evolution from soil, substrate temperature,
 and substrate moisture in four mature forest types in in-
 terior Alaska. Canadian Journal of Forest Research 15:97-
 106.

 Schlesinger, W. H. 1977. Carbon balance in terrestrial de-
 tritus. Annual Review of Ecology and Systematics 8:51-81.

 1984. Soil organic matter: a source of atmospheric
 CO2. Pages 111-127 in G. M. Woodwell, editor. The role
 of terrestrial vegetation in the global carbon cycle: mea-
 surement by remote sensing. John Wiley & Sons, Chich-
 ester, England.

 Singh, J. S, and S. R. Gupta. 1977. Plant decomposition
 and soil respiration in terrestrial ecosystems. Botanical Re-
 view 43:449-528.

 Turner, J., and J. N. Long. 1975. Accumulation of organic
 matter in a series of Douglas-fir stands. Canadian Journal
 of Forest Research 5:681-690.

 Van Cleve, K., L. Oliver, R. Schlentner, L. A. Viereck, and
 C. T. Dyrness. 1983. Productivity and nutrient cycling in
 taiga forest ecosystems. Canadian Journal of Forest Re-
 search 13:747-766.

 Vogt, K. A., R. L. Edmonds, G. C. Antos, and D. J. Vogt.
 1980. Relationships between CO2 evolution, ATP concen-
 trations and decomposition in four forest ecosystems in
 western Washington. Oikos 35:72-79.

 Vogt, K. A., C. C. Grier, and D. J. Vogt. 1986. Production,
 turnover, and nutrient dynamics of above- and be-
 lowground detritus of world forests. Advances in Ecological
 Research 15:303-377.

 Walter, H. 1952. Eine einfache Methode ziir 6kologischen
 Erfassung des CO2-Faktors am Standort. Bericht der
 Deutschen Botanischen Gesellschaft 65:175-182.

 Weber, M. G. 1985. Forest soil respiration in eastern On-
 tario jack pine ecosystems. Canadian Journal of Forest Re-
 search 15:1069-1073.

 1987. Decomposition, litter fall, and forest floor
 nutrient dynamics in relation to fire in eastern Ontario jack
 pine ecosystems. Canadian Journal of Forest Research 17:
 1496-1506.

 Whittaker, R. H., and P. L. Marks. 1975. Methods of as-
 sessing terrestrial productivity. Pages 55-118 in H. Leith
 and R. H. Whittaker, editors. Primary productivity of the
 biosphere. Ecological Studies 14. Springer-Verlag, New
 York, New York, USA.

 Whittaker, R. H., and G. M. Woodwell. 1969. Structure,
 production and diversity of the oak-pine forest at Brook-
 haven, New York. Journal of Ecology 57:155-174.

 Wildung, R. E., T. R. Garland, and R. L. Buschbom. 1975.
 The interdependent effects of soil temperature and water
 content on soil respiration rate and plant root decompo-
 sition in arid grassland soils. Soil Biology and Biochemistry
 7:373-378.

 Wofsy, S.C., R. C. Harriss, and W. A. Kaplan. 1988. Carbon
 dioxide in the atmosphere over the Amazon basin. Journal
 of Geophysical Research 93:1377-1387.

 Woodwell, G. M., and D. B. Botkin. 1970. Metabolism of
 terrestrial ecosystems by gas exchange techniques: the
 Brookhaven approach. Pages 73-85 in D. E. Reichle, editor.
 Analysis of temperate forest ecosystems. Springer-Verlag,
 Berlin, Germany.

 Yoneda, T., and H. Kirita. 1978. Soil respiration. Pages
 239-247 in T. Kira, Y. Ono, and T. Hosokawa, editors.
 Biological production in a warm-temperate evergreen oak
 forest of Japan. Japan International Biological Program
 Synthesis Volume 18. University of Tokyo Press, Tokyo,
 Japan.

 Yoneda, T., K. Yoda, and T. Kira. 1977. Accumulation and
 decomposition of big wood litter in Pasoh Forest, West
 Malaysia. Japanese Journal of Ecology 27:53-60.

 1352  Ecology, Vol. 70, No. 5

This content downloaded from 129.186.176.219 on Wed, 06 Dec 2017 20:04:50 UTC
All use subject to http://about.jstor.org/terms



 BELOWGROUND CARBON ALLOCATION IN FORESTS

 APPENDIX

 Annual rates of soil respiration and fine litterfall in forest ecosystems.

