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ABSTRACT 

4 

KING, A .  W . ,  and D. L. DeANGELIS. 1985. Information for 
seasonal models of carbon fluxes in terrestrial 
ecosystems. ORNL/TM-9404. Oak Ridge National 
Laboratory, Oak Ridge, Tennessee. 220 p p .  

This report is a compilation of information that can be used in 
developing seasonal carbon flux models for several principal 
terrestrial biome types. The information includes flux data as well as 
models made either to simulate such data or to deduce fluxes not 
directly measurable. 

The report is divided Into three sections that examine 
(1) photosynthetic production, (2) litterfall, and (3) decomposition 
during a year. 
decomposition discuss a large number of models that relate the 
processes to basic abiotic variables in each of several biome types. 
The information on litterfall, however, is largely empirical phenology 
data. 
information to a compartment model of seasonal carbon flux in 
terrestrial biomes. 

The sections on photosynthetic production and 

A fourth section demonstrates the application of this compiled 
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INTRODUCTION 

This report is meant to serve as a compact source of data and 
analytic approaches for constructing models of seasonal carbon fluxes 
in terrestrial ecosystems. Such models can aid in the understanding of 
the global carbon cycle. They may also be useful in studying in these 
ecosystems the dynamics of individual populations that are highly 
dependent on seasonality indirectly through primary production and 
litterfall. 

To serve the needs of contributing information on the global 
carbon cycle, seasonal carbon flux data from all important regions of 
the earth are required. During the International Biological Programme 
(IBP) data were collected in numerous countries representing most of 
the significant terrestrial regions. These data are now largely 
available in IBP synthesis volumes. Supplemented with information from 
other literature sources, they should make possible at least a coarsely 
disaggregated global model of terrestrial carbon fluxes. In this 
report available data are lumped into seven general biome types. 
Further disaggregation may be possible for some of these biomes, but 
this will be left until later developments show that it is necessary. 

Two classes of information are presented here. First, models that 
have already been produced to simulate particular carbon fluxes are 
reviewed and discussed. 
built in through dependence of intercompartmental fluxes on ablotic 
factors such as soil moisture and temperature. The second class of 
information is empirical seasonal data. This includes data on 
variations in temperature and precipitation but also includes seasonal 
distribution o f  litterfall and primary production, because these may 
not be easily modeled mechanistically in terms of seasonal temperature 
and precipitation changes. Therefore, an overall carbon flux model for 
a biome may, for example, use a submodel for decomposition that is a 
mechanistic function of precipitation and temperature but may use an 
empirical time series for the temporal distribution of litterfall. 

These compartmental models have seasonality 
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We make no concerted effort to review models of annual carbon flux 
or associated annual data which have been the objects of numerous 
studies, many of which have been summarized (e.g., DeAngelis, Gardner, 
and Shugart 1981, Cannel 1982). We are concerned here with seasonal 
data sets and models which are fewer in number and less frequently 
reviewed. However, occasional references to annual models or data are 
made as the need arlses. 

This document does not attempt to evaluate the usefulness of the 
available seasonal data and submodels. It is instead a “components 
warehouse” from which parts may be taken according to specific needs in 
constructing models. It will be apparent that some of the modeling 
components discussed, for example, some of the primary production and 
decomposition models, are impractlcal for use at present because o f  

their great complexity. They are, nevertheless, included because they 
might be useful at some later time. 

Finally, this report should be of use in documenting the 
assumptions that will go into seasonal models of the global carbon 
cycle. Because of the huge variety of ways of formulating such global 
models, and because of the widely different results that different 
choices of formulation can engender, precise reference material for the 
basic assumptions should be readily at hand. 

e 

L 
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1. PHOTOSYNTHETIC PRODUCTION ON A SEASONAL BASIS a 

4 
1.1 COMPARTMENT MODELS OF PRIMARY PRODUCTION 

The removal of COz from the atmosphere by terrestrial biota is 
directly proportional to the net primary production of the autotrophs, 
that is, to the surplus amount of organic matter stored from 
photosynthetic production after respiration by autotrophs: 

Net Primary Production (NPP) = Gross Primary Production (GPP) 
- Respiration (R). (1 1 

This formulation Is readily translated Into a compartment model. 
Compartmental analysis has proven to be a useful tool in studying the 
movement of substances in physical and biological systems. Its use in 
biology and medicine was effectively surveyed by Jacquez (1972). 
Compartmental analysis has been a central theme of ecosystem ecology, 
and numerous applications have been made in modeling primary 
production. These will be revlewed here from the perspective of 
Incorporation into models of carbon flow in terrestrial biomes. 

1 .l .l One-Compartment Models 

A one-compartment representation of terrestrial primary producers 
is the basis for several models of carbon flux on a global scale. 
Gowdy, Hulholland, and Emanuel (1975) modeled a single-plant 
compartment with Input of carbon by assimilation from the atmosphere; 
there were losses from the compartment to the atmosphere through plant 
respiration and to detritus by mortallty. The time-dependent changes 
in the plant compartment (X,) were represented by a 
constant-coef f iclent , donor-control model of the form 

dX2 
dt'92KI -% x L  - 4 2 3 4  
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where X1 is the carbon content of the atmosphere and 9 
rate coefficient of transfer directly proportional to the donor 
compartment Xi and independent of X (X represents the detritus 
compartment; see Fig. 1). Bolin (1970) depicted a similar system but 
did not provide model equations. 

Earlier, Eriksson and Welander (1956) presented a model with 
similar structure. However, in their model, the transfer rate of 
atmospheric carbon to assimilating plants was dependent on both the 
concentration of atmospheric carbon and the mass of the assimilating 
plants. They described the changes in their assimilating plant 
compartment (X,) with the equation 

is a 13 

3 3  

# - -  x1 - KIXIYa - KIXl - KZXl , 
dt (3) 

where Ya is the carbon content of the atmosphere, K1 is the 
assimilation rate coefficient, K1 Is the rate coefficient for 
transfer of live plant material to dead organic matter, and K2 is the 
rate coefficient for respiration. Craig (1957), Bolln and Eriksson 
(1959), and Keeling (1973) have also represented live plants with a 
single compartment. 

8 

1.1.2 Two-Compartment Models 

Other authors have-suggested that live terrestrial plants might 
best be represented by two compartments, one with a relatively fast 
turnover of carbon, the other with a slow turnover. These fast and 
slow compartments might represent annual and perennial plants, 
respectively, or leaves and wood, or a combination of the two. For 
example, Keeling (1973) presented a model with a long-lived land biota 
compartment, Nb, and a short-lived land biota compartment, Ne 
(Fig. 2a). Fluxes to and from these two compartments were 
qualitatively similar. 
photosynthesis; output was by way of autotrophic respiration and 
transfer to dead organic matter. 

Input was through assimilation or 

According to Keeling (1973), 

'rr 

r 
Y 
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O R N L  - 0 W G  84-15254 

ATMOSPHERE 

DETRITUS 

Fig. 1. A one-compartment representation o f  live plants In a model 
o f  photosynthetic production. Symbols as in Eq. (2). 
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ORNL -DWG 84- 15255 

1-i T LONG-LIVED 
LAND 
BIOTA 

P 
LONG-LIVED 

LAND 
BIOTA 

SHORT-LIVED 
LAND 
BIOTA 

PHOTOSYNTHETICALLY 
ACTIVE 

PHY TOMASS 

Y 

Fig. 2. (a) A two-compartment representation o f  live plants in a model 
of  photosynthetic production (e.g., Keeling 1973). PIS represent 
photosynthesis, R's respiration, and T ' s  transfer to dead 
material. ( b )  A two-compartment representation of live plants 
in a model of  photosynthetic production (e.g., Bolln et. al. 
1981). P represents photosynthesis, R respiratlon, T I S  transfer 
to dead material, and A photosynthate allocation. 
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d 

Y 

the rate of C02 uptake by photosynthesis was a function of the 
concentration of atmospheric carbon (i.e., C02), Na, the amount of 
photosynthesizing material, and these values in the preindustrial 
state. He proposed the expression 

rewritten as 

where Fa,., is the photosynthetic rate, Na is the amount of carbon in 
the atmosphere, and Nb Is the amount of carbon in the long-lived 
plants. The suDscript 0 appended to any o f  these represents the 
preindustrial state. The Ba and Bb are biota growth factors for 
the effect of atmospheric carbon concentration and biotic carbon 
concentration, respectively. A similar formulation expressed the rate 
of autotrophic respiration (Fba) as a function of the preindustrial 
photosynthetic rate and pre- and postindustrial plant carbon. 

representation of terrestrial plants where the long-lived compartment 
represented wood or structural phytomass and the short-lived 
compartment represented leaf or assimilating phytomass (see Fig. 2b). 
They presented the following formulations for photosynthesis (Fab) 
and respiration (Fba) rates for the long-lived biota: 

I 

Bacastow and 'Keel 1 ng (1 973) uti 1 1  zed a two-compartment 

- Nb Fba - FbaO - ' 
NbO 

where the terms are as in Eq. (4). These functions are similar to 
those of Keeling (1973) but lack the growth factor term (Bb). 

I 
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The equation given for the respiration rate of short-lived plants 
was very similar to that for long-lived plants [Eq. (6)]. However, the 
equation for the rate of photosynthesis in short-lived plants was 
modified from that for long-lived plants and presented as 

where Fae is the present photosynthetic rate, FaeO is the 
preindustrial photosynthetic rate, and the other terms are as in 
Eq. (5). According to Bacastow and Keeling (1973), the photosynthetic 
rate of short-lived plants is proportional to the carbon mass of 
long-lived plants [hence the Nb/NbO factor in Eq. (7)] because well 
over half of the short-lived biota growth is associated with long-lived 
growth. 

Machta (1971) also utilized rapid and slow compartments to 
represent living land plants, and Bolin et al. (1981), in suggesting a 
structural framework for modeling carbon flux in a biome, included a 
compartment representing assimilating parts and a compartment 
representing structural parts of the biota (Fig. 2b). They included a 
flux from assimilating parts to structural parts (i.e., photosynthate 
translocation) not modeled by Keeling (1973) or Bacastow and Keeling 
(1973); however, they did not include respiratory flux from the 
structural component. Followqng Keeling (1973), Bolin et al. (1981) 
represented, very generally, the rate of photosynthesis of land plants 
as 

and the rate of respiration by 

where Na is the amount of carbon in the atmosphere, Nb is the 
amount of carbon in the plants, g1 and hl are rate coefficients for 

(9) 

L 

c 

'. 
Y 
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r .  

J 

the effect of atmospheric carbon on photosynthesis and respiration, 
respectively, and g and h2 are similar coefficients for the effect 
of biotic carbon. Bolin et al. (1981) did not develop these equations 
further and did not present quantitative representations of the other 
fluxes. 

2 

1.1.3 Three-Compartment Models 
G 

Emanuel, Killough, and Olson (1981), in presenting a general model 
structure for circulation of carbon in the earth’s terrestrial 
ecosystems, included a non-woody component of trees (i.e., 
photosynthesizing parts) and a woody component (i.e., structural 
parts). They also included a third component of the terrestrial biota, 
a ground vegetation compartment. Woody and non-woody components were 
not defined for the ground vegetation. The authors considered ground 
vegetation to consist of any non-tree live vegetation. 
assigned the total vegetation carbon in forest ecosystems to the tree 
reservoir and all carbon in non-forest ecosystems to the ground 
vegetation reservoir (see Fig. 3). 

Emanuel, Killough, and Olson (1981) represented flux 
(translocation) from non-woody to woody parts but unlike Bolin et al. 
(1981) included respiration by the woody parts. Linear first-order 
differential equations were used to express material balance for the 
compartments, with the assumption that the fluxes were proportional to 
the standing crops of carbon in the donor compartments. The change in 
the non-woody parts of trees was given by 

They further 

+ F12 ’ - dN2 = -aN2 
dt 

where N2 is the standing crop of carbon in the non-woody component 
and a i s  a rate coefficient representing losses through respiration, 
mortality, and translocation of photosynthate; F12 is an input o f  

c 



WOODY 
PARTS 

OF TREES 

T 

ORNL - DWG 84-15256 

P HOTOSY N TH ET IC 
GROUND 

VEGETATION 

1. 
d 

0 

Fig. 3. A three compartment representation of live plants in a model o f  photosynthetic 
production (e.g., Emanuel et al. 1981). Symbols representing carbon fluxes 
are as in Fig. 2a,b. 
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carbon corresponding to gross primary production. 
woody parts of trees was given by 

The change in the 

- dN3 = bN2 - cN3 , 
dt 

where N3 is the standing crop of carbon in the woody components, b is 
a rate coefficient representing input of photosynthate from the 
non-woody compartment, and c is a rate coefficient representing losses 
through respiration and mortality. The changes in the ground 
vegetation compartment were modeled by 

- dN4 = -dN4 + F14 , 
dt 

where N4 Is the standing crop of carbon in the ground vegetation, d 
is a rate coefficient representing losses through respiration and 
mortality, and F14 Is an input of carbon corresponding to gross 
primary production. Emanuel et al. (1984) incorporated this model of 
terrestrial carbon flux into a global model involving land-use changes. 

None of these models are seasonal in themselves, and they were not 
originally presented as such. However, they might be modified to model 
seasonal dynamics by introducing time-dependent parameters in the 
intercompartmental fluxes or by incorporating seasonal data on the size 
of the compartments or state variables. While perhaps possible, this 
approach may not be as attractive, or rewarding, as the use of 
process-oriented models with fluxes explicitly dependent on seasonally 
variable abiotic factors, particularly since complex functional 
relationships for carbon fluxes in compartmental models can lead to 
significantly different system responses than those predicted by simple 
flux models (Rodhe and Bjorkstrom 1979). With these considerations in 
mind, In the next three sections we briefly review (1) the effects of 
abiotic, perhaps seasonally varying, factors an photosynthetic 
production; (2) a class of  process-oriented models o f  photosynthetic 
production; and (3) seasonal or pseudo-seasonal models already 
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developed for specific biome types which, to varying degrees, have 
seasonality built in through dependence of intercompartmental fluxes on 
abiotic factors affecting 'primary production. In general, these models 
are multicompartment submodels o f  primary production developed as part 
of larger ecosystem models. 

1.2 EFFECT OF ENVIRONMENTAL FACTORS ON PHOTOSYNTHETIC PRODUCTION 

Larcher (1969, 1975) reviewed the influence of external factors on 
COP exchange in plants. 
review. Instead, we present a brief summary of the general trends in 
the response patterns of C02 exchange in plants to four major 
environmental variables: irradiation, temperature, carbon dioxide 
supply, and water relations. These variables were selected not only 
because of their important influence on photosynthesis and respiration 
but also because they represent variables for which seasonal field data 
are likely to be available. They are also variables that are likely to 
be affected by changes in land use. A fifth variable (or set of 
variables), soil nutrient supply, is also discussed. 

We make no attempt to duplicate such a 

I 

v 

t 

E 
1.2.1 Net Photosynthesis and Liqht 

Because it is a photochemical process, photosynthesis is directly 
affected by solar radiation. Numerous laboratory investigations with a 
number of dlfferent plant species (see Larcher 1975) suggest that, in 
general, C02 uptake first increases proportionally with increased 
light intensity and then increases more slowly to a maximum value 
(Fig. 4). 
acid pathway, the C4 plants, are possible exceptions to this general 
pattern. 
even at high light intensities (Larcher 1975). 
grasses are Cq plants and the C4 metabolic pathway may be an 
adaptation to hot and dry conditions, models of photosynthetic 
production in some grasslands or arid systems may differ from more 
general models. 
in the light response curve of sun and shade leaves (Larcher 1975). 

Plant species that fix C02 using the C4 dicarboxylic 

The Cq plants often do not appear to be light-saturated 
Because many of the 

Another similar consideration is possible differences 
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LIGHT 

F l g .  4 .  General response o f  net photosynthesls to llght intensity or 
irradiance. 

c 
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1.2.2 Net Photosynthesis and Temperature 

The general response of net photosynthesis to temperature is 
primarily the result of the influence of temperature on the activity of 
various enzymes involved In the photosynthesls (Fig. 5). As temperature 
increases beyond some minimal point, the uptake o f  C02 increases 
proportionally to a peak. 
causes a rapid drop in photosynthetic activity. 
point (\.e., optimum temperature) in a plant‘s photosynthesis-temperature 
response curve is somewhat dependent on the species or type of plant 
involved (e.g., herbaceous versus woody), other factors such as age, 
season, and plant origin also have an effect (Larcher 1969, 1975). 

At higher temperatures enzyme inactlvat\on 
While the critical 

1.2.3 Net Photosynthesis and C02 Concentration 

Plants are capable of using larger amounts of C02 than are 
usually available at normal atmospheric concentrations. Hence, net 
photosynthesis generally increases with increased C02 concentration 
(Fig. 6) (Larcher 1969, Rogers et al. 1982). It is this response to 
atmospheric C02 concentration that is incorporated in many of the 
global carbon models (see Sect. 1.1). However, net photosynthesis does 
not increase indefinitely with increased C02, but slows appreciably 
as a maximum rate of C02 uptake is approached. The resulting curve 
(Fig. 6) is of the same form as that for net photosynthesis and light. 
There is also evidence that C4 plants may respond differently to 
increased C02 concentration than do C3 plants (Zelitch 1969, Rogers 
et al. 1982). 

1.2.4 Net Photosvnthesis and Water Supply 

Water affects C02 exchange primarily through its role in 
maintaining high protoplasm turgidity, particularly in turgor-related 
stomatal pore size (Larcher 1969, 1975). A s  water supply is reduced, 
water stress increases, stomatal pore size is reduced, and 

‘w’ 

c 

B 

4 
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TEMPERATURE 

Fig. 5. General response o f  net photosynthesis to temperature. 
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C02 CONCENTRATION 

Fig. 6. General response o f  net photosynthesis to lncreaslng 
atmospheric CO2 concentration. 

L 
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photosynthetic capacity is reduced (Fig. 7). The C02 gas exchange 
response to water supply varies from species to species, and it may 
also be affected by age and soil moisture preconditioning (Larcher 
1969, 1975). There is also evidence, at least for trees, that 
oversaturation with water may reduce net C02 uptake because of 
stimulated respiration (Larcher 1969). 