 CO2 Litter-
 efflux fall

 Lati- Age' (g.m-2. (g-m-2.
 Location tude (yr) Forest type yr-~) yr-~) Reference

 Coniferous forests

 Alaska, USA
 Alaska, USA
 Alaska, USA
 Alaska, USA

 Washington, USA
 Washington, USA
 Washington, USA
 Washington, USA
 Quebec, Canada
 Japan
 Japan
 Japan
 Japan
 Japan
 Japan
 Japan
 Florida, USA
 Florida, USA

 Minnesota, USA
 Minnesota, USA
 New York, USA
 New York, USA
 Japan

 Alaska, USA
 Alaska, USA

 Alaska, USA
 Alaska, USA

 England
 England
 England
 England
 Belgium
 Belgium

 Minnesota, USA
 Minnesota, USA
 Minnesota, USA
 Minnesota, USA
 New Hampshire
 New Hampshire
 France
 France

 Missouri, USA
 Tennessee, USA
 Tennessee, USA
 Tennessee, USA
 Tennessee, USA
 Nara, Japan
 Nara, Japan
 Japan
 Japan
 Japan
 Japan
 Minimata, Japan

 NSW, Australia
 India

 64045'
 64°45'
 64°45'
 64045'

 47°23'
 47023'
 47019'
 47019'
 46°00'
 35°
 350
 35°
 34024'
 34024'
 33°30'
 33030'
 300
 300

 45020'
 45020'
 40050'
 40050'
 34°

 64050'
 64050'

 64050'
 64050'

 51°20'
 51°20'
 51°20'
 51°20'
 50004'
 50004'

 45020'
 45020'
 45020'
 45020'
 43056'
 43056'
 43030'
 43°30'
 390
 35058'
 35058'
 35°58'
 35°58'
 350
 350
 33030'
 33030'
 33020'
 33020'
 32°

 133 Picea glauca
 1343 P. glauca
 75 P. glauca
 75 same site

 45
 42

 170
 180
 64
 9

 9

 40
 80

 29
 29 29

 Pseudotsuga
 same site
 Abies
 same site
 Pinus banksiana

 Chamaecyparis
 P. densiflora
 P. densiflora
 P. densiflora
 P. densiflora
 Abies firma
 Tsuga
 P. elliottii
 same site

 16102

 15082

 17904

 22604

 9502,5
 7966

 14406
 11706
 3620
 4600
 15806
 12506
 4820

 Gordon et al. 1987
 1553 Van Cleve et al. 1983

 Schlentner and Van Cleve 1985

 139 K. Van Cleve, personal communica-
 tion

 Vogt et al. 1980
 257 Turner and Long 1975

 Vogt et al. 1980
 218 Grieretal. 1981

 3535 Weber 1985, 1987
 3127 Chiba 1977
 5357 Chiba 1977
 4157 Chiba 1977
 616 Nakane et al. 1984
 709 Nakane et al. 1984
 6607 Chiba 1977
 5467 Chiba 1977

 Ewel et al. 1987a
 499 Gholz et al. 1985

 Mixed conifer and broad-leaved temperate forests
 9

 9

 43
 43
 9

 Thuja-Betula
 same site
 Quercus-Pinus
 same site

 Fagus-Abies

 2710 Reiners 1968
 488 Reiners and Reiners 1970

 17008 Woodwell and Botkin 1970
 337 Whittaker and Woodwell 1969

 1810 364 Nakane 1980

 Temperate broad-leaved forests

 70 Populus tremuloides
 70 P. tremuloides

 70 Betula papyrifera
 70 B. papyrifera

 -45
 -45
 -50
 -50

 80
 80

 9

 9

 9

 5

 55 55
 150
 M
 50
 36

 >37
 >37

 50
 M
 M
 9

 M
 9

 9

 M

 Castanea sativa
 same site

 Fagus sylvatica
 F. sylvatica
 Quercus-mixed
 same site

 Quercus-mixed
 same site
 Fraxinus-mixed
 same site
 Mixed deciduous
 same site
 Quercus ilex
 Q. ilex
 Quercus-Carya
 Liriodendron

 Quercus-Carya
 same site
 Liriodendron
 Quercus-mixed
 Quercus-mixed
 Carpinus
 Fagus crenata
 Castanopsis
 Machilus
 Quercus-mixed