1.2.5 Net Photosynthesis and Soil Nutrient Supply 

In normal soils without serious deficiencies in specific 
nutrients, the availability of mineral nutrients is relatively less 
critical as a llmiting factor for C02 uptake than are climatic 
factors. Even so, artificial provision of nutrients will usually 
enhance photosynthetic capacity. Larcher (1969, 1975), Keller (1971, 
reported in Larcher 1975), and Lugg and Sinclair (1981) have-shown that 
net photosynthesis increases linearly with increased nitrogen content. 
In an extensive review, Natr (1972) concluded that generalities 
concerning the influence of mineral nutrients on photosynthesis were 
difficult to find and that much more work was needed. Relatively few 
models of photosynthesis involve mineral nutrient supply. Those that 
do (e.g., Sauer 1978) usually consider nitrogen and perhaps phosphorus. 

1.2.6 Dark Respiration 

Dark respiration, releaslng C02 fixed via photosynthesis, as a 
biochemical process is influenced primarily by temperature. As 
temperature rises, dark respiration increases exponentially. Moreover, 
the Qlo temperature coefficients vary with temperature (Larcher 
1975). 
2. Above 20°C the Qlo falls slowly at 1.5; below 5°C the Qlo 
coefficient is greater than 2. 
respiration are water supply and mineral nutrients (Larcher 1969, 
1975). Soil temperature and water content are obviously important in 
determining root respiration in particular. 

Between 5 and 20°C dark respiration increases with a Qlo of 

Other factors that might also affect - 

c 
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WATER STRESS 
F l g .  7 .  General response of  net photosynthesis to increasing soil 

water stress. 

E 

c 
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1 . 3  MODELS OF C02 EXCHANGE 

Models o f  C02 exchange i n  autotrophs t h a t  i nvo l ve  the  e f f e c t s  o f  

t he  major environmental var iab les  can be convenient ly  d i v ided  i n t o  two 

main types. 

and invo lve  parameters a t  t he  l e v e l  o f  the  i n d i v i d u a l  l e a f .  They tend 

t o  be p h y s i o l o g i c a l l y  or iented,  dea l ing  w i t h  such f a c t o r s  as mesophyll 

res is tance,  carboxy la t ion  s i t e s ,  gas d i f f u s i o n ,  stomatal con t ro l ,  and 

other  c e l l u l a r  processes (Brown 1969, Char t i e r  1970, Laisk 1970, H a l l  

1971, Lommen e t  a l .  1971, DeMichele and Sharpe 1972, Char t i e r  and 

P r i o u l  1976, S i n c l a i r ,  Goudriaan, and de W i t  1977, Ondok and Glosser 

1978, S i n c l a i r  and Rand 1979, B e l l  1982) .  Most o f  these models i nvo l ve  

var iab les  n o t  e a s i l y  est imated from blome-oriented data sets .  

t he  more promising l e a f  models ( w i t h  respect t o  a p p l i c a t i o n  i n  seasonal 

carbon c y c l e  models) i s  one presented by Reed e t  a l .  (1976) and 

designed t o  r e l a t e  the  main features o f  t he  environment ( i .e . ,  

i r rad iance,  temperature, ambient C02 concentrat ion,  and stomatal 

conductance) t o  the  r a t e  o f  ne t  photosynthesis a t  the  l e v e l  measured by 

i n f r a r e d  gas ana lys i s  techniques. 

conta ins q u a n t i t i e s  n o t  r e a d i l y  a v a i l a b l e  f rom independent f i e l d  data 

sets  (e.g., stomatal conductance) and requ i res  es t imat ion  o f  t en  

parameters. 

The second se t  of models r e l a t i n g  C02 exchange i n  p l a n t s  t o  

environmental var iab les  are  the  canopy models (see review by Monsi, 

Uchi j ima, and Olkawa 1973) .  Fol lowing the  lead o f  Monsi and Saeki 
(1953) ,  a number o f  models have been presented, and modif ied,  t h a t  

r e l a t e  environmental var iab les  and canopy s t r u c t u r e  t o  photosynthesis 

a t  the  e n t i r e  canopy l e v e l .  Many o f  t he  canopy photosynthesis models 

a re  based on l i g h t  i n t e r c e p t i o n  theory (Monsi and Saeki 1953, Monte i th  

1965, de W i t  1965, Duncan e t  a l .  1967, Tooming 1967, Stewart and Lemon 

1969, Connor and Cart ledge 1970, Stewart 1970, Hodanova 1979, and see 

references c i t e d  i n  Monsi, Uchi j ima, and Oikawa 1973) ,  sometimes w i t h  

considerable d e t a i l  (e.g., A l len,  Stewart, and Lemon 1974, S i n c l a i r ,  

Murphy, and Knoerr 1976, O'Rourke and Ter jung 1981) .  Other models a re  

based on C02 t r a n s f e r  theory (see Monsi, Uchi j ima, and Oikawa 1973) .  

The f i r s t  o f  these, the  l e a f  models, descr ibe processes 

One o f  

Even t h i s  f i e l d - o r i e n t e d  model 
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These latter models are particularly interesting because they have been 
used to slmulate the influence of artiflcial C02 enrichment on canopy 
photosynthesis (Uchijima and Inoue 1970, Duncan,and Barfield 1970, 
Allen, Jensen, and Lemon 1971). Simulations suggest that artificial 
C02 enrichment does not affect canopy photosynthesis very much when 
air mixing is strong because most of the enriched C02 is lost by 
transfer into the surface air layer (Monsi, Uchijlma, and Oikawa 
1973)--this despite the physiological response of photosynthesis to 
enriched C02 levels outlined in Sect. 1.2.3. 

modellng seasonal carbon cycles on the biome or ecosystem level for 
three reasons: (a) the scale of the phenomenon they attempt to 
simulate (canopy photosynthesis) is a step closer to the whole 
ecosystem than is leaf work; (b) despite the detailed variables in many 
of the models, canopy models have been tested with and applied to crop 
systems (e.g., Stewart and Lemon 1969, Stewart 1970, Connor and 
Cartledge 1970, Lemon, Stewart, and Shawcroft 1971, Shawcroft 1970, 
1971, Curry 1972, Shawcroft, Lemon, and Stewart 1973, Shawcroft et al. 
1974, Hodanova 1979), forests (e.g., Kira et al. 1964, Kira, Shinozaki, 
and Hozumi 1969, Hozumi, Yoda, and Kira 1969, Hozumi, Kirita and 
Nlshioka 1972, Connor, Tunstall, and van den Driesche 1971, Allen, 
Stewart, and Lemon 1974) and grasslands (Connor, Brown, and Trlica 
1974); and (c) some of these models deal with seasonal changes in 
photosynthesis. Connor, Tunstall, and van den Driesche (1971) applied 
the canopy model of Connor (1970) and Connor and Cartledge (1970, 1971) 
and found that basic laboratory functions provided reasonable 
predictions of seasonal, dally canopy photosynthesis in a brigalow 
forest. Hozumi, Kirita, and Nishioka (1972) applied the canopy model 
of Monsi and Saeki (1953) to a warm, temperate evergreen-oak forest and 
concluded that seasonal changes in solar radiation were mainly 
responsible for seasonal trends in gross canopy photosynthesis. Trends 
in canopy respiration were attributed mainly to seasonal changes in 
temperature. 

Present canopy models may be important to later attempts at 

r. 
V 



21 ORNL/TW-9404 
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In addition to the leaf and canopy models of photosynthesis, there 
are models that attempt to relate the two model forms by looking at 
photosynthesis on both the leaf and canopy level (Angus and Wilson 
1976, Ondok and Glosser 1978). 
Glosser 1978) provided seasonal estimates. There are also a few models 
of photosynthesis at the whole plant level that involve environmental 
variables (Connor, Brown, and Trlica 1974, Enoch and Sacks 1978). 
models of photosynthetic production at the whole plant level relate 
environmental variables to dry matter production rather than to C02 
exchange se (e.g., Mons1 1960, Curry 1971, Curry and Chen 1971, 
Barnes 1972, Brockington and Ryle 1972, Curry 1972, Perry 1972, 
Promnitz 1975, Wann, Raper, and Lucas 1978). 
Larcher (1969), is the accumulation of organjc matter expressed in dry 
matter or energy units per unit area of ground surface. 
definition, production rates are concerned with plant stands, plant 
communities, or ecosystems rather than with the single plant or plant 
parts. 
that is the focus of attention in models or submodels at the ecosystem 
or biome levels. 

At least one of these (Ondok and 

Most 

Production, as defined by 

Almost by 

Generally it is production rather than direct C02 exchange 

The next section presents an overview of those models. 

1.4 SEASONAL PRIMARY PRODUCTION IN ECOSYSTEM-ORIENTED MODELS 

1.4.1 Tropical Rain Forest 

Bandhu et al. (1973) presented a seasonal model of a Malaysian 
rain forest as part o f  a workshop on modeling forest ecosystems 
(Reichle et al. 1973b). The model involved ten compartments, six of 
which were primary producer components: 
roots, flowers and fruits, and ground cover. Photosynthesis was 
represented by a forcing function applied to the leaf and ground cover 
compartments. 
time and was of the form 

leaves, branches, boles, 

The forcing related primary production to rainfall and 

Z1 = 7.51 Pi (I = 1,2 ,..., 10) , (13a) 1 
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where Pi i s  the  r a i n f a l l  i n  a g iven i t h  t ime pe r iod  ( l / l O t h  o f  a 

year) .  When t h i s  f u n c t i o n  seemed t o  r e s u l t  i n  severe o s c i l l a t i o n s  i n  
the  l e a f  compartment, the  Z, was mod i f ied  t o  

2Z1 = 7.51(Pi/2) + 7.51(Pi/20) = 4.13Pi 

t o  reduce the  ampl i tude o f  t he  o s c i l l a t i o n s .  Equation (13b) reduced 

the  ampl i tude o f  t he  f o r c i n g  func t ion ,  w h i l e  a t  t he  same t ime the  area 

under the curve remained the  same wi thout  a l t e r i n g  the  i n teg ra ted  

f o r c i n g  f u n c t i o n  o f  Z1 = 2,. 

l i n e a r  constant c o e f f i c i e n t  terms, as were most o f  t he  photosynthate 

a l l oca ’ t l on  f l uxes .  

t r a n s l o c a t i o n  o f  photosynthate f rom branches t o  leaves were f e l t  t o  be 

i nve rse l y  r e l a t e d  t o  r a i n f a l l .  

represented by 

2 1 

The r e s p i r a t i o n  func t ions  i n  the  Bandhu e t  a l .  model were s imple 

However, t he  l oss  o f  leaves t o  l i t t e r  and the  

The f l u x  t o  leaves from branches was 

a21 = 0.022794 t (a /$)  , (14) 

where a i s  the  product  of Zl [ t he  photosynthesis f o r c i n g  func t ion ,  

Eq. (13) ]  a t  i t s  minimum and the  appropr ia te  r a t e  constant f rom the  
constant c o e f f i c i e n t  model ( t h e  s t a r t i n g  p o i n t  f o r  t he  seasonal 

model). The funct lon [Eq. ( 1 4 ) ] ,  however, was no t  a c t u a l l y  used I n  the  

Implementation o f  t he  model, and a12 (as w e l l  as a18, t he  f l u x  f rom 

leaves t o  l i t t e r )  was incorporated as a r a t e  constant.  As a r e s u l t ,  

the  model d i f f e r e d  from a constant c o e f f i c i e n t  model on ly  i n  the  

seasonal f o r c i n g  [Eq. ( l a ) ] .  

E l  Verde, Puerto Rico, t r o p l c a l  r a i n  f o r e s t .  

depic ted pr imary producers as a system o f  s i x  compartments: leaves, 

f r u i t ,  branches, boles,  small  roo ts ,  and l a r g e  roo ts  (as analyzed by 

Ovlngton and Olson 1970). Photosynthate was t rans fe r red  by vascular 

f l o w  from leaves t o  other  compartments, and r e s p i r a t i o n  was represented 

f o r  each o f  the  s i x  compartments. 

seasonal, t he  graph ica l  model might be mod i f ied  t o  represent seasonal 

Odum (1970) presented several  energy c i r c u i t  diagrams f o r  the  

One o f  these (p.  1-192) 

Although i t  i s  n o t  e x p l i c i t l y  

P 
V 
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dynamics. A d d i t i o n a l l y ,  Odum (1970) presented numerous tabu la t i ons  o f  

data on l e a f  area, ch lo rophy l l  A, l e a f  biomass, photosynthesis,  

r e s p i r a t i o n ,  and organic energy f lows t h a t  might be use fu l  i n  

developing seasonal models. 

throughout the  year, b u t  they do n o t  genera l l y  represent continuous 

seasonal ser ies .  A poss ib le  except ion i s  t he  data se t  represent lng 

monthly est imates o f  biomass estimated us ing o p t i c a l  dens i t y  r e l a t i o n s  

(Odum e t  a l .  1963, Odum 1970). Odum (1970) a l s o  discussed a p p l i c a t i o n  

o f  t he  Honsi and Saeki (1953) canopy photosynthesis model t o  the  E l  

Verde r a i n  f o r e s t .  Others ( K i r a  e t  a l .  1967, Hozumi, Yoda, and K i r a  

1969, A l l e n  and Lemon 1974, A l len,  Stewart, and Lemon 1974) have a l so  

app l ied  canopy photosynthesis models t o  r a i n  f o r e s t s .  

f o res ts ,  est imates o f  product ion parameters a re  n o t  o f t e n  broken down 

by season. However, l i k e l y  sources o f  otherwise use fu l  data inc lude 

Ogawa e t  a l .  (1965), Yoda e t  a l .  (1965), Yoda (1967), Lug0 (1970), Odum 

and Jordan (1970), Lemon, A l len,  and H u l l e r  (1970), Stephens and 

Waggoner (1970), Odum and Pigeon (1970), A l len,  Lemon, and Mu l le r  

(1972), Wi l l iams,  Loomis, and De T. A l v i n  (1972), Hozumi e t  a l .  (1969), 

K i r a  and Shidei  (1967), K i r a  e t  a l .  (1964), and Brown and Lug0 (1982). 

The data were c o l l e c t e d  a t  var ious t imes 

Perhaps because o f  t he  apparent aseasonal i ty  o f  t r o p i c a l  r a i n  

1.4.2 Trop ica l  Grassland and Savanna 

Trop ica l  grasslands and savannas have perhaps no t  received as much 

a t t e n t i o n  f rom ecosystem modelers as several  o ther  t e r r e s t r i a l  biome 

types have ( t h i s  appears t o  be the  case f o r  t r o p i c a l  systems I n  

genera l ) .  One o f  t he  most complete at tempts a t  a t r o p i c a l  grassland 

product ion model i s  t h a t  o f  Krishnamurthy (1978), who presented a 

seasonal l i n e a r  compartment model o f  semi-ar id graz ing lands i n  Ind ia .  

The l i v e  p l a n t s  were d i v ided  i n t o  aboveground and belowground biomass 

compartments. 

descr ibed by the  d i f f e r e n c e  equations 

The f l u x  o f  d ry  mat ter  through those compartments was 

c 
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x 4 ( t  + A t )  = X4 + ( a  X 1 4  1 

where X1 and X4 a re  the  quan t i t y  o f  biomass a t  t ime t f o r  

aboveground and belowground, respec t ive ly ;  ago,l i s  a t o t a l  n e t  

product ion fo rc ing ;  i s  a t ime-vary ing t r a n s f e r  c o e f f i c i e n t  f o r  

the  loss  o f  biomass t o  standing dead; a14 i s  a t ime-vary ing t r a n s f e r  

coe f f Jc ien t  f o r  t he  f l o w  from aboveground t o  belowground; a45 i s  a 

t ime-varying t r a n s f e r  c o e f f i c i e n t  f o r  r o o t  decomposition; and A t  I s  

t he  t ime i n t e r v a l .  

Resp i ra t ion  terms were absent f rom the  model, and photosynthesis 

was no t  modeled d i r e c t l y .  Krishnamurthy's (1978) model i s  a 

m o d i f i c a t i o n  o f  Singh's (1973) t r o p i c a l  grassland model t h a t  u t i l i z e d  

d i f f e r e n t i a l  equations ra the r  than d i f f e r e n c e  equations. His model 

a l s o  lacked r e s p i r a t i o n  terms and d i r e c t  representa t ion  o f  

photosynthesis.  

Senegal grasslands, developed a simple seasonal model o f  n e t  a e r i a l  

pr imary product ion (NAPP) o f  the  form 

Cornet (1981), i n  descr ib ing  herbaceous biomass and produc t ion  i n  

NAPP = bi - bo + ai , (17) 

where bi i s  t he  biomass a t  t ime 1, bo i s  t he  biomass a t  t ime 0, and 

ai i s  the  loss a t  t ime i based on decomposit ion ra tes .  

was determined i n d i r e c t l y  by determin ing d i r e c t l y  the  disappearance 

r a t e  o f  dead m a t e r i a l  ( a f t e r  Olson 1963b). Th is  model i s  l i m i t e d  w i t h  

respect t o  the  a p p l i c a t i o n  considered here s ince I t  does n o t  conslder 

e i t h e r  carbon a s s t m i l a t i o n  or  loss  t o  the  atmosphere. 

Coughenour, McNaughton, and Wallace (1984) un i ted  morphometric 

t r a i t s  w i t h  phys io log i ca l  processes I n  a s imu la t i on  model o f  perenn ia l  

submodel d i v ided  the  grasses i n t o  s i x  compartments: reserve 

carbohydrates, culmless shoots, vegeta t ive  culms, reproduc t ive  culms, 

Product ion 

.graminoids o f  the  Serenget i  P la in ,  eastern A f r i c a .  The i r  carbon 

t 

c 
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structural crowns, and structural roots. Shoot photosynthesis and 
respiration, roots-plus-crowns respiration, and translocation of carbon 
were modeled. However, these processes were dependent upon intrinsic 
factors such as carbon content and carbon:nitrogen ratios rather than 
extrinsic, seasonally variable, abiotic factors such as temperature or 
soil moisture. The authors considered their formulation to be a model 
of growth in a nonrestrictive environment, and it was presented as a 
prelude to modeling "more realistic situationst1 (Coughenour, 
McNaughton, and Wallace 1984) involving environmental limitations. 

of Detling et al. (1979) to the tropical grasslands of Kurukshetra, 
Parton and Singh (1984) have applied the shortgrass prairie model 

I nd 
did 
any 
cal 
may 

a (described by Singh and Yadava 1974). 
a.reasonable job of simulating seasonal biomass dynamics without 
structural changes although some parameter modifications were 
ed for. Similar applications of other temperate grassland models 
be useful until the shortage of environmentally oriented tropical 

They found that the model 

grassland/savanna models Is alleviated. 