 14142

 14842

 2306

 2107

 6694,6

 2912

 2592

 24602

 17579
 21569
 3715
 18504
 19404

 3905
 5180
 40255
 11006
 11106
 20756
 20706
 38605

 Schlentner and Van Cleve 1985

 237 K. Van Cleve, personal communica-
 tion

 Schlentner and Van Cleve 1985

 380 K. Van Cleve, personal communica-
 tion

 Anderson 1973a
 357 Anderson 1973b

 Anderson 1973a
 467 Anderson 1973b

 Froment 1972

 590 Duvigneaud and Denaeyer-De Smet
 1970

 Reiners 1968
 457 Reiners and Reiners 1970

 Reiners 1968
 412 Reiners and Reiners 1970

 Goreau 1981
 460 Gosz et al. 1972
 380 Bills etal. 1971
 700 Lossaint 1973
 507 Garrett and Cox 1973
 341 Edwards and Ross-Todd 1979

 Edwards and Ross-Todd 1983
 417 Johnson et al. 1982
 3357 Edwards and Harris 1977
 760 Kirita 1971
 6785 Nakane 1975
 4027 Chiba 1977
 4027 Chiba 1977
 4047 Chiba 1977

 11107 Chiba 1977
 620 Kirita 1971

 Tropical and subtropical forests
 29° M Mixed rain 3260 590 Richards 1981
 29058' M Monsoon 25004 438 Rajvanshi and Gupta 1986
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 APPENDIX. Continued.

 CO2 Litter-
 efflux fall

 Lati- Age' (g.m-2. (g'm-2.
 Location tude (yr) Forest type yr-~) yr-1) Reference

 Costa Rica 10026' M Lowland wet 450010 Raich 1983
 Costa Rica 10026' M same forest 783 Gessel et al. 1980
 Venezuela 10° M Cloud forest 8206 820 Medina and Zelwer 1972
 Venezuela 8056' M Seasonally dry 18306 825 Medina and Zelwer 1972
 Venezuela 8037' M Cloud forest 8506,10 Medina and Zelwer 1972
 Venezuela 8037' M Cloud forest 697 Fassbender and Grimm 1981
 E. Malaysia 4° M Alluvial 16309 Anderson et al. 1983
 E. Malaysia 4° M same site 1150 Proctor et al. 1983
 E. Malaysia 4° M Dipterocarp 21209 Anderson et al. 1983
 E. Malaysia 4° M same site 880 Proctor et al. 1983
 E. Malaysia 4° M Heath 26909 Anderson et al. 1983
 E. Malaysia 4° M same site 920 Proctor et al. 1983
 W. Malaysia 2°58' M Dipterocarp 5220 1060 Ogawa 1978
 Brazil 2050' M Terra firme 4610"1 Keller et al. 1986, Wofsy et al. 1988
 Brazil 2050' M Terra firme 790 Franken et al. 1979
 Brazil 2050' M Terra firme 730 Klinge and Rodrigues 1968
 Venezuela 1°54' M Caatinga 14506 Medina et al. 1980
 Venezuela 1°54' M same site 561 Cuevas and Medina 1986
 Venezuela 1°54' M Terra firme 10006 Medina et al. 1980
 Venezuela 1°54' M same site 1025 Cuevas and Medina 1986
 Zaire 10 M Brachystegia 44109,10 Hilger 1963, Maldague and Hilger

 1963

 Zaire 1° M Brachystegia 1230 Laudelot and Meyer 1954
 Zaire 1° M Gilbertiodendron 554091°0 Hilger 1963, Maldague and Hilger

 1963

 Zaire 1° M Gilbertiodendron 1530 Laudelot and Meyer 1954, Hilger
 1963

 M indicates a mature forest that has not apparently been heavily disturbed by humans. A question mark (?) indicates a
 forest or plantation of unstated age.

 2 Total for the snow-free season only: does not include soil respiration occurring beneath a snow cover. Length of the study
 season is: 153 d (Schlentner and Van Cleve 1985, Gordon et al. 1987), 8 mo (Goreau 1981), 7 mo (Weber 1987).

 3 Mean value from several different stands dominated by the same species.
 4 Estimated from figure in text.
 5 Mean value of several study plots in the same forest.
 6 Surface area of alkali absorbant <6% of surface area covered by closed chamber.
 7 Assuming litterfall is 48% carbon.
 8 Includes respiration of vegetation < 1 m tall.
 9 Chambers installed >7 cm deep in soil.
 10 Annual rate estimated from short-term measurements reported by authors.
 n Annual value derived from measurements made in similar forests in two locations during July (Wofsy et al. 1988),

 December, and March (Keller et al. 1986). Santos and Crisi (1981) measured soil respiration with a static chamber technique
 in a nearby forest and reported CO2 flux rates similar to those of Keller et al. (1986).
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