4 

A 

1.4.3 Temperate Deciduous Forest 

One of the best-documented models of seasonal photosynthetic 
production in the temperate deciduous forest biome type is that of 
Sollins, Reichle, and Olson (1973) (also see Sollins, Harris, and 
Edwards 1976). This process-oriented model of forest dynamics, 
developed for a southern Appalachian Liriodendron forest, considers 
trees in three classes: shade-intolerant overstory, shade-tolerant 
overstory, and understory. Each of these subsystems is divided into 
five storage compartments: leaves, buds, actlve tissues, inactive 
woody tissues, and fine roots. The transfer of organjc matter among 
these compartments involves functions of environmental variables such 
as temperature and solar radiation. 

Seasonality was introduced through temperature-dependent functions 
and tree phenology. For example, gross photosynthesis was modeled 
following the canopy photosynthesis approach of Monsi and Saeki (1953), 
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which involves the interaction of irradiance and canopy structure. 
Gross photosynthesis in the dominant tulip poplar subsystem (GA) was 
given by the equation 

where Q,* is the value of biomass in buds at the end of the dormant 
season; A13 is the transfer of photosynthate from leaves to inactive 
woody tissues; Bl is the maximum gross photosynthetic rate; A1 is 
the photosynthesis light saturation coefficient; K1 is the 
photosynthesis light extinction coefficient; Q, is the standing crop 
of tulip tree leaves; 0, is the standing crop of other overstory 
leaves; El is the canopy light intensity function; and I (0 )  is the 
light intensity incident on the canopy. 

Leaf respiration was divided into two components, a 
temperature-dependent (Ql,,) maintenance respiration proportional to 
leaf biomass, and a temperature-independent respiration proportional to 
the rate o f  gross photosynthesis. The transfer of photosynthates from 
active tissues to buds, leaves, and inactive woody tissues; the 
transfer from buds to active tissues; and respiration from all other 
active compartments were also functions of temperature. Hence, 
seasonality was incorporated not only In net photosynthesis but also in 
translocation processes. 

deciduous forests was developed as part of the International Biological 
Program's Woodlands Workshop (Andersson et al. 1973). This model 
evolved around data from the oak-ash Vlrelles Forest of  Belgium and 
began as a linear, constant-coefficient model of the whole ecosystem, 
to which seasonality was added in steps. The live primary producers of 
the model were divided into six compartments: 
(etc .) , branches, stems, large roots, and fine roots. Photosynthate 
productton (net photosynthesis) was treated as a monthly forcing. 
Values for the forcing were obtained by multiplying net assimilation 

Another seasonal model of photosynthetic production In temperate 

leaves, twigs and fruit 

r 

V 

t 
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est imates (Schulze 1970) by l e a f  biomass. Resp i ra t ion  f rom a l l  

producer compartments was temperature-dependent, us ing  mean monthly a i r  , 

temperatures. Leaf r e s p i r a t i o n  (RESPl ) ,  f o r  example, was g iven by 

RESPl = ( R 1  ) (TF)  (GROW) ( X 1  ) , (19) 

where R 1  i s  a r a t e  constant,  GROW i s  a growing season switch, X1  i s  

l e a f  biomass, and TF i s  a Qlo f u n c t i o n  r e l a t i n g  l e a f  r e s p i r a t i o n  t o  

mean monthly a i r  temperature. The f u n c t i o n  TF was descr ibed by 

(T-8.4)/10 TF = 0.91842 x 2 

where T i s  t he  mean monthly a i r  temperature. 

The growing season swi tch  (GROW) was a l s o  used i n  modeling t h e  

f l o w  o f  photosynthate f rom leaves t o  o ther  producer compartments. 

These r e l a t i v e l y  simple means o f  i nco rpo ra t i ng  seasona l i t y  i n t o  a 

l i n e a r  constant c o e f f i c i e n t  model appear t o  do a f a i r l y  reasonable j o b  

o f  s imu la t ing  f o r e s t  seasonal dynamics. They a re  analagous w i t h  

changes regu la ted  i n  analog s imulat ions by s inuso ida l  func t ions ,  w i t h  

o r  w i thou t  diodes t o  t runca te  the  f l u x  t o  zero versus nonzero values 

(Nee1 and Olson 1962, Olson 1963a, 1964). 

Other models which i nvo l ve  seasonal ly changing environmental 

var iab les  (e.g., i r rad iance ,  temperature, and water)  i nc lude  t h e  stand 

energy model o f  Murphy and Knoerr (1970) ( a l s o  descr ibed i n  Murphy, 

S i n c l a i r ,  and Knoerr 1974 and S o l l i n s  e t  a l .  1981), t he  TEEM model and 
i t s  pr imary p roduc t ion  submodel PTEEM by Shugart e t  a l .  (1974), and the  

combined TEEM-PROSPER model descr ibed by S o l l i n s  e t  a l .  (1981). 

PROSPER i s  an atmosphere-soi l -p lant  water r e l a t i o n s  model descr ibed by 

Goldstein,  Mankin, and Luxmoore (1974). 

s i m i l a r  t o  those o f  Andersson e t  a l .  (1973) descr ibed above t o  annual, 

l i n e a r ,  constant  c o e f f i c i e n t  models o f  biomass i n  temperate deciduous 

fo res ts ,  o f  which the re  a re  several  (see Reich le e t  a l .  1973b). The 

Seasonal models might a l s o  be developed by app ly ing  techniques 
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approach might  be p a r t i c u l a r l y  p roduc t ive  us ing  models descr ibed by 

Gardner and Mankin (1981) and Re ich le  e t  a l .  (1973a). The abundant 

l i t e r a t u r e  on COP exchange, photosynthesis,  product ion,  and biomass 

i n  temperate deciduous f o r e s t s  i s  reviewed o r  c i t e d  i n  the  synthes is  

volumes o f  Reich le (1970, 1981) and the  extens ive IBP/Eastern Deciduous 

Forest  Biome repor ts .  The synthes is  volumes, i n  p a r t i c u l a r ,  p rov ide  a 

concise reference t o  i n fo rma t ion  (bo th  annual and seasonal) use fu l  i n  
the.development o f  models o f  seasonal carbon c y c l i n g  i n  t h e  temperate 

deciduous fo res ts .  

1.4.4 Temperate Grassland 

The most i n c l u s i v e  ecosystem model of a temperate grassland i s  t he  

US/IBP Grassland Biome model ELM (see I n n i s  1978). There a r e  two 

pr imary producer submodels i n  ELM, p l a n t  phenology and carbon f l u x  

(Sauer 1978). 

model, as descr ibed by Sauer (1978), d i v ided  t h e  p l a n t s  on a type- o r  

spec ies-spec i f i c  l e v e l  i n t o  f i v e  compartments: shoots, crowns, seeds, 

l i v e  roots ,  and s tanding dead. Photosynthesis f i x e d  atmospheric carbon 

i n  the  shoots. The photosynthate was then d i s t r i b u t e d  t o  t h e  f o u r  l i v e  

p l a n t  components. 

r o o t  r e s p i r a t i o n  and t o  the  belowground l i t t e r  by r o o t  m o r t a l i t y .  The 

shoots and crowns released carbon through r e s p i r a t i o n  as we l l ,  and the  

f a l l  o f  s tanding dead moved carbon t o  aboveground l i t t e r .  Seed 

germinat ion returned seed carbon t o  roo ts  and shoots. 

regulated by s o i l  water p o t e n t i a l ,  photoper iod temperature, n i t rogen,  

phosphorus, phenology, and i r rad iance .  S p e c i f i c a l l y ,  

We a re  concerned here w l t h  the  carbon submodel. This 

Root carbon was t rans fe r red  t o  t h e  atmosphere v i a  

The r a t e  o f  gross photosynthesis (9) o f  each producer group was 

g = 1.032 min(e w' e t '  e N e P '  e a )min( i l , i ) i2Q , (21) 

2 2 where 1.032 i s  a' conversion from cal/cm t o  g carbon/m ; e", et, e#, ep, 

and e a re  dimensionless var iab les  represent ing  water p o t e n t i a l ,  a 
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1 

photoperiod, temperature, nitrogen, phosphorus, and phenology, 
respectively; i l ,  1, and i 2  are parameters relating photosynthetically 
active incident radiation and gross photosynthetic rates (following 
modeling efforts of Connor 1973); and Q is a measure of quantum 
efficiency. The environmental factors regulating gross photosynthesis 
were dealt with as limiting factors with the smallest factor controlling 
the process [hence the minimum function in Eq. (21)]. This formulation 
was a means of dealing with the lack of data to support other 
representations of interactions between all factors. 

Shoot respiration rate was depicted as a temperature-dependent 
function of the gross rate of photosynthesis (after Dye, Brown, and 
Trlica 1972), and net photosynthesis [or surplus production in the 
sense of Mons1 and Saeki (1953) and Olson (1975)l was taken as the 
difference between gross photosynthesis and shoot respiration. 
Respiration of other plant components was also temperature-dependent. 
Translocation of photosynthates was regulated by several factors 
depending on the components involved. Transfer from shoots to roots 
was regulated by live shoot weight, soil water potential, nitrogen, 
phosphorus, phenology, and grazing. Transfer from crown to shoot and 
shoot to crown was regulated by relative weight of the compartments, 
soil water potential, and temperature. Flow of carbon from shoot to 
seeds was regulated by phenclogy and shoot weight. 
these various functions are given by Sauer (1978) and in the 
references he cites. 

primary production submodel of ELM by environmental variables allows 
simulation of seasonal dynamics. In fact, this was done using seasonal 
data from the US/IBP Grassland Biome Pawnee site (Sauer 1978), and for 
the Osage site (Risser et al. 1981). Sauer and Risser et al. reference 
several sources of seasonal data, at least for the Pawnee and Osage 
sites, and in general the US/IBP Grassland Biome reports and subsequent 
synthesis volumes (e.g., Innis 1978, French 1979a, Breymeyer and 
Van Dyne 1980, and Risser et al. 1981) are sources of and give 

The details of 

The regulation of most aspects o f  production in this carbon flux 
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reference to sources of seasonal data on production variables and 
estimates for temperate grasslands in the United States. 

The ELM model is the culmination of several grassland modeling 
efforts initiated during the US/IBP Grassland Biome Program. Van Dyne 
(1978) has reviewed the historical development of these models, and 
grassland models have also been reviewed by Innis and Van Dyne (1973), 
Innis (1975), and Van Dyne and Abramsky (1975). Prior to the Grassland 
Biome Program, Kelley et al. (1969) presented a set of models of 
seasonal primary production in eastern Tennessee grasslands. These 
models were based on work presented by Bledsoe and Olson (1970). 

ELM have been made, although the overall structure remains unchanged 
(Van Dyne 1978). Detling, Parton, and Hunt (1978, 1979) and Detling 
(1979) have presented a more mechanistic producer submodel. In this 
model, the plant (nominally Bouteloua sracilis) was divided into six 
compartments: mature leaves, young leaves, crowns, upper live roots, 
middle live roots, and lower live roots. Standing dead was divided 
into recent and old, and each root level transferred carbon to its own 
dead root compartment. Model representations of photosynthesis, 
respiration, and carbon allocation were based on data from Brown and 
Trlica (1974). Net photosynthesis was regulated abiotically by 
irradiance, temperature, sol1 water potential, leaf age, and leaf 
nitrogen content. The rate of photosynthesis, like other process rates 
in the model, was determined by reducing a maximum rate with 
nondimensional scalar multipliers (ranging from 0 to 1) representing 
the effects of relevant factors; hence, 

Since the development of the ELM model in 1973, modifications of 

P P P P  ‘N = ‘max I T A LN 9 

where PN is net photosynthesis; Pmax is the maximum potential net 
photosynthetic rate determined as a function of acclimation 
temperature; and PI, PT, PA, and PLN are the dimensionless scalars 
representing the effects of irradiance, soil water and temperature, 

i 
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leaf age, and leaf nitrogen, respectively. The scalars were themselves 
functions of their respective factors (Detling, Parton, and Hunt 1979). 

Dark respiration was similarly regulated by temperature and soil 
water potential. Photosynthate allocation was regulated primarily by 
soil water potential and nitrogen availability following the results of 
Benedict and Brown (1944), Bray (1963), Hylton, Ulrich, and Cornelius 
(1965), Black (1968), Boyer (1970), Davidson (1969), Struik and Bray 
(1970), and Hunt (1975). In conjunction with the Parton (1978) abiotic 
model, an early version of the Detling, Parton, and Hunt (1978) model 
was used to simulate the seasonal biomass dynamics of blue grama using 
data from the US/IBP Grassland Biome Pawnee site. Results were 
presented in Detling (1979). 

Other grassland models that warrant mention include: 
The simulation of management practices (i.e., grazing) in 
tallgrass prairie by Parton and Rlsser (1979), which, while not 
presented as a seasonal model, could be modified to one because it 
was based on the ELM model. 
The dynamic matrix modeling of grazing systems by Singh and 
Swartzman (1974) and Redetzke and Van Dyne (1979), which used 
transition matrix techniques rather than the more common 
difference or differential equations. 
The belowground models of Ares and Singh (1974), Parton and Singh 
(1976), Parton, Singh, and Coleman (1978), and Risser et al. 
(1981), which concentrated on belowground processes driven by soil 
water potential and temperature. 
Grassland primary production models by Cale (1979) and Gilmanov 
(1977). 
The seasonal model of primary production of perennial grasses in 
the Serengeti Plain of eastern Africa (Coughenour, McNaughton, and 
Wallace 1984), which incorporated morphometric traits as well as 
physlological processes. 
The SAGE model o f  northern mixed prairie discussed by Heasley, 
Lauenroth and Dodd (1981), and Heasley, Lauenroth, and Yorks 
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(1984) in which the primary producer submodel simulated the 
carbon, nitrogen, and sulfur dynamics of cool-season grasses, 
warm-season grasses, and cool-season forbs. 

which was developed through the adaptation of ELM to the annual 
vegetation of  a California annual grassland. 

(7) The annual grassland model, ELMAGE, by Pendleton et al. (1983) 

1.4.5 Northern Coniferous Forest 

A seasonal model o f  a coniferous forest ecosystem was developed by 
Field et al. (1973) during the International Biological Programme's 
Woodlands Workshop. Field et al. (1973) considered two photosynthate 
pools, one for canopy vegetation and one for groundcover vegetatlon, 
which were filled via photosynthesis. 
the physical environment of the stand. 
for the growth of the canopy and groundcover plants. The canopy plants 
were divided into five compartments: leaves, branches, boles, 
respiration parts, and roots. The groundcover plants were divided into 
three compartments: leaves, stems, and roots. The photosynthate pools 
released C02 through maintenance resplratlon, but the plant component 
parts did not themselves respire. Similarly, photosynthates were 
distributed from the source pools; there was no within-plant 
translocation. 

Photosynthesis was regulated by 
The pools provided dry matter 

Net photosynthesis (P,) was modeled as a function of stomatal 
resistance (RS, regulated by soil water potentlal), irradiance ( R ) ,  

and air temperature (TA): 

where KO is a rate constant, fl(Rs) I s  a function of stomatal 
resistance, f2(TA) is a function of air temperature, and f3(R) I s  

a function of irradiance. The ablotic dependences followed functional 
forms close to those presented in our discussion of abiotic regulation 
of  photosynthesis (see Sect. 1.2 and Larcher 1975). 

t 
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Resp i ra t ion  was modeled as an inc reas ing  exponent ia l  f u n c t i o n  o f  

a i r  temperature u n t i l  a crash a t  about 60°C. The d i s t r i b u t i o n  o f  

photosynthate was n o t  regulated by a b i o t i c  f ac to rs ,  b u t  r a t h e r  by the  

u n r e s t r i c t e d  growth r a t e  of t h e  p l a n t s  and t h e  a v a i l a b i l i t y  o f  

photosynthate i n  the  pool .  I f  the  photosynthate pool  was l i m i t e d ,  t h e  

demand o f  reproduc t ive  p a r t s  was s a t i s f i e d  f i r s t ,  and a constant  

p ropor t i ona l  d i s t r i b u t i o n  t o  o ther  p a r t s  was maintained. 

Kannlnen, Har i ,  and Kellomaki (1982) descr ibed a seasonal dynamic 

model of aboveground d ry  mat ter  p roduc t ion  i n  a nor thern  Scots p ine  

stand. The growth r a t e  o f  a p l a n t  community component (Scots p ine  

p l a n t  p a r t  o r  understory species) was g iven by 

where go(T) i s  a growth f u n c t i o n  dependent on temperature ( a f t e r  

Har i ,  Kellomaki,and Vuokko 1977); f [ s ( t ) ]  i s  a f u n c t i o n  o f  development 

s ta te ,  which i s  i n  t u r n  a f u n c t i o n  of temperature; and L i s  an annual 

growth l e v e l  parameter s p e c i f i c  f o r  a g iven component. Growth ra tes  

were converted t o  p roduc t ion  ra tes ,  and community p roduc t ion  was g iven 

as t h e  summation o f  t h e  d i f f e r e n t  components. 

temperature r e f l e c t e d  the  assumption t h a t  growth and produc t ion  ra tes  

were in f luenced by environmental f ac to rs ;  as a s i m p l i f y i n g  assumption, 

water was assumed no t  t o  be a l i m i t i n g  f a c t o r .  

authors, t h e  model expla ined observed variances i n  d a i l y  growth 
increments rather w e l l .  

The dependence on 

According t o  t h e  

CONIFER, a model o f  carbon and water f l o w  through a coni ferous 

f o r e s t ,  was developed du r ing  the  US/IBP Coniferous Forest  Biome Program 

(see S o l l i n s ,  Waring, and Cole 1974, Coniferous Forest  8lome Modeling 

Group 1977, G r i e r  and Logan 1977, S o l l i n s  e t  a l .  1981). Although t h e  

model was developed f o r  a western Nor th American c o n i f e r  f o res t ,  i t  may 

be app l i cab le  t o  nor thern  coni ferous f o r e s t s  i n  general .  The p l a n t  

p roduc t ion  p o r t i o n  o f  CONIFER d i v ided  p lan ts  i n t o  n ine  components: new 

f o l l a g e  carbohydrate pool ,  growth carbohydrate pool ,  buds o f  t he  
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previous year, buds of the current year, new foliage, old foliage, 
stems and branches, fine roots, and large roots. Net photosynthesis by 
foliage (old and new) was regulated by stomatal resistance (in turn 
regulated by water stress), temperature, day length, and irradiance 
(due to the complexity of this model, we do not describe these 
functional forms in detail here). 

day length. 
intrinsic factors (i.e., pool sizes), but in some cases (e.g., 
transfers to roots) by temperature. The environmental variables were 
incorporated on a daily or weekly time scale, and, consequently, the 
carbon dynamics were driven at that time scale. 

that have time scales on the seasonal level (or are adaptable to 
seasonal) include a model of gaseous exchange in Scots pine (Lohammer 
et al. 1980). a model of Scots pine growth (Agren and Axellson 1980), 

and a model of micrometeorology and hydrology in pine forests (Halldin 
et al. 1980). The extensive data set used to develop CONIFER 
(Coniferous Forest Biome Modeling Group 1977), the US/IBP Coniferous 
Forest Biome reports, the synthesis of the Swedish Coniferous Forest 
Project (Persson 1980), and the descriptive volume on the boreal 
coniferous forest by Larsen (1980) provide reference to data sources 
useful in the development of seasonal models for the boreal coniferous 
forest biome type. 

Dark respiration was regulated by nighttime air temperature and 
Photosynthetic transfers were regulated primarily by 

Other environmentally driven models of coniferous forest dynamics 

1.4.6 Boreal Tundra 

As is true for most ecosystems that were focal points of the 
US/IBP biome programs, a number of  ecological models were developed for 
the tundra biome (see Hi1 
of this development). In 
primary production across 
(1981) developed a genera 
tundra ecosystems. First 

er, Collier, and Bunnell 1975 for a summary 
an effort to facilitate comparisons of 
the range of IBP tundra sites, Jones and Gore 
ized compartment model of plant production in 
order linear equations were used to describe 



35 ORNL/T#-9404 

t h e  f l u x  o f  biomass between the  main f u n c t i o n a l  p l a n t  pa r t s :  green 
pa r t s ,  non-green par ts ,  rhizomes, and roo ts .  These components were 

modeled f o r  I n d i v i d u a l  species o r  major groupings o f  p l a n t s  (e.g., 

grass, dwarf shrubs, herbs). Net photosynthet ic  I npu t  t o  green p a r t s  

was der ived  from t h e  sum o f  outputs t o  o ther  compartments. 

v a r i a t l o n  i n  t h i s  i n p u t  was simulated w i th  a negat ive  cos ine f u n c t i o n  

f i t t e d  t o  t h e  i npu t .  Seasonal i ty  i n  w i t h i n - p l a n t  t r a n s f e r s  was t rea ted  

w i t h  simple, time-dependent, on-of f  switches. Resp i ra t ion  was a l s o  

descr ibed by a cos ine func t i on .  

annual f luxes ,  and i n  cases where the re  were no l a r g e  seasonal 

va r ia t i ons ,  these c o e f f i c i e n t s  were assumed t o  be constants.  

A more complete, seasonal, carbon-budget, ecosystem model f o r  

tundra s i t e s  was developed du r ing  the  I B P  tundra program by 

F. L. Bunnel l  and h i s  associates (Bunnel l  and Dowding 1974, Bunnel l  and 

T a i t  1974, Bunnel l  and Scou l la r  1975, 1981). The s ta te -or ien ted  model, 

ABISKO 11, and an e a r l i e r  version, ABISKO, evolved from decomposition 

models b u t  a l s o  t r e a t e d  photosynthet ic  p roduc t ion  i n  some d e t a i l .  

L i v i n g  p l a n t  biomass was d i v ided  i n t o  th ree  compartments: aboveground 

l l v e ,  l l v e  roo ts ,  and l i v e  roo ts  and stem bases. To ta l  d a i l y  

photosynthesis was computed by 

Seasonal 

Transfer  c o e f f i c i e n t s  were based on 

PHTGRO = COlPHT SUNLIT TEMPO PLITE CO1 , (25 )  

where PHTGRO i s  t he  t o t a l  d a i l y  photosynthesis i n c l u d i n g  dark 

r e s p i r a t i o n ;  C01PHT i s  t he  maximum r a t e  o f  photosynthesis per  gram l i v e  

green biomass; SUNLIT i s  t h e  p r o p o r t i o n  o f  green biomass capable o f  

photosynthes iz ing (a  f u n c t i o n  i nco rpo ra t i ng  t h e  e f f e c t  o f  shading); 

TEMPO i s  t h e  e f f e c t  o f  temperature on photosynthesis (a  c u r v i l i n e a r  

f u n c t i o n  o f  ambient temperature and minimum, iyximum, and optimum 

temperatures f o r  photosynthesis) ;  PLITE i s  t h e  e f f e c t  o f  l i g h t  

(a  l i n e a r  func t i on ) ;  and C O 1  i s  l i v e  green biomass. 

demands o f  t h e  aboveground green biomass were met and deducted from 

Green maintenance r e s p i r a t i o n  (a  temperature-determined process) 
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total photosynthate before photosynthates were distributed to provide 
for root maintenance respiration and aboveground green growth. Root 
maintenance respiration was a geometric function of temperature, and 
green growth was a fixed rate per unit biomass. 
distributed to each in proportion to their respective demands. 
remaining photosynthate was then allocated to rhizomes and stem bases. 
Each live plant compartment experienced growth respiration costs at 30% 
of the amount o f  growth In that compartment. 

and one result was a set of models dealing with photosynthesis and 
primary production processes. A canopy or stand model of vascular 
plant photosynthesis (the stand-photosynthesis model; Tieszen, Miller, 
and Oechel 1980), developed as an outgrowth of models by Miller and 
Tieszen (1972), Miller, Stoner, and Tieszen (1976), and Stoner, Miller, 
and Oechel (1978), related photosynthesis in a single leaf in the 
canopy to environmental variables such as temperature, irradiance, and 
water (both vapor density and soil water potential). The model 
permitted simulation of primary production on both daily and seasonal 
bases. 
(Miller et al. 1978a, Tieszen, Miller, and Oechel 1980). 

An interest in how tundra plants control allocation patterns and 
growth to successfully exploit the climatic-extreme, nutrient-limited 
environment prompted the development o f  seasonal models of growth by 
Stoner, Miller, and Tieszen (1978) and Miller et al. (1978b). These 
models incorporated the effects of light, water, temperature, 
phosphorus, nitrogen, and plant processes. Miller et al. (1978b) 
considered the plant to have six components: 
stem base complex, rhizome, roots, and aboveground reproductive 
structures. 
components: cell wall polymers, sugars, polysaccharides, protein, 
amino acids and amides, lipids and fatty acids, phosphate, and phytic 
acid. This degree of  resolution is probably not needed in many 
applications, but the empirical and modeling effort and results 
involved can be o f  use in developing other seasonal models of 

photosynthate allocation. 

Photosynthate was 
Any 

The IBP Tundra Biome modeling effort often emphasized processes, 

A similar model was developed for simulation o f  moss production 

leaf blade, leaf sheath, 

Each plant part in turn consisted of eight biochemical 

i 

c 
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Other models of photosynthesis or production In the tundra biome 
include a seasonal model of population processes involving physiology 
(photosynthesis, respiration, and translocation), environmental 
parameters, and population parameters (Lawrence, Lewis, and Miller 
1978). a vascular plant canopy model simulating the effect of canopy on 
microclimate, and microclimate on production (Stoner, Miller, and 
Oechel 1978), and a model of the effect of tundra vegetation on soil 
temperatures (Ng and Miller 1975, 1977). 

There are numerous data sets involving seasonal estimates of 
photosynthesis, primary production, carbon flux, and climate or abiotic 
variables for tundra systems. 
three IBP synthesis volumes (Tieszen 1978a, Brown et al. 1980, and 
Bliss, Heal, and Moore 1981). One of these volumes (Tieszen 1978a) is 
devoted entirely to vegetation and production ecology. 
volumes include Wielgolaski (1975a,b), Sonneson (1980), Bliss (1977), 
Heal and Perkins (1978), Rosswall apd Heal (1975), and Holding et al. 

These studies are reviewed in at least 

Other synthesis 

(1974). The information in these references, both seasonal and annual, 
should be valuable in the development of seasonal carbon models for the 
boreal tundra biome type. 

1.4.7 Arid Lands 

While the limited total plant biomass of arid land ecosystems 
reduces their role as carbon reservoirs on the global scale, the 
increasing decertification of grasslands suggests a need for 
understanding the seasonal carbon dynamics of  arid ecosystems, as these 
ecosystems may be increasing .in importance. This need is particularly 
important in attempts to incorporate the areal extent of biomes or 
changing land use patterns into global carbon studies. 

were developed as part of the US/IBP Desert Biome program (Valentine 
1973, 1974, Goodall 1981). These included models with (1 )  constant 
coefficlents common to all plants, (2) constant coefficients 
differentiated by plant groups, (3) time-varying coefficients 
determined by data or phenology, and (4) rates dependent on 

Several versions of a photosynthetic production or plant submodel 
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environmental conditions. In the fourth version (Valentine 1974, 
Goodall 1981), plants were divided into leaves, stems, roots, fruit, 
and seed pods. The daily rate of photosynthesis (Ai) of various 
plant groups was treated as a function of irradiation (L), leaf 
temperature (T), and leaf water stress ( W ) ,  and was described by 

a.. - w 

where 

L 

for T 5 a5,, and F(T) = 0.0 for T > agi. 
all - a8, are constant rate coefficients for the ith species 
and age group. 

was described by 

The coefficients 

Respiration (Ri) of the ith organ, per unit carbon content, 

i 

where W is the water stress within the organ i n  question, T i s  the 
temperature within the i t h  organ, and the P ' s  are constants for the 

photosynthate from the leaves was modeled as a fairly complex functlon 
of the ratio of labile carbon to total carbon in the leaves, leaf 
temperature, and water stress. 

model that dealt with the calculation of primary production in 
water-limited situations. 

organ of the j,, plant group. The translocation of th 

Van Keulen and de Wit (1981) developed a crop growth simulation 

Their model o f  seasonal production in 



39 ORNL/T#-9404 

arid lands was based on the BACROS canopy model of de Wit et al. (7978) 
and the work of Van Keulen and de Wit (1975). Canopy photosynthesis 
and growth were driven by the water balance in the soil and involved 
numerous parameters related to evapotranspiration (e.g., temperature, 
precipitation, and plant characteristics). A process-oriented model of 
net COq exchange for C4 grasses was developed for a Chihuahuan 
desert playa community (Cunningham, Balding, and Syvertsen 1974) to 
function as part of a community carbon flow model. 
irradiance, air temperature, and soil water potential as environmental 

The model used 

forcings, and the model might be useful as a submodel in a seasonal 
arid land ecosystem model. In addition, Reynolds et al. (1980) 
described a rather detailed model of primary productivity and carbon 
allocation for the desert shrub Larrea tridentata, a dominant species 
throughout much of the U.S. desert southwest. 
oriented towards whole-plant physiology than to ecosystem properties, 
but it might also be adaptable to an ecosystem-level model. 

concerned with grazing (e.g., Goodall 1965, 1967, 1969, and 1970), 
especially by domestic livestock. Considering the above reference to 
desertification, these types of models may prove especially useful. 
Goodall's models were driven by abiotic variables, and, in particular, 
photosynthesis was treated as a function of a4r temperature and soil 
moisture (Goodall 1973a, b, 1975, 1981 , Goodall and GI st 1973) . 

Goodall, Perry, and Howes (1981) provided a synthesis of US/IBP 
Desert Biome program results. The reviews and literature citations of 
the contributors to this volume, including discussion of 
soil-vegetation-atmosphere interactions (Ayyad 1981) and primary 
production (Rodin 1981), combined with numerous US/IBP Desert Biome 
research and modeling reports, provide a source of data for the 
modeling of seasonal carbon cycles in desert or arid land biomes. 

The model was more 

Many of the plant process models in arid-land ecosystems are 

1.5 EMPIRICAL DATA SOURCES FOR SEASONAL PRIMARY PRODUCTION 

This section is the result of a survey of relevant literature 
designed to compile empirical seasonal data on photosynthetic 
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production in a number of terrestrial biome types. 
exhaustive, but it is representative of the type and resolution of  the 
data avajlable. The cited works will often provide reference to 
additional sources of data. These data may prove useful in the 
development and validation of primary production submodels (as part of 
seasonal carbon models on a biome scale), particularly for geographical 
regions that have not been the focus of earlier modeling efforts. 

the literature citation, and briefly the temporal resolution (e.g., 
monthly) and nature (e.g., biomass) of the production data. Seasonal 
abiotic data, when available, are noted, and the approximate highs and 
lows of the seasonal data are usually included. 

The survey is not 

The synopses that follow include the geographic site of the data, 
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1.5 EMPIRICAL DATA SOURCES FOR SEASONAL PRIMARY PRODUCTION 

1.5.1 Tropical Forest 

Authors : Malaisse et al. (1972) 
S i  te: Mlombo woodland, Kasapa/Luiswishi, Zaire 
Production data: Monthly total organic matter (average for 1968-1970) 
Seasonal high: 
Seasonal low: 
Other data: Monthly rainfall, temperature, humidity, 

March - 292.6 g m-2 
October - 25.3 g m-2 

evapotranspiration, and total radiation 

Author: Odum (1970) 
Site: Rain forest, El Verde, Puerto Rico 
Production data: Monthly optical density of leaf and small limb 

biomass (data absent for July and August at some 
sample sites; data for two years at one site) 

Seasonal high: September 2.0 
Seasonal low: March - 0.75-0.9 

Authors : Odum and Jordan (1970) 
Sl te: Rain forest, El Verde, Puerto Rlco 
Production data: Hourly/daily C02 metabolism o f  plastic-enclosed 

rain forest collected over several months 
-2 1 Seasonal high: July 30 - 0.66 g C m h- 

Seasonal low: January 13-14 and February 23-24 - 0.27 g C m h 
Other data: Comparable data on insolation, temperature, 

evaporation, and transpiration 

-2 -1 
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Authors : Odum et al. (1970) 
Site: Rain forest, El Verde, Puerto Rico 
Production data: Daily/monthly net daytime photosynthesis and night 

respiration for several plant species for several 
days from December 1965 to January 1967 

(Ormosia kruqii) 
Respiration -- April - 2.7 g C m d- 
(Man1 1 kara bidentata) 

Seasonal low: Photosynthesis - March - 0.03 g C m d 
(fl. bidentata) 

(fl. bidentata) 
Day and night transpiration over several months, 

-2 -1 Seasonal high: Photosynthesis - August - 2.0 g C m d 

-2 1 

-2 -1 

Respiration -- January - 0.03 g C m -2 d- 1 

Other data: 

i 

several diurnal records of carbon metabolism for 
different species 

Author: Whitmore (1975) 
Site: 
Production data: 

Rain forest, Ula Gombak, Malaysia 
Monthly percent new leaf growth, flowering and 
frultimg for approximately six years (from L. Medway 
1972, Biol. J. Linnean. SOC. Lond. 4:117-146) 

forests i n  the Far East. 
Other data : Seasonal rainfall and temperature for several rain 

c 
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1.5.2 Tropical Savanna/Grassland 

ORNL/TM-9404 

Author: 
Site: 
Production data: 

Seasonal hi gh : 

Seasonal low: 

Note: 
Other data: 

Authors : 
Site: 
Production data: 

Seasonal high : 

Seasonal low: 

Af olayan (1 978) 
Northern Guinea savanna, Nigeria 
Monthly grass standing crop, daily herbage growth 
rates at beginning and end o f  growing season, mean 
daily rates of net herbage production by vegetation 
type 
Grass standing crop (by plot) 

-1 2 Terminalia -- October-November - 20-60 kg ha 10 
-1 2 Woodland -- October-November - 10-35 kg ha 10 

-1 2 Burkea -- September-October - 10-30 kg ha 10 
Grass standing crop (by plot) 

-1 2 Terminalia -- June - 5 kg ha 10 
-1 2 Woodland -- June - ca. 0 kg ha 10 

-1 2 Burkea -- June - ca. 0 kg ha 10 
Seasonal high varies with grazing and burning regime 
Mean monthly rainfall, temperature, and relative 
humidity 

Ambasht, Maurya, and Singh (1972) 
Protected tropical grassland, Varanasi, India 
Monthly biomass standing crop at two sites, monthly 
production at one site 
Standing crop 
Dicanthium annulatum community --’ October - 2050 g m-2 
Heteropogon contortus community -- November - 3268 g III-~ 
Productivity 
Dicanthium annulatum community -- August - 
914 g m-2month-1 
Standing crop 
Dicanthium annulatum community -- July - 691 g m-2 
Heteropogon contortus community -- June - 385 g m-2 
Productivity 
Dicanthium annulatum community -- April - 
600 g m-2month-1 
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Author: 

S i t e :  

Product ion da t  

Seasonal h igh  : 

Seasonal low: 

Other data: 

Author: 

S i t e :  

Product ion data:  

Seasonal h igh:  

Seasonal low: 

Author: 

S i te :  

Product ion data:  

Seasonal h igh: 

Note: 

Other data: 

Choudhary (1972) 

T rop ica l  grassland, Varanasi, 

Monthly s tanding crop f o r  gre 

I n d i a  

n abov ground, 

non-green aboveground, underground, and t o t a l  

Green aboveground -- August - 278.4 g m-2 
Underground -- Ju ly  - 1008.0 g m-2 
Green aboveground -- January-60.8 g m-2 
Underground -- January - 457.6 g m-2 
Monthly l i t t e r  s tanding crop 

Cornet (1 981 ) 

Sahel ian grassland, Senegal 

Weekly/biweekly est imates of biomass and p r o d u c t i v i t y  

f o r  two consecut ive growing seasons (1977-78) f o r  

t h ree  s i t e s  (June t o  October) 

S i t e  I -- e a r l y  September - 77.67 g dw m-2 
S i t e  I 1  -- l a t e  September - 91.28 g dw m-2 
S i t e  I11 -- l a t e  September - 79.0 g dw m-2 
S i t e  I -- l a t e  October - 0 g dw m-2 
S i t e  I 1  -- l a t e  August - 0 g dw m-2 
S i t e  I11 -- e a r l y  August, October - 0 g dw m-2 

Coutinho (1982) 

Campo Cerrado savanna, B r a z i l  

Seasonal aboveground biomass from Ju ly  1971 t o  

Havch 1973 

P l o t  1 (burned J u l y  1971) -- May 1972 - 5.75 tons ha-’ 

P l o t  2 (burned January 1972) -- March 1973 - 
7.5 tons ha-’ 

Biomass on p l o t  2 showed a temporary p la teau  a t  about 

4.0 tons ha-’ from May t o  September 1972 

Monthly p r e c i p i t a t i o n ,  temperature, evaporat ion 

p o t e n t i a l ,  and photoper iod 

i- 
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Authors : Cresswell et al. (1982) 
Site: Nylsvley savanna, South Africa 
Production data: Monthly estimates of biomass and daily rate of 

biomass change; weekly/monthly shoot production; 
biweekly estimates of photosynthetic rate 
Biomass -- March - 83 g m-2 

-2 -1 Change in biomass -- December - 5.5 g m d 
Photosynthesis -- varies with species (max. in 
February - 45 ng cm s ) 

Biomass -- October - 25 g m-2 
Change in biomass -- March - -3.0 g m d 
(a net loss) 
Photosynthesis -- varies with species (min. in April 
- 0 ng cm s 

photosynthetically active radiation; light saturation 
curves, leaf temperature curves, and leaf water 
potential related to net photosynthesis 

Seasonal high: 

-2 -1 

Seasonal low: 
-2 -1 

-2 -1 

Other data: Biweekly leaf resistance, leaf water potential, and 

Author: Egunjobl (1974) 
Site: Savanna, western Nigeria 
Production data: Monthly standing crop (total and by species) and 

Seasonal high: 

Seasonal low: 

monthly estimates of daily rate of accumulation 
Standing crop -- November - 1529 g m-* 

-2 -1 Rate of change -- August-September - 15.4 g m d 
Standing crop -- April-May - 100 g m-2 
Rate of change -- December - -13.8 g m d -2 -1 

Other data: Monthly rainfall, nutrient composition, litter 
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Authors: Grunow, Groeneveld, and Du Toit (1980) 
Si te: Nylsvley savanna, South Africa 
Production data: Three-week to eight-week interval aboveground biomass 

and estimates of the rate of change In biomass on 
grazed and ungrazed sites in the grass layer of the 
savanna 
Biomass -- February - 84 g m-2 
Rate of change -- late November - 5 g m-2week-1 
Biomass -- September - 23‘g m-2 
Rate of change -- June-September - 0 g m-2week-1 

Seasonal high: 

Seasonal low: 

Authors : Gupta, Saxena, and Sharm (1972) 
Site: Arid grasslands, Jodhpur, India 
Production data: Nonthly total aboveground biomass, net production, 

Seasonal high: 

Seasonal low: 

and productivity for three plots and three years 
Biomass -- October 1970 - 175 g m-2 (in a protected 

Biomass -- July-September 1969 - 0 g m-2(in a 
protected plot) 

Plot) 

#arch-May 1970 - 0 g m-2(in a 
grazed plot) 

Author: Hopkins (1968) 
Site: Olokemeji savanna, Nigeria 
Production data: Seasonal standing crop o f  the herb stratum 
Seasonal high: 

Seasonal low: February - 0 g rn- 

Other data: 

November-December 1956 - 550 g m-2 
September-December 1957 - 650 g m- 

2 

Seasonal rainfall ; changes in mean number o f  species 
per quadrat, number o f  species encountered, number of 
species flowering 

2 

i 
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Authors : 
Site: Lowveld savanna, Zimbabwe 
Production data: Monthly aboveground herbaceous standing crop in four 

Kelly and Walker (1976) 

areas differing 4n degree of utilization; maximum and 
minimum woody standing crop 
February, March, April, or May - 25-200 g m-2 
(varies from year to year and with grazing pressure) 
December - 0-50 g m-2 (varies from year to year and 
with grazing pressure) 

Seasonal high: 

Seasonal low: 

Other data: Monthly rainfall, soil moisture, and soil temperature 

Author: Lamotte (1975) 
Si te: Lamto savanna, Ivory Coast 
Production data: Monthly live aboveground biomass of the herb strata 

in different savanna types, root biomass in burned 
and unburned savanna, and biomass of select species 
in burned savanna 

Burned (in January) -- December - 6.5 tons ha-’ 
Unburned -- January - 9.5 tons ha-’ 

Burned (in January) -- January - 0 tons ha-’ 

Unburned -- November - 5.5 tons ha-’ 

Seasonal high: Wooded Andropogon savanna (for example) 

Seasonal low: Wooded Androposon savanna (for example) 

March - 3.3 tons ha-’ 

Authors : Menaut and Cesar (1979, 1982) 
Sites : Different savanna types on the Lamto savanna, Ivory 

Production data: Monthly biomass for six herb species; monthly 
Coast 

aboveground biomass of the herbaceous layer by 
component on four sites; monthly underground biomass 
of the herbs on two sites; seasonal belowground 
production on seven sites; monthly herbaceous 
production on three sites 
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Seasonal high: Underground 
Loudetia savanna -- December-January - 25 Mg ha-’ 
Andropogoneae shrub and tree -- December-January - 

14 Mg ha-’ 
Aboveground 
Loudetia savanna -- February, June-August - 1.0 flg ha-’ 
Andropogoneae shrub and tree -- early November - 
2.5 Mg ha-’ 

Seasonal low: Underground 
Loudetia savanna -- August and November - 15 Mg ha-’ 
Andropogoneae shrub and tree -- May - 8 Mg ha-’ 
Aboveground 
Loudetia savanna -- November - 0 Mg ha-’ 
Andropogoneae shrub and tree -- early April - 

0.4 Mg ha-’ 

Authors : Misra and Mall (1975) 
Site: Tropical grassland, Ujjain, India 
Production data: Monthly green biomass, leaf area index, and 

Seasonal high: 
Seasonal low: 

chlorophyll 
Biomass -- September - 434.8 g m-2 
Biomass -- May - 24.0 g m-2 

Authors : 
Sites : Tropical grasslands, Ambfkapur, India (Site I 

Maik and Mishra (1976) 

protected for two years, Site II protected for ten 
years) 
Monthly aboveground standing crop 
Site I -- November - 538.22 g me2 
Site I1 -- December - 675.96 g m-* 

Production data: 
Seasonal high: 

Seasonal low: 

Other data: 

Site I -- July - 123.28 g m-2 
Site I1 -- June - 2b5.45 g m-2 
Monthly rainfall, temperature, and relative humidity 
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Authors : St rugne l l  and P i g o t t  (1978) 

S i t e s  : Grasslands (grazed and ungrazed), Rwenzori Nat iona l  

Product ion data:  Monthly mean biomass by p l a n t  component, mean l e a f  

Pack, Uganda 

area index; seasonal changes i n  biomass and l e a f  area 

index a f t e r  burning; mean d a i l y  p roduc t ion  r a t e  over 

six-month growing season; monthly est imates o f  d a i l y  

r a t e  o f  p roduc t ion  

Seasonal h igh: Product ion r a t e  
-2 -1 S i t e  I (grazed) -- December and A p r i l  - 2.75 g m d 
-2 -1 (ungrazed) -- December and A p r i l  - 4 g m d 

Seasonal low: Product ion r a t e  
-2 -1 S i t e  I (grazed) -- August and October - <0.1 g m d 

Monthly r a i n f a l l ,  temperature, and sunshine; d ry  

mat te r  product ion and crude p r o t e i n  content  as a 

f u n c t i o n  o f  r a i n f a l l  

-2 -1 (ungrazed) -- July-August - (0.25 g m d 

Other data: 

a 

Authors : Ohiagu and Wood (1979) 

S i t e s  : Southern Guinea savanna (grazed and ungrazed), N ige r ia  

Product ion data: Bimonthly standing crop o f  grass and grass produc t ion  

Seasonal h igh: Standing crop (grazed) -- October - 2550 kg ha-’ 

Product ion r a t e  (grazed) -- October - 800 kg ha-’month-’ 

(ungrazed) -- January - 3800 kg ha-’ 

(ungrazed) -- October - 950 kg ha-lm0nth-l 

. 
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Seasonal low: Standing crop (grazed) -- April - 1300 kg ha-’ 

Production rate (grazed and ungrazed) - February - 
0 kg ha-’ mon t h-l 

(ungrazed) -- April - 1500 kg ha-’ 

Other data: Bimonthly rainfall 

Authors : San Jose and Medina (1975, 1976) 
Site: 

Production data: Weekly/monthly aboveground biomass by treatment, leaf 

Seasonal high: 

Seasonal low: 

Trachyposon savanna (burned and unburned plots), 
Calabozo, Venezuela 

area index, and photosynthetic area by treatment 
Biomass (burned in late December) -- August - 415 g m-2 

-- August - 325 g m-2 
Biomass (burned in late December) -- January - 10 g m-2 

-- late March - 15 g m-2 
Weekly rainfall, evaporation, temperature, and 
radiation; relationship between leaf transpiration 
and tank evaporation 

( unburned) 

( unburned ) 
Other data: 

Authors : 
Si te: 

Production data: 

San Jose, Berrade, and Ramirez (1982) 
TrachyDoqon savanna (burned and unburned plots), 
Venezuela 
Monthly belowground dry matter production and 
productlvity 
Productivity (unburned) -- July - 88.6 g m-2month-1 

105.1 g m-2month-1 
Productivity (unburned) -- April - 0 g m-2month-1 

0 g m-2month-1 

0 g m-2month-1 

Seasonal high: 
(burned December) -- July - 

Seasonal low: 
(burned December) -- April and August - 

(burned March) -- April and September - 
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c 

Authors : Shrimal and Vyas (1975) , 

Si te: Udaipur grasslands (protected and unprotected plots), 

Production data: 
Seasonal high: 

India 
Monthly aboveground, belowground, and total biomass 
Aboveground (protected) -- September - 180 g m-2 

(unprotected) -- September - 200 g m-2 
Belowground (protected) -- J u l y  - 110 g m -2 

(unprotected) -- July - 105 g m-2 

(unprotected) -- May - 20 g m-2 

(unprotected) -- September - 40 g m-2 

-2 Seasonal low: Aboveground (protected) -- May - 20 g m 

Belowground (protected) -- September - 30 g m-2 

Monthly rainfall and temperature Other data: 

Author: Singh (1968) 
Sites : Tropical grasslands, Varanasi, India (four sites) 
Production data: Monthly aboveground biomass by species; seasonal 

average (4 periods) plant biomass and productivity 
Seasonal high: Aboveground biomass -- September - 494-577 g m-2 

(varies with degree of utilization and year) 
Seasonal low: Aboveground biomass -- May and November -- 38-206 g m-2 

(varies with degree o f  utilization and year) 
Monthly rainfall and temperature Other data: 

Author: Singh (1974) 

Site: Tropical grassland, Kurukshetra, India 
Production data: Monthly mean aboveground plant blomass, tiller 

density, and changes in biomass for several species; 
month of peak biomass by species; seasonal (rainy, 
winter, and summer) estimates of net primary 
production 
Total aboveground biomass -- September - 1974 g m-2 
Rate o f  production -- rainy - 13.9 g m d 
Total aboveground biomass -- December - 105 g m-2 
Rate of production -- winter - 1.0 g m d 

Seasonal high: 

Seasonal low: 

-2 -1 

-2 -1 
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Other data: Monthly r a i n f a l l ,  temperature, and i n c i d e n t  so la r  

r a d i a t i o n ;  seasonal r a i n f a l l  and usable so la r  

rad ia t i on ;  monthly phenologica l  stages by species; 

annual energy budget; system t r a n s f e r  f unc t i ons  

Authors : Singh and Yadava (1972) 

S i te :  T rop ica l  grassland, Kurukshetra, I n d i a  

Product lon data: Monthly aboveground biomass, t i l l e r  dens i ty ,  

underground p l a n t  biomass, ne t  product ion,  and 

p r o d u c t i v i t y  
-2 -1 Seasonal h igh:  Net p r o d u c t i v i t y  -- June - 16.36 g m d 

Seasonal low: N e t  p r o d u c t i v i t y  -- October - 5.9 g m d 

Other data:  Monthly temperature and r a i n f a l l ;  system t r a n s f e r  

-2 -1 

func t ions  

Authors : 

S i t e s  : Trop ica l  grasslands ( t h r e e  s i t e s ) ,  Varanasi, I n d i a  

Product ion data:  

Singh and Ambasht (1975) 

Monthly s tanding crop and change i n  s tanding crop o f  

shoots and roo ts  

1292-3068 g m-2 ( v a r i e s  w i t h  degree o f  p r o t e c t i o n )  

(p ro tec ted  s i t e s )  

(grazed heav i l y )  

( va r ies  w i t h  degree o f  p ro tec t i on )  

( r o o t s )  -- June - 67-73 g m- 
(p ro tec ted  s i t e s )  

heavi 1 y )  

Seasonal h igh: Standing crop (shoots)  -- November, December - 

( r o o t s )  -- February - 165-174 g 

September - 578 g m-2 

2 Seasonal low: Standing crop (shoots) -- June - 252-461 g m- 

2 

May - 146 g m-2 (grazed 

t 
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Author: Varshney (1972) 
Site: Tropical grassland, Delhi, India 
Production data: Monthly aboveground biomass (green, total, and by 

Seasonal high: 
Seasonal low: 
Other data: Monthly rainfall and radiation 

spec i es ) 
Green biomass -- October - 771 g m-2 
Green biomass -- April - 9 g m-' 
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1.5.3 Temperate Forest 

54 

Author: 
Site: 
Production data: 

Seasonal high: 

Seasonal low: 

Authors : 
S i  te: 
Production data: 

Seasonal high: 

Seasonal low: 

Author: 
Site: 

Production data: 

Seasonal high: 

Dinger (1971 ) 
Liriodendron forest, Oak Ridge, Tennessee 
Seasonal patterns of number of  leaves per unit canopy 
volume, and leaf surface per unit volume of canopy 
over five-month growing season 
Number o f  leaves -- mid-May - 6 leaves me3 
Leaf area -- June - 3.75 m m- 2 3  

Number of leaves -- April - 0-4 leaves m-3 
Leaf area -- April - 0.15 m m- 2 3  

Chung and Barnes (1980) 
15-year-old loblolly pine stand, North Carolina 
Biweekly/monthly changes in C02 evolution, rates of 
photosynthetic production, photosynthate metabolism, 
photosynthate surplus, and total photosynthate 
production over growing season (May-September) 
Total photosynthate production -- July - 
2500 mg glucose d-l 
Total photosynthate production -- May and September - 
1500 mg glucose d-l 

Day (1973) 
Southern Appalachian forest, Coweeta Watershed, North 
Carolina 
Weekly/biweekly/monthly mean diameter increments, 
mean surface area per leaf, leaf production, total 
production, wood production, and bark production for 
five tree species €rom March to November 
Total production -- August-October - 250-1550 kg ha-’ 
Leaf production -- June-October - 175-850 kg ha-’ 
Wood production -- August-November - 75-675 kg ha-’ 

t 

C 
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Seasonal low: Total production -- March - 0 kg ha-’ 
Leaf production -- March - 0 kg ha-’ 
Wood production -- March-May - 0 kg ha-’ (except 
oak, which had a low of 0 kg ha-’ in March) 

Note: Variability is related to differences in species 

Authors: Edwards et a1 . (1981) 
Site: Liriodendron forest, Oak Ridge, Tennessee 
Production data: Biweekly/monthly total fixed carbon for Liriodendron 

Seasonal high: Liriodendron -- late June - 7.5 g C m d 

-2 -1 Seasonal low: Liriodendron -- October - 0.2 g C m d 

Other data: Seasonal solar radiation 

and all other species over six-month growing season 

Total -- late June - 10.5 g C m d 

-2 -1 Total -- October - 0.25-g C m d .  

-2 -1 
-2 -1 

Authors : Edwards and Harris (1977) 
Site: Liriodendron stand, Oak Ridge, Tennessee 
Production data: Biweekly/monthly estimates of root biomass and root 

respi ration 
Seasonal high: Root ( (0 .5 cm) biomass -- February and September - 

750-800 g m-2 
-2 -1 Root respiration -- August - 4 g C m d 

2 Root ((0.5 cm) biomass -- May - 200 g m- 
-2 -1 Root resplratlon -- February - 0.5 g C m d 

Seasonal low: 

Authors : Edwards, Harris, and Shugart (1973) 
Site: Liriodendron forest, Oak Ridge, Tennessee 
Production data: Monthly 14C02 efflux from soil above labeled 

Seasonal high: 
roots from November through August 

7 -2 -1 Tulip poplar -- June - 32 x 10 mg 14C m d 
2 -1 Oak -- June - 12 x 107mg 14C m- d 

7 -2 -1 Pine -- May-June - 5 x 10 mg 14C m d 
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Seasonal low: 

Other data: 

Authors : 

S i t e s  : 

Product ion data:  

Seasonal h igh: 

Seasonal low: 

Note : 

Author: 

S i te :  

Product jon data:  

Seasonal h igh  : 

T u l i p  poplar  -- January and August - 

0 mg 1 4 C  m- d 
-2 -1 Oak -- January - 0 mg 1 4 C  m d 

-2 -1 Pine -- January - 0 mg 1 4 C  m d 

1 4 C  d i s t r i b u t i o n  i n  L i r iodendron t r e e  n ine  months 

a f t e r  i n o c u l a t i o n  

2 -1 

Har r i s ,  Kinerson, and Edwards (1978) 

L l r lodendron fo res t ,  Oak Ridge, Tennessee; l o b l o l l y  

p ine  p l a n t a t i o n ,  Piedmont area, Nor th Caro l ina  

Monthly r o o t  biomass ( f i n e  and l a r g e  roo ts )  I n  
L i r iodendron stand, and monthly r o o t  biomass ( f i n e  

roo ts )  i n  p ine  p lan ta t i on ,  f o r  approximately two years 

Poplar ( r o o t s  <0.5 cm) -- 

Poplar ( r o o t s  >0.5 cm) -- 
Pine ( f i n e  roo ts )  -- l a t e  

Poplar ( r o o t s  <0.5 cm) -- 
Poplar ( r o o t s  >0.5 cm) -- 
250-600* g m-2 

September - 800-900* g m-2 

A p r i l  - 1300 g m-2 

December - 650 g m- 

May - 200 g m-2 
February-March - 

e a r l y  March - 700-800* g m-2 

2 

Pine ( f i n e  roo ts )  -- January - 220 g m-2 

* i nd i ca tes  d i f fe rences  between years 
August - 250 g m-2 

K i  nerson (1 975) 

L o b l o l l y  p ine  stand, Piedmont area, Nor th  Caro l lna  

Monthly fo l i age ,  stem, branch, and r o o t  r e s p i r a t i o n  
Fo l iage -- August - 13.5 g C02 m -2 h -1 

Stem -- J u l y  - 0.9 g COP m -2 h -1 

Branch -- Ju ly  - 0.2 g C02 m -2 h -1 

Root -- Ju ly  - 0.05 g C02 m -2 h -1 

L 
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Seasonal low: 

Other data: 

-2 -1 Foliage -- February - 2.5 g C02 m h 
-2 - 3  Stem -- December-January - 0.0 g C02 m h 
-2 -1 Branch -- December-January - 0.0 g C02 m h 
-2 -1 Root -- November-February - 0.0 g C02 m h 

Monthly soil and air temperature; relationships 
between temperature and stem respiration, surface 
area and tissue respiration, and root weight and root 
respiration; stem respiration Q,0(=2.9) 

Authors : Lassoie et al. (1984) 
Site: Red cedar understory in an oak-hickory forest, 

Production data: Seasonal net photosynthetic rate 
Seasonal high: Play - 2.5-3.0 mg g h 
Seasonal low: February - 0.0 mg g h 
Other data: Seasonal air and soil temperature, photosynthetically 

active radiation and soil water potential; seasonal 
transpiration; net photosynthetic rate as function of 
time of d for several sampling dates 

Ashland, Missouri 

-1 -1 
-1 -1 

Authors : Nlshioka et al. (1978) 
Site: Warm temperate evergreen oak forest, Mlnamata, Japan 
Production data: Monthly/bimonthly mean gross photosynthetic rate, 

mean daily gross photosynthetic rate, daily 
respiration rate, and daily surplus production rate; 
10-day average rates of mean dally gross production, 
mean daily rate of canopy respiration, and mean daily 
rate of surplus production; bimonthly mean 
respiratory rate in top layer leaves 

-2 -1 Seasonal high: Gross production -- September - 32 g CO, m d 
L -2 -1 Canopy respiration -- July-August - 22 g C02 m d 

Surplus production -- September-October - 
-2 -1 20 g C02 m d 
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Seasonal low: Gross production -- December-February - 
-2 -1 15 g C02 m d 

-2 -1 Canopy respiration -- February - 4 g C02 m d 

Note: 

Other data: 

Surplus production -- June-July - near zero or a net 
loss 
Surplus production in November, March, May near that 
of seasonal high 
Seasonal temperature, dally radiation; relationships 
between gross production and respiration, and 
radjation and temperature 

Author: Olson (1971) 
Site: Oak forest, Minnesota 
Production data: Monthly standlng crop by living, dead, strata, and 

Seasonal high: 
plant part 
Herb layer -- September - 207 kg ha-’ 
Shrub layer -- September - 638 kg ha-’ 
Tree layer -- September - 164,953 kg ha-’ 
Roots -- July - 20,630 kg ha-’ 
Herb layer -- April - 25 kg ha-’ 
Shrub layer -- Hay - 311 kg ha-’ 

Seasonal low: 

Tree layer -- April - 160,907 kg ha-’ 
Roots -- November - 9889 kg ha-’ 

Note: Ovlngton et al. (1963), Ecology 44:52-62, cited as 

Other data: Similar data for nearby prairie and savanna woodland 
original source of data 

Authors : Reichle et al. (1973a) 
Site: 
Product 1 on data : 
Seasonal high: 
Seasonal low: 

Liriodendron forest, Oak Ridge, Tennessee 
Month 1 y/bi mont h 1 y 1 at era 1 root carbon 
September - 0.85 kg m-2 
March - 0.5 kg m-2 
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L 

Author: Satoo (1970) 
Site: Ulmus parivola stand, Japan 
Production data: Weekly/monthly leaf biomass and leaf area index, 

seasonal changes in productive structure over growing 
season (April-July) 
Leaf biomass -- late May - 0.5 kg dw mm2 
Leaf biomass -- mid-April - 0.1-0.2 kg dw m-2 

dry weight and stem increment 

Seasonal high: 
Seasonal low: 
Other data: Relationships between leaf area and production, leaf 

Authors : Schulze and Koch (1971) 
Si te: Beech forest, Solling, Federal Republlc of Germany 
Production data: Biweekly/monthly net photosynthesis in sun and shade 

crown from March to December 
Seasonal high: Sun crown (70 klx) -- late July - 12 mg C02 g-ldw h-l 

Shade crown (12 klx) -- late August - 
1 1  mg C02 g-ldw h-l 

0.0 mg C02 g-ldw h-’ 
Shade crown -- November-December, March-mid-April - 
0.0 mg C02 g-ldw h-l 
Seasonal light intensity; diel changes in C02 
exchange 

Seasonal low: Sun crown -- October-December, mid-April - 

Other data: 

Author: Strui k (1965) 
Sites : Mesic Acer, dry-mesic Ouercus, and wet-mesic Acer 

Production data: Weekly plant weight, length, and percent growth for 
forests, and sand barrens in Wlsconsin 

several forest herbs over growing season 
(May-November) 

-1 2 . 5  g plant 
Amphicarpa (an annual) -- May - 0 g plant-’ 

Seasonal high: Amphicarpa (an annual) -- late September - 

Seasonal low: 
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Authors: Woodwell and Botkin (1970) 
Site: Oak-pine forest, Brookhaven, New York 
Production data: Daily/seasonal stem respiration for scarlet oak over 

four years, and net photosynthesis of scarlet oak 
leaves for six-month growing season over four years 

Seasonal high: Stem respjration -- June - 260 mg C02 m-2 bark h-’ 
Net photosynthesis -- June -- 
3.0-5.5 mg COP g-ldw m-2 

20 mg C02 m-2 bark h-l 
Net photosynthesis -- May and October - near 
0 mg C02 g-ldw h-l 
Atmospheric C02 concentrations, relationship 
between respiration and temperature 

Seasonal low: Stem respiration -- January-February - 

Other data: 

Author: Yoda (1978b) 
Site: Warm, temperate evergreen oak forest, Wlnamata, Japan 
Production data: Bimonthly leaf respiration rate; monthly canopy 

respiration rate; seasonal changes in leaf, branch, 
stem, and root respiration 

Branch -- July-August - 2 tons ha-lm0nth-l 
Stem -- July-August - 1.33 tons ha-’month- 

1 Root -- July-August - 0.5 tons ha-’month- 
Leaf -- December-February - 1.25 tons ha-’month-’ 
Branch -- December-February - 0.5 tons ha-’month-’ 
Stem -- December-February - 0.5 tons ha-’month-’ 
Root -- December-February - 0.25 tons ha-lmonth-’ 
Respiration rate as a function of height above 
ground, relative illuminance, temperature, and 
branch/stem diameter 

Leaf -- May-June - 4.5 tons ha-’month- 1 Seasona 1 hi gh : 

1 

Seasonal low: 

Other data: 
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1.5.4 Temperate Grassland 

-' Author: Andrzejewska (1974) 
Site: Sheep pasture, Mate Pleniny Mts., Jowarski, Poland 
Production data: Monthly estimates of green biomass and plant growth 

rate on pastures of high and low fertilization 
Low fertilization (biomass) -- June - 102.4 g m-2 
High fertilization (biomass) -- July - 189.7 g m-2 
Low fertilization (biomass) -- October - 24.5 g m-2 
High fertilization (biomass) -- October - 36.1 g m-2 

Seasonal high: 

Seasonal low: 

Authors : Baier et al. (1972) 
Site: Sand prafrie, Illinois River, Bath, Illinois 
Production data: Biweekly/monthly standing crop for four plots over 

growing season 
Late July - 100-240 g m-2 '(varying with plots) 
May - 0-40 g m-2 (varying with plots) 

Seasonal high: 
Seasonal low: 

Authors : 
Site: Pawnee Grassland, Colorado 
Production data: Hourly/daily estimates of photosynthesis, dark 

Brown and Trlica (1974) 

respiration, belowground respiration, and leaf area 
index for blue grama over growing season 

Seasonal high: Photosynthesis -- mid-June - 
91.5 mg C02 dm-2 leaf area h-l 
Dark respiration -- late August - 
100.1 rng C02 dm-2 leaf area h-l 
Root respiration -- mid-June - 

2332.8 mg COP m-2 ground area h-l 
Seasonal low: Photosynthesis -- mid-June and early August - 

0 mg C02 dm-2 leaf area h-l 
Dark respiration -- late July - 
8.3 mg C02 dm-21eaf area h-l 
Root respiration -- mid-July - 
50.5 mg COP m-* ground area h-l 

4 
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Other data: Concurrent soil water potential, irradiance, air 
temperature; photosynthesis and respiration as 
functions of soil water, irradiance, and temperature 
for blue grama and wheatgrass 

Author: Christie (1981) 
Si te: Mitchell grassland ecosystem, southwest Queensland, 

Production data: 
Seasonal high: Early January - 40 kg ha d 

Australia 
Seasonal aboveground biomass production 

-1 -1 

Authors : 
Site: Hlssouri Prairie Research Station, east-central 

Production data: Seasonal (April, July, October, January) standing 
crop of roots by horizon 

Seasonal high: A, horizon -- J u l y  - 1617 g m-2 
A2 horizon -- January - 157 g m-2 
B2 horizon -- October - 154 g m-’ 
A1 horizon -- April - 1188 g m-2 
A2 horizon -- J u l y  - 117 g rn-‘ 

B2 horizon -- July - 113 g m-2 

Dahlman and Kucera (1965) 

Missouri 

Seasonal low: 

Authors: Dye, Brown, and Trlica (1972) 
Site: Shortgrass prairie, Pawnee Grassland, Colorado 
Production data: Daily/weekly estimates of blue grama photosynthesis 

over the growing season 

-2 -1 Control (untreated) -- mid-June - 4.5 g C02m h 
Seasonal high: Irrigation treatment -- late August - 4.4 g C02m -2 h -1 

:. 

c 
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Seasonal low: I r r i g a t i o n  t reatment  -- e a r l y  September - 
-2 -1 2.2 g C02 m h 

Contro l  (unt reated)  -- mid-July - 
0.5 g C02 m h 
I r r i g a t i o n  was d iscont inued on August 17; near 

exponent la l  d e c l i n e  o f  photosynthesis i n  c o n t r o l  was 

r e l a t e d  t o  drought 

-2 -1 

Note: 

' Author: French (1979b) 

S i t e :  Shortgrass p r a i r i e ,  Pawnee Grassland, Colorado 

Product ion data: Seasonal vegetat ion biomass over growing season f o r  

f o u r  years 

Seasonal h igh:  Late June-mid-August - 140-200 g m-2 (bo th  t ime and 

value vary f rom year t o  year) 

Seasonal low: May-late August - 90-110 g m-2 (bo th  t ime and value 

vary f rom year t o  year)  

Authors : French, S te inhors t ,  and S w i f t  (1979) 

S i t e s  : Seven Nor th 'American grassland s i t e s  (mountain, 

bunchgrass, mixed, deser t ,  t a l l g r a s s ,  southern 

shortgrass,  and nor thern  shor tgrass)  

season f o r  t h ree  years 

Biomass values vary w i th  grassland type and from year 
t o  year 

Product ion data: Producer biomass f o r  ea r l y ,  middle,  and l a t e  growing 

B r i e f  r e s u l t s :  

Authors : Fukal, Koh, and Kumura (1976) 

S i t e :  Bar ley f i e l d ,  Tokyo, Japan 

Product ion data: 

Seasonal h igh:  

Seasonal C02 exchange and d a i l y  n e t  p roduc t ion  
-2 1 Net p roduc t ion  -- l a t e  A p r l l  - 18 g m d- 

Author: Hadley (1970) 

S i t e :  Ta l lg rass  p r a i r i e ,  O a k v i l l e  P r a i r i e ,  Grand Forks, 

Nor th Dakota 
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Product ion data: Monthly est imates o f  s tanding crop and n e t  pr imary 

herbage produc t ion  f o r  severa l  stand types over the  

growing season 

Standing crop -- August - 175-350 g dw m-2 
-2 -1 Product ion -- June-July - 4 g dw m d 

Standing crop -- May - near 0 g dw I I I - ~  
-2 -1 Product ion -- August-September - -4 g dw m d 

(a  n e t  l oss )  

Seasonal h igh: 

Seasonal low: 

Authors : Hadley and Kieckhefer  (1963) 

S i  t e :  Trelease P r a i r i e ,  Urbana, I l l i n o i s  (burned and 

unburned p l o t s )  

Product ion data:  Monthly s tanding crop f o r  bluestem and I n d i a n  grass 

l i v e  shoots, c a l o r i c  content  f o r  bluestem and Ind ian  

grass shoots and roo ts  

Standing crop -- September-November - 1400-1500 g mm2 
Standing crop -- May - 0-50 g m-2 

Seasonal h igh: 

Seasonal low: 

Author: K e l t i n g  (1954) 

S i tes  : Grazed. and v i r g i n  t a l l g r a s s  p r a i r i e ,  c e n t r a l  Oklahoma 

Product ion data:  Seasonal (spr ing ,  summer, and f a l l )  l i v e  s tanding crop 

Seasonal h igh:  

Seasonal low: 

V i r g i n  -- summer - 2872 l b  acre-’ 
Grazed -- summer - 3684 l b  acre-’ 

V i r g i n  -- sp r ing  - 1177 l b  acre-’ 

Grazed -- sp r ing  - 1481 l b  acre-’ 

Other data: Monthly s o i l  mois ture 

Authors : 

S i te :  

K ing and Hutchinson (1983) 

Ta l lg rass  pasture,  Arimdale, New South Wales, 

A u s t r a l i a  ( t h r e e  graz ing  regimes) 

Seasonal (spr ing ,  summer, f a l l ,  and w in te r )  green 

herbage and roo ts  

Ungrazed -- f a l l  - 1000-1400 kg dw ha-’ 

Heav i l y  grazed -- sp r ing  - 500 kg  dw ha-’ 

Product ion data: 

Seasonal h igh:  

i 

4 
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Seasonal low: 

Other data: 

Authors : 
Si te: 
Product 

Seasona 

on data: 

high: 

Seasonal low: 

Note: 

Other data: 

. 
Author: 
Site: 
Production data: 

Seasonal high: 

Seasonal low: 

Note: 

Other data: 

Ungrazed -- winter - 600 kg dw ha-’ 
Heavily grazed -- winter - 200 kg du ha-’ 
Seasonal soil temperature and moisture index, and 
rainfall 

Ode, Tieszen, and Lerman (1980) 
Mixed prairie, north-central South Dakota 
Bi week1 y/bimonthl y biomass, 
biomass composition for C and C4 plants in 
upland and lowland sites 
Live biomass (upland) -- late June - 149 g m-2 

(lowland) -- mid-June - 183 g m-2 
Live biomass (upland) -- mid-April - 0 g m-2 

(lowland) -- mid-April - 0 g m-2 
Average increase in biomass between April and June 
was 2.4  g m d In the upland site and 
3.8 g m d in the lowland site 
Monthly temperature and precipitation; biweekly soil 
mol sture 

3C composi t i on, and 

3 

-2 -1 
-2  -1 

Old (1969) 
Reclaimed tallgrass prairie, east-central Illinois 
Biweekly dry matter standing crop over growing 
season; total root biomass for May, July, August, and 
September for four depths; and root and foliar 
nutrient content for four months and three months, 
respectively; all by burn treatment 
Aboveground standing crop -- September - 300-600* g m- 

Root standing crop -- August - 1917-2111* g m-2 
Aboveground standing crop -- May - 50 g m-2 
Root standing crop -- May - 1305-1411* g 
* indicates variation associated wlth differences in 
burn treatment 
Weekly temperature, vapor pressure deficit, and 
solar radiation 

2 
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Authors : Pendleton et al. (1983) 
Si te: Annual grassland, San Joaquin Experimental Range, 

California 
#onthly/bimonthly shoot dry matter for early grasses, Production data: 

Seasonal high: 

Seasonal low: 

Other data: 

Authors : 
Site: 
Production d t 

Seasonal high: 

Seasonal low: 

late grasses, and early forbs 
Early grass -- early May - 1250 kg ha-’ 
Late grass -- April - 1200 kg ha-’ 
Early forb -- early May - 600 kg ha-’ 
Early grass -- June-November - 0 kg ha-’ 
Late grass -- June-November - 0 kg ha-’ 
Early forb -- June-November - 0 kg ha-’ 
Seasonal shoot phosphorus and nitrogen 

Penfound and Kelting (1950) 
Little bluestem pasture, Norman, Oklahoma 

areal cover over growing season by burn treatment 
Standing crop -- August - 56-92 g m-2 (decreasing 
with burn intensity) 
Standing crop -- April - 7-38 g m-‘ (decreasing 
with burn intensity) 

: Monthly live standing crop and percent in e in 

Author: 
Site: 

I Plewczynska-Kuras (1974) 
Sheep pasture, Mate Pienlny Pl ts . ,  Jaworski, Poland 

biomass by tissue, soil layer, and age of root 
Production data: Seasonal (March, June, and October) belowground 

Seasonal high: Total belowground -- March - 805.4 g m- 
Seasonal low: Total belowground -- October - 600.8 g m- 
Other data: Seasonal soil organic matter by depth and particle 

2 
2 

size 

Authors : 
Site: 

Rice and Penfound (1954) 
Plowed tallgrass prairie, Norman, Oklahoma 

. 

4 
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Production data: 

Seasonal h i g h : 

Seasonal low: 
Other data: 

Authors : 
Sites : 

Production data: 

Seasonal high: 

Seasonal low: 

. 

Other data: 

Authors : 
Sites : 

Production data: 

Brief results : 

Living areal cover and living standing crop in May 
and August by plowing treatment 
August - 4264-4770 lb acre-’ (highest in 
plowed plot) 
Hay - 112-1654 lb acre-’ (highest in control plot) 
Soil organic carbon at three depths for April and 
November 

Risser et al. (1981) 
Tallgrass prairie, Osage County, Oklahoma (grazed and 
ungrazed sites) 
Biweekly/monthly aboveground and belowground live 
biomass for two to three years 
Aboveground (grazed) -- July - 290 g m-2 

Belowground (grazed) -- July - 1150 g m-2 
(ungrazed) -- late June - 275-325 g m-2 

(ungrazed) -- March 1971 - 1780 g m-2 
July 1970 - 1390 g m-2 

Aboveground (grazed) -- December-April - 0 g m-2 

Belowground (grazed) -- late September - 920 g m- 
(ungrazed) -- December-March - 0 g ITI-~ 

2 

(ungrazed) -- August 1970 - 1140 g m-2 
October 1971 - 920 g m-2 

Seasonal soil water, temperature, rainfall, and 
heat flux 

Sims and Singh (1971, 1978a) 
Nine US/IBP Grassland Biome, North American 
grassland sites 
Seasonal live aboveground and belowground biomass for 
grazed and ungrazed sites over the growing season 
Timing and magnitude of seasonal highs and lows 
varied between sites and was related to abiotic 
variables 

. 
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Authors : Smiens and Olsen (1970) 
Site: Tallgrass prairie, Malmberg Prairie, Red River 

Val ley, northwest Minnesota 
Production data: Biweekly green standing crop for grasses and forbs in 

four Ilcommuni ty" types over growing season 
Grasses -- August-September - 2872-7488 kg ha-' Seasonal high: 
Forbs -- late July - 304-948-kg ha-' 
Grasses -- early July - 1132-2988 kg ha-' Seasonal low: 
Forbs -- September - 56-208 kg ha-' 

Authors : 
Site: Sheep pasture, Mate Pieniny flts., Jaworski, Poland 
Productlon data: Monthly green blomass by total green, monocots, 

Traczyk and Kochev (1974) 

dicots, mosses, and species for two years over 
growing seasons 
Total green -- July - 48.97-90.4 g m-* (varies 
between years) 
Total green -- September-October - 7.93-25.83 g m-2 
(varies between years) 

Seasonal high: 

Seasonal low: 
. 

Author: Williamson (1976) 
Site: Old sheep pasture, chalk grassland, West Sussex, 

England 
Production data: Bimonthly standing crop o f  live material by species; 

Seasonal high: 

Seasonal low: 

bimonthly estimates of productivity of live grasses 
Total standing crop -- August - 354.8 g dw m-2 

-2 -1 Productivity -- July - 6 g m d 
Total standing crop -- February - 54.4 g dw m-2 
Productivity -- December - 0.1 g m d -2 -1 
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1.5.5 Boreal Coniferous Forest 

e 

Authors : Agren et al. (1980) 
Site: 15-20-year-old Scots pine stand, Ivantjarnsheden, 

Production data: 
Sweden 
Monthly net photosynthetic production for different 
age classes of needles and whole tree 

Seasonal high: Whole tree -- July-August - 425-500 g C month-’ 
Seasonal low: Whole tree -- December-March - 0 g C month-’ 
Note: Variation in seasonal high reflects differences 

between years 

Author: Chap1 n ( 1983) 
Site: 135-year-old black spruce forest, Alaska 
Production data: Ten-day Interval biomass by plant part for two 

species of understory shrub 
Seasonal high: Vaccinium -- January (value varies wlth plant part) 

Ledum -- August (value varies with plant part) 
Seasonal low: Vaccinium -- May (value varies with plant part) 

Ledum -- May (value varies with plant part) 
Other data: Ten-day interval estimates of nitrogen and phosphorus 

concentration by plant part in the two species 

Authors : Chapin and Tryon (1983) 
Si te: Taiga forest, Alaska 
Production data: Monthly leaf area, weight of current long shoots, 

leaf respiration, and fine root respiration for 
several tree and shrub species; mean seasonal Qlo 
for leaf respiration 

0.7-10 mg shoot-’ (varies with species) 
Leaf respiration -- May-June (varies with species) 
Root respiration -- August-September (varies with 
spec i es ) 

Seasonal high: Shoot production -- July-September - 



ORNL/TM-9404 70 

Seasonal low: Shoot production -- Play - 0 mg shoot-' 
Leaf respiration -- August-September (varies with 
species) 
Root respiration -- May-June (varies with species) 
Monthly nitrogen and phosphorus concentration in 
current leaves and fine roots 

Other data: 

Authors : Ericsson and Persson (1980) 
Site: 20-year-old Scots pine stand, Jadraas, Sweden 
Production data: Weekly/monthly changes In root length, root biomass, 

and starch content in roots (1 mm and 1-2 mm 
Seasonal high: 

Seasonal low: 

Note: * indicates differences between control and 

Biomass (roots <1 mm) -- August - 90-120* g dw m-2 

Biomass (roots (1 mm) -- late June - 30-50* g dw m-2 
(roots 1-2 mm) -- early October - 20-90* g dw m-2 

(roots 1-2 mm) -- early June - 5-15" g dw m-2 

irrlgated-fertilized plot; treatment reduced biomass 
of roots (1 mm, increased blomass in roots 1-2 mm 

Other data: Seasonal air temperature 

X 

Authors : 
Sites : 
Production data: 
Seasonal high: Young stand 

Flower-Ellis and Persson (1980) 
Young and mature Scots pine stands In Sweden 
Weekly/monthly fine root blomass for three specles 

Vacclnium -- June - 65 g m-2 
Calluma -- October - 70 g m-* 
Pinus -- June - 45 g m-2 
Nature stand 
Vaccinium -- September - 175 g m-* 

2 Calluna -- April - 80 g m- 

Pinus -- August - 150 g m-* 



. 
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Seasonal low: Young stand 
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Vaccinium -- May and August - 35 g m-2 
Calluna -- July - 35 g m-2 
Pinus -- July - 10 g m-2 
Mature stand 
Vaccinium -- April - 135 g m-2 
Calluna -- May - 40 g m-2 
Pinus -- September - 85 g m-2 

Author: Helms (1965) 
Site: 
Production data: 

Seasonal high: 

38-year-old Douglas fir stand, Washington 
Seasonal net assimilation and respiration of  

dominants and co-dominants 
Net assimilation (dominants) -- summer - 

-1 -1 0.3 mg C02 g h 

0.35 mg C02 g h 
(co-dominants) -- summer - 

-1 -1 

Respiration (dominants) -- summer - 
0.05 mg C02 g h 

0.08 mg C02 g h 

0.05 mg C02 g h- 

-1 -1 

(co-dominants) -- summer - 

Seasonal low: Net assirnilation (dominants) -- winter 

-1 -1 

-1 1 

(co-dominants) -- winter - 
-1 -1 0.04 mg C02 g h 

Respiration (dominants) -- winter - 
0.01 mg C02 g h 

0.02 mg C02 g h 

-1 -1 

(co-dominants) -- winter - 
-1 -1 

Other data: Seasonal air temperature, relative humidity, and 
precipitation; typical diurnal patterns i n  net 
assimilation by season; net assimilation as a 
function of light and temperature 
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Authors: Larsson and Tenow (1980) 
Site: Mature Scots plne forest, Ivantjarnsheden, Sweden 
Production data: Seasonal needle biomass, biweekly needle growth 
Seasonal high: Biomass -- August - 2766 kg dw ha-’ 
Seasonal low: Biomass -- October - 2201 kg dw ha-’ 
Other data: Five-d interval mean alr temperature and 

precipitation over growing season 

Authors : 
Site : 20-year-old Scots pine stand, Jadraas, Sweden 
Production data: Ten-day interval mean diurnal patterns of net 

Llnder and Troeng (1980) 

photosynthesls early in the growing season for a 
one-year-old shoot of Scots pine; ten-day mean net 
photosynthesis for current shoots and stem 
respiration at several temperatures 

-2 -1 One-year shoot -- late June - 25 mg C02 dm h 
Current shoot -- early September - 
20 mg COP dm hr 
Respiration (25OC) -- late June - 20 mg C02 hr-’ 

-2 -1 One-year shoot -- early April - 0 mg COP dm h 
Current shoot -- late November - 
0 mg C02 dm h 
Respiration (25OC) -- mid-May - 7.5 mg C02 h-l 
Seasonal temperature and photon flux density; 
stomatal conductance and mesophyll conductance as a 
function of temperature and photon flux; net 
photosynthesis as a function of temperature and 
photon flux 

Seasonal high: Net photosynthesis 

-2 -7  

Seasonal low: Net photosynthesis 

-2 -1 

Other data: 

. 

c 
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Author: 
Site: 
Production data: 
Seasonal high: 

Seasonal low: 

Authors : 
Si te: 
Production data: 

Seasona 1 hi gh : 

Seasonal low: 

Other data: 

Satoo (1971) 
20-year-old Pinus densiflora stand, Japan 
Seasonal leaf, total, aboveground, and stem biomass 
Leaf -- August-October - 9.6 tons ha-’ 
Total -- April - 125 tons ha-’ 
Aboveground -- March - 100 tons ha-’ 
Stem -- March - 75 tons ha-’ 
Leaf -- November - 5.5 tons ha-’ 
Total -- August - 110 tons ha-’ 
Aboveground -- April - 87 tons ha-’ 
Stem -- April - 65 tons ha-’ 

Teskey, Grier, and Hinckley (1984) 
Pacific silver fir stand, Cedar River, Washington 
Biweekly/bimonthly estimates of net photosynthesis 
and dark respiration for current and one-year-old 
foliage (laboratory study) 
Photosynthesis (current foliage) September - 
10.4 mg C02 dm 

12.9 mg C02 dm 
Respiration (current foliage) June - 
62 mg C02 dm h (at 3OOC) 

12 mg COP dm 
Photosynthesis (current foliage) July - 
0 mg C02 dm-2h-1 (at 1°C) 

1.5 mg C02 dm h 
Respiration (current foliage) 

-2 -1 (2 mg CO2dm h (at 1OC) throughout year 
(One-year foliage) 

(2 mg CO2dm h (at 1OC) throughout year 
Diel variations in air temperature, vapor pressure 
deficit, photosynthetically active radiation, 
stomatal conductance, and xylem water potential for 
three dates (17 July, 9 August, and 17 September 1981) 

(at 15°C) 

(at 15OC) 

-2 h-l 

-2 h-l 
(One-year foliage) July - 

-2 -1 

(One-year foliage) September - 
(at 30°C) -2 h-l 

(One-year foliage) May-June - 
-2 -1 

-2 -1 



74 ORNL/TH-9404 

1.5.6 Boreal Tundra 

Authors : Allessio and Tieszen (1978) 
Site: Barrow, Alaska 
Production data: Seasonal pattern of 14C translocation in the 

graminoid Dupontia fisher1 

Authors : Billings, Peterson, and Shaver (1978) 
Site: Barrow, Alaska 
Production data: Seasonal daily mean dark C02 flux from tundra 

vegetation and soil 
July 25 - 367 mg C02 m -2 h-1 Seasonal high: 

Seasonal low: June 24 - 52 mg C02 m h 
Other data: Seasonal daily mean soil temperature 

-2 -1 

Authors : Bunnell and Scoul lar (1981 ) 
Site: Calluna vulgaris stand, Moor House blanket bog, UK 
Production data: Seasonal aboveground live biomass 
Seasonal high: 
Seasonal low: 
Other data: Seasonal standing dead 

2 August - 900 g m- 
January - 450 g m-2 

Authors : Caldwell, Johnson, and Fareed (1978) 
Site: Barrow, Alaska 
Production data: Ten-day interval leaf area index by canopy height 

over three-month growing season 
Seasonal high: At 0-2.5 cm -- July 27 and August 24 - 0.55 

At 10-15 cm -- August 9 - 0.02 
Seasonal low: At 0-2.5 cm -- June 23 - 0.5 

At 10-15 cm -- June 23 - 0.0 

. 

Authors : 
Site: 

Coyne and Kelley (1978) 
Barrow, Alaska 

c 
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Production data: Ten-day interval mean daily gross community uptake, 
ecosystem respiration, and chlorophyll over 
three-month growing season 
Gross C02 uptake -- early and late July - 

-2 -1 21 g C02 m d 
-2 -1 Respiration -- early July - 18 g C02 m d 

-2 -1 Gross C02 uptake -- August 20 - 0 g C02 m d 
-2 -1 Respiration -- late August - 7 g C02 m d 

Seasonal high: 

Seasonal low: 

Other data: Seasonal irradiance and soil surface temperature; 
seasonal and diurnal C02 flux and concentration in 
the atmosphere 

Authors : Dennis, Tieszen, and Vetter (1978) 
Site: Barrow, Alaska 
Production data: Ten-day Interval aboveground standing crop, 

belowground standing crop, leaf area index, and 
ash-free caloric content (three species) 
Live aboveground -- August 4 - 75 g m-2 
Live belowground -- June 15 - 899 g m-2 
Live aboveground -- June 15 - 7 g m-2 
Live belowground -- July 5 - 522 g m-2 
Data collected over three-month growing season 
(June-August) 

Seasonal high: 

Seasonal low: 

Note: 

Author: Flower-Ellis (1975) 
Si te: Andromeda Dollfolla stand, Stordalen mlre, Sweden 
Production data: Weekly/biweeky estimates of daily weight changes for 

- A .  polifolia leaves 
Early July - 177 mg d-l x lo3 
Late July-early August -67 mg d-l x 10 
weight loss) 
Weekly/biweekly estimates of mean weight/unit length 
for A. polifolia leaves and percent total weight by 
tissue for A. polofolia individuals 

Seasonal high: 
Seasonal low: 3 (i.e., a 

Other data: 
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Authors : Gerasimenko and Zalenskiy (1974) 

S i t e :  Wrangel Is land,  Rogers Bay, t he  A r c t i c  

Product ion data:  Monthly photosynthesis du r ing  growing season f o r  two 

species; maximum p o t e n t l a l  and v l s l b l e  photosynthes is  

f o r  several  species 

Authors: Johansson and L inder  (1975) 

S i t e :  Subarct ic  mire,  Stordalen, Sweden 

Product ion data:  Weekly photosynthesis f o r  f o u r  species; seasonal 

(June, Ju ly ,  September) photosynthet ic  r a t e  f o r  a 

v a r i e t y  o f  species 

Seasonal h igh: June-July - values q u i t e  v a r i a b l e  by species 

Seasonal low: September-flay - near 0 t o  <1 mg COz g-ldw h-' 

Other data: Weekly a i r  temperature, peat temperature, and 

so la r  r a d i a t i o n  

Authors : Karenlampi, Tammlsola, and Hurme (1975) 

S i t e :  Laboratory,  samples o f  l i c h e n  f rom Kevo Research 

S ta t l on ,  nor thern  F ln land 

Product ion data: kleekly/biweekly/"monthly" weight growth of Cladonia 

alpes t r i s 

Seasonal h igh: Late Ju l y  - 0.25% 

Seasonal low: Mid t o  l a t e  June and e a r l y  August - 0.05% 

Other data:  Predic ted C02 exchange f o r  p a r t s  o f  t h e  l i c h e n  

Ce t ra r ia  n i v a l l s  

Authors : Kellomaki e t  a l .  (1977) 

S i t e :  Dwarf shrub community, c e n t r a l  F in land 

Product ion data: 

Seasonal h igh:  Mid-May - 12 g m d 
Biomass produc t ion  o f  community ( d a i l y )  

-2 -1 
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Authors : Oechel and Sveinbjornsson (1978) 
Site: Barrow, Alaska 
Production data: Ten-day interval maximum and minimum rates o f  C02 

exchange, net CO accumulation, dry matter 
accumulation in bryophytes over three-month growing 
season; response o f  net C02 exchange to temperature 
at different dates through the growing season 
COP accumulation -- July 19 --225 mg COP g-l dw 10 d-l 
Biomass accumulation -- August 23 - 0.95 g g-l 
C02 accumulation -- June 9 - 75 mg C02 g-l dw 10 d-l 
Biomass accumulation -- June 24 - 0.1 g g-l 

temperature, and maximum photosynthesis records for 
several species 

2 

Seasonal high: 

Seasonal low: 

Other data: Seasonal solar radiation, air temperature, tissue 

Author: Rastorfer (1978) 
Site: Barrow, Alaska 
Production data: Monthly bryophyte biomass 
Seasonal high: 
Seasonal low: 
Note: 

August - 142 g m-' 
June - 115 g m-2 
Data collected over three-month growing season 
(June-August) 

Author: Skre (1975) 
Si te: Laboratory transplants from Hardangervidda, Norway 
Production data: Seasonal apparent photosynthesls, gross 

photosynthesis, and dark respiration for 
several species 

Seasonal high: Apparent photosynthesis -- July (values vary 
with species) 
Dark respiration -- J u l y  (values vary with species) 

4 
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Seasonal low: Apparent photosynthesis -- September (values vary 
with species) 
Dark respiration -- August-September (values vary 
with species) 
Ql0's for gross photosynthesis, dark respiration, 
and root respiration; root respiration; C02 flux as 
a function of light and temperature 

Other data :I 

Author: Tieszen (1975, 1978b) 
Site: Barrow, Alaska 
Productlon data: Weekly mean minimum and maximum C02 exchange, dark 

respiration, and leaf area Index; ten-day interval 
vascular photosynthesis, cumulative C02 uptake, and 
leaf area index; mean exposed leaf area and leaf 
photosynthesis for select vascular plant species over 
the three month growing season (June-August) 

-2 -1 Vascular photosynthesis -- August 4 - 16 g C02 m d Seasonal high: 
Net incorporation of COP 

all dicots -- mid July - 4.68 g C02 m-21and d-l 
all monocots -- mid July - 2.0-6 g CO, m-21and d-l 

L -2 -1 Vascular photosynthesis -- June 25 - 2 g C02 m d Seasonal low: 
Net incorporation of C02 

all dicots -- mld June - 0.24 g C02 m-*land d-' 
all monocots -- mid June - 0.32 g C02 m-21and d-' 

Other data: Seasonal irradiance and air temperature, seasonal 
carboxylase activity 

c 
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Author: Tieszen (1978~) 
Site: Barrow, Alaska 
Production data: Comparison of seasonal course of net photosynthesis 

by cuvette, atmospheric C02 flux by aerodynamic 
method, and aboveground production rate 

-2 -1 Seasonal high: By cuvette -- July 20 - 12 g CO, m d 
L -2 -1 By C02 flux -- July 20 - 5.5 g C02 m d 

-2 -1 By production rate -- June - 2.5 g CO, m d 
-2 -f Seasonal low: By cuvette -- June 20 - 2 g C02 m d 

-2 -1 By C02 flux -- late August - 2.5 g C02 m d 
-2 -1 By production rate -- August 10 - 0.5 g COP m d 

Other data: Seasonal irradiance 

. 
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1.5.7 Arid Lands 

Author: AYYad 
Sites : Middle 

1981 ) 
Eastern and Algerian deserts 

Production data: Monthly new green plant dry weight In three plant 
associations in the Algerian desert and in four 
associations of the desert Middle East 

Artemisia -- December 
Lyseum -- May 
Atriplex and Suaedea -- May 
Middle East 
Poterium -- April - 2.8 log kg ha-’ 

Seasonal high: Algerian desert 

Anabasidetum -- March - 2-2.5 log kg ha-’ 
Artemisleturn -- March-April - 1.5-2.25 log kg ha-’ 
Zysophelletum -- March-April - 1.5-2.25 log kg ha-’ 

Artemisia -- January 
Lyseum -- January 
Atriplex and Suaedea -- January 
Middle East 

Seasonal low: Algerian desert 

Poterlum -- November - 1.8 log kg ha-’ 
Anabasldetum -- September - 1-1.9 log kg ha-’ 
Artemisleturn -- February - 1-2 log kg ha-’ 
Zysophelletum -- September - 0.4-1.25 log kg ha-’ 

Authors : Bamberg et al. (1976) 
Site: 
Production data: 

Mojave desert, Rock Valley, Nevada 
Monthly estimates of C02 assimilation for two years 
and four desert shrub species 
March-June (varied with year and species) 
September-January - 0 mg C02 g-’ leaf dry weight d-’ 
Monthly rainfall and temperature 

Seasonal high: 
Seasonal low: 
Other data: 
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Authors : Bamberg et al. (1975) 
Site: Mojave desert, Nevada Test Site 
Production data: Biweekly/monthly .estimates of net photosynthesis and 

transpiration for flve species o f  desert shrub from 
March to June 
March - 10-45 mg CO g-ldw h-l (varied with species) 
June - 0-1 mg C02 g dw h-l (varied slightly 
with species) 

moisture; net photosynthesis in Krameria parvifola as 
a functlon of temperature and soil moisture 

Seasonal high: 
Seasonal low: 3 

Other data: Monthly preclpltatlon, soil temperature, and soil 

Authors: Cunningham et al. (1979) 
Site : Creosote bush stand, Dona Anna County, New Mexlco 
Production data: Seasonal (spring, summer, fall, and winter) relative 

Other data: 
total aboveground production 
Monthly precipitation and soil water potential 

Authors : Ludwig and blhitford (1981) 
Sites : Chihuahuan desert alluvial fans and other areas, 

New Mexico 
Creosote bush (leaves) -- October - 125-350 kg ha-’ 
Mesquite -- April-June - 225-325 kg ha-’ 
Annual forbs -- July - 375 kg ha-’ 
Perennial forbs -- August - 100 kg ha-’ 
Tobosa grass (green) -- November 1971 - 6000 kg ha-’ 

Seasonal high: 

August 1972 - 5750 kg ha-’ 
July 1973 - 4000 kg ha-’ 

Creosote bush (leaves) -- February-May - 0 kg ha-’ 
Mesquite -- Oecember-March - 0 kg ha-’ 

Seasonal low: 

Annual forbs -- November-April - 0 kg ha-’ 
Perennial forbs -- November-April - 0 kg ha-’ 
Tobosa grass (green) -- much of the,year - 0 kg ha-’ 
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Note: Mesquite grass showed year t o  year v a r i a t i o n  s i m i l a r  

Other data: Monthly p r e c i p i t a t i o n ,  s o i l  water, and temperature 

t o  t h a t  o f  tobosa grass 

Authors : Ludwig and Whi t fo rd  (1981) 

S i t e s  : Sarayla, Sde-Boqer, and Mlgda, Negev Desert, I s r a e l  

Product ion data: Monthly biomass f o r  several  species 

Seasonal h igh: Sarayia 

Sarcopoterium shrub -- A p r i l  - 130 kg ha-’ 

Ar temis ia  shrub -- June-July - 75 kg ha-’ 

- Poa -- March - 3 kg ha-’ 

Annuals -- A p r i l  - 4.5 kg ha-’ 

Sde-Boquer 

Erodium -- A p r i l  - 320 kg ha-’ 

Annuals -- A p r i l  - 250 kg ha-’ 

M i  gda 

Annuals -- A p r i l  - 6000 kg ha-’ 

Sarcopoterium shrub -- November - 75 kg ha-’ 

Ar temis ia  shrub -- November - 20 kg ha-’ 

- Poe -- November-December - 0-0.25 kg  ha-’ 

Annuals -- November-January - 0 kg ha-’ 

Sd e - Boq e r 

Erodium -- November-December - 0 kg ha-’ 

Annuals -- November-January - 0 kg ha-’ 

M i  gda 

Annuals -- November-January - 0-200 kg ha-’ 

Seasonal low: Sarayia 

Other data:  Seasonal r a i n f a l l  and s o i l  mois ture 

Author: S t r a l n  (1969) 

S i t e :  

Product ion data: 

Desert shrub stand, Colorado deser t ,  C a l i f o r n i a  

For several  species, seasonal (summer and w i n t e r )  

est imates o f  n e t  photosynthesis and dark r e s p i r a t i o n ;  

monthly r e l a t i v e  carbohydrate content  i n  bark and l e a f  

c 
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Seasonal high: Photosynthesis -- winter - values vary greatly with 
species 
Respiration -- winter - values vary greatly with 
spec i es 

spec i es 
Respiration -- summer - values vary greatly with 
species 
Air temperatures concurrent wlth measurements o f  

photosynthesis 

Seasonal low: Photosynthesis -- summer - values vary greatly wlth 

Other data: 

Authors : Van Keulen and de Wit (1981) 
Slte: Higda, Israel 
Production data: Blweekly standlng crop from December to May for two 

years 
Seasonal high: Late March-April - 6.0-8.2 tons dw ha-’ 
Seasonal low: December - 0-0.1 tons dw ha-’ 
Other data: Biweekly total soil moisture 

r 

. 
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2. LITTERFALL ON A SEASONAL BASIS 

2.1 INTRODUCTION 

The term "litterfalll' denotes the flux of biomass from the living 
or standing dead state to contact with the ground. Several compendia 
containing litterfall data now exist, including Bray and Gorham (1964), 
DeAngelis, Gardner, and Shugart (1981), and Cannell (1982). This data 
base is extensive; Cannell, in fact, lists data from 1200 forest 
sites. However, because nearly all of the data in these sources are 
average annual fluxes, they are of little help in constructing seasonal 
carbon budgets. In addition, the above references consider only forest 
sites and thus omit the biomass turnover occurring in tropical 
savannas, temperate grasslands, and boreal tundra. 

also exists at least one general predictive model of litterfall, that 
of Meentemeyer, Box, and Thompson (1982). This model expresses total 
annual litter production (either leaf or total plant) as a function of 
actual evapotranspiration. As with the sources of empirical data 
mentioned above, however, this predictive model is not useful in 
modeling seasonal litterfall processes. 

Seasonal ecosystem models are mlxed in their treatment of 
litterfall. The tropical rain forest model o f  Bandhu et al. (1973) 
treated litterfall as a constant, although the authors believed 
litterfall to be inversely related to rainfall. Krishnamurthy (1978) 
modeled the transfer of standing dead to litter in an Indian tropical 
grassland with time-varying transfer coefficients for four time periods 
(the coefficients were constant within a given time period). Sollins, 
Reichle, and Olson (1973) treated litterfall in a southern Appalachian 
deciduous forest as a seasonal forcing, i n  the case of leaf litterfall, 
but the fall of woody litter was modeled with constant annual rate 
coefficients. Andersson et al. (1973), in  their model of a Belgian 
oak-ash forest, included an on-off switch (or unit impulse forcing) 
which was on for the duration of the litterfall period. Field et al. 

In addition to these compendia of empirical information, there 

t 
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V 

(1973) incorporated litterfall in their model of a coniferous forest as 
a smooth unimodal function of time. The CONIFER model (Coniferous 
Forest Biome Modeling Group 1977) treated the leaf fall rate as the 
summation of a constant minimum leaf fall rate, a time-varying rate, 
and an acute old foliage defoliation rate. 

grassland model described by Sauer (1978). The fall of standing dead 
was hypothesized to be the result of physical disturbance by rain and 
snow. The rate of fall increased with the moisture content o f  the 
standing dead tissue. Detling, Parton, and Hunt (1979) treated the - 
fall of blue grama grass as an increasing function of daily 
precipitation. The tundra model of Jones and Gore (1972, 1978, 1981) 
used constant rate coefficients and seasonal switches. However, the 
ABISKO tundra model of Bunnell and Dowdlng (1974) treated the transfer 
of standing dead to litter as a nonllnear function of temperature, 
moisture, substrate, trampling, wind, and snow. Obviously, the 
modeling of seasonal litterfall has been dealt with in a number of 
different ways, with no particular one predominant over the others. 
Several authors (e.g., Sauer 1978) have commented on the need for a 
better understanding of the environmental regulation of litterfall. 

We have surveyed some of the relevant literature to compile 
empirical seasonal litterfall data from a variety of terrestrial 
sites. The result is not an exhaustive listing of such data, but 
possibly enough data exist to guide the realistic incorporation of the 
litterfall flux in several terrestrial biome carbon models. 

In the synopses below, we give the geographic site of the data, 
the literature citation, and, briefly, the resolution of the data - 
(e.g., weekly, monthly, or seasonally; leaf litter, twigs, etc.). We 
do not present the actual data here, aside from noting the approximate 

Litterfall was modeled in a more mechanistic way in the ELM 

hlghs and lows of the seasonal fluxes. Other data, such as seasonal 
rainfall, are mentioned where relevant. 
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2.2 EMPIRICAL DATA SOURCES FOR SEASONAL LITTERFALL 

2.2.1 Tropical Forest 

Authors : 
Site: 
Type of data: 
Seasonal high: 
Seasonal low: 
Other data: 
- 

Authors : 
Si te: 
Type of data: 
Seasonal high: 
Seasonal low: 
Other data: 

Authors : 
Site: 
Type of data: 

Seasonal high: 
Seasonal low: 
Other data: 

Author: 
Site: 
Type of data: 
Seasonal high: 
Seasonal low: 
Other data: 

Adis, Furch, and Irmler (1979) 
Central Amazonian inundation forest (igapo) 
Monthly; total litter 
July - 160 g m-2month-1 
January to March - 20 to 30 g m-2month-1 
The rainy season is January to March 

Bernhard-Reversat, Huttel, and Lemee (1972). 
Evergreen rain forest, Banco Natl. Park, Ivory Coast 
Monthly litterfall by plant part 
January-February 
August 
Monthly rainfall, temperature, soil water content, and 
evapot rans pi rat i on 

Boojh and Ramakrishran (1982) 
Subtropical evergreen montane forest, India 
Monthly; total, by plant part, and by species; seasonal 
(dry and wet) litterfall, amount and rate 
Total litter -- March - 293 g m-2 
Total litter -- June-July - 25 g m-( 

Monthly temperature and rainfall 

Edwards (1977) 
Lower montane rain forest, New Guinea 
Monthly; woody and non-woody 

-2 -1 August to October - 3 g m d 
-2 -1 March - 1.5 g m d 

Monthly rainfall and temperature; May to August is the 
dry season 

c 
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Authors: Halnes and Foster (1977)  

Site: Barro Colorado Island, Panama 
Type o f  data: Monthly; leaf energy and twig energy 
Seasonal high: 
Seasonal low: 
Other data: Monthly rainfall 

1 January - 220 kcal m-2week- 
July to October - 70 kcal m-2week- 1 

Authors: Jenny, Gessel, and Bingham (1949) 

Sites : Three virgin forests, Colombia 
Type o f  data: Monthly; total litter 
Seasonal high: Chinchina I 1947: April - 195 g m-2; 1948: March, 

June - 200 g 
Chinchina I1 1947: March - 155 g m-2; 1948: March - 
100 g m-2 
Colima 1947: May - 105 g rn-2; 1948: not available 
Chinchina I 1947: October - 50 g m-2; 1948: August - 
50 g m-2 
Chinchina I1 1947: July - 45 g mm2; 1948: July - 30 g m-2 
Collma 1947: July - 35 g m-2; 1948: not available 

Seasonal low: 

Author: John (1973) 

Site: Moist seml-deciduous forest, Ghana 
Type o f  data: Monthly; total, small twigs, and trash 
Seasonal high: 

200 g dw m-2 (1972)  

Seasonal low: 
Other data: Monthly solar radiation, wind speed,. relative humidity, 

January to March - 150-160 g dw m-2 (1971) ,  

June to August - 40-50 g dw m-2 

and rainfall 

Authors : Klinge and Rodrigues (1968) 

Site: Amazonian terra firma forest near Manaus, Brazil 
Type of  data: Monthly; leaves and other 
Seasonal high: 
Seasonal low: 
Other data: 

May - 170 g m-2year-1 
January - 40 g m-2year-1 
Monthly rainfall; May to October is the dry season 
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Authors : Kunkel-Westphal and Kunkel (1979) 
Site: Eastern highlands, Guatamala 
Type of data: Monthly; leaves, wood, and reproductive 
Seasonal high: April - 7.5 g m d 
Seasonal low: July - 1.0 g m d 
Other data: 

-2 -1 
-2 -1 

Monthly temperature and precipitation 

Authors : Lambert, Arnason, and Gale (1980) 
Site: Seasonally d r y  tropical hardwood forest, Belize 
Type o f  data: Monthly; total litter 
Seasonal high: 
Seasonal low: 
Other data: 

June, September - 190 g m-2month-1 
February to May - 10-20 g m-2month-1 
Monthly preclpitation and temperature 

Author: Madge (1965) 
Site: Dry lowland forest In Ibadan, Nigeria 
Type of data: Monthly; leaf and debris 
Seasonal high: January-February - 1200 g m-*/2 weeks 
Seasonal low: May-September - 100 g m-'/2 weeks 
Other data: Monthly precipitation and temperature; rainy season is 

May to September 

Authors: Malaisse e t  al. (1972) 
Site: Miombo woodland, Zaire 
Type of data: Monthly; by plant part (total litterfall reported here) 
Seasonal high: 

Seasonal low: 

August-September - 83.4 g m-2 (mean for 1968-1970, 
range = 63.2-106.7) 
January-February - 8.3 g m-2 (mean for 1968-1970, 
range = 5.3-9.9) 

evapotranspiration, and total radiation 
Other data: Monthly rainfall, temperature, humidity, 

c 
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Authors : 
Site: Lowland rain forest, Pasoh Forest Reserve, western 

Type of data: 
Seasonal high: Early August - 3.964 g dw m d 
Seasonal low: Mid-September - 0.954 g dw m d 

Matsumoto and Abe (1979) 

Ma 1 a y s i a 
Weekly; by plant part for June to September 1973 

-2 -1 
-2 -1 

Authors : 
Site: Rancho Grande cloud forest, Venezuela 
Type of data: Monthly; total litter 

-2 -1 Seasonal high: August - 1.8 g m d 
Seasonal low: October - 1.5 g m d 
Other data: Monthly rainfall and temperature 

Medina and Zelwer (1972) 

-2 -1 

Author: Mitchell (personal communication to Bray and Gorham, 

Site: Mal aya 
Type of data: Monthly; percent litterfall 
Seasonal high: February to April - 10% 
Seasonal low: August to December - 5% 

1964) 

. 
Author: Nye (1961) 
Site: Kade, Ghana 
Type of data: Monthly; leaves and other 
Seasonal high: 
Seasonal low: 

March - 160 g rn-2year-1 
July - 30 g m-2year-’ 

Authors : Swift, Russel-Smith, and Perfect (1981) 
Site: Ibadan, Nigeria 
Type of data: Monthly; leaf and total 
Seasonal high: 
Seasonal low: 
Other data: Monthly rainfall and temperature 

February - 95 g m-2month-1 
June - 18 g m-2month-1 
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Author: Tanner ( 1980) 
Sites : Montane rain forest, Jamaica (mor and mull sites) 
Type of data: Monthly; leaves and woody materials 
Seasonal high: June-August - 20 g m d (total) 
Seasonal low: October-December - 10 g m d (total) 
Other data: Monthly precipitation 

-2 -1 
-2 -1 

Authors : Wiegert and Murphy (1970) 
Site: Rain forest, Puerto Rico 
Type of data: Semi-annual averages 

2.2.2 Tropical Savanna/Grassland 

Author: Collins (1977) 
Site: Southern Guinea savanna, Nigeria 
Type of data: Monthly; wood and leaf 
Seasonal high: Wood -- late June-mid-July - 119.4 kg ha-’ 

Leaf -- January - 682.1 kg ha-’ 
Seasonal low: Wood -- December - 31.6 kg ha-’ 

Leaf -- late June-mid-July - 32.4 kg ha-’ 

Authors : Grunow, Groeneveld, and DuToit (1980) 
Site: South African tree savanna, Nylsvley, South Africa 
Type of data: Monthly; plant death rate 
Seasonal high: 
Seasonal low: 

March - 3.5 g m-2 week-’ 
October-December - 0.0 g m-2 week-’ 

Author: Krishnamurthy (1978) 
Site: Grazing land, Khirasara, India 
Type of data: 
Seasonal high: Live to standing dead - September-November 

Seasonal low: Live to standing dead - June-August 

Other data: Transfer rates are calculated 

Monthly standing dead and litter, above- and belowground 

Standing dead to litter - September-November 

Standing dead to litter - March-August 

. 
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e 

Authors : 
Si tes : 
Type of data: 
Seasonal high: 

Seasonal low: 

Authors : 
Site: 
Type of data: 

Seasonal high: 

Seasonal low: 

Other data: 

* 

Authors: 
Site: 
Type of data: 

Menaut and Cesar (1982) 
Lamto savanna (open and dense sites), Ivory Coast 
Monthly; leaffall 
Open site -- February - 0.25-0 
between years) 
Dense site -- February - 0.55- 
between years) 

6 tons ha-’ (varies 

. 3  tons ha-’ (varies 

Open site -- April-June - 0 tons ha-’ 
Dense site -- April-June - 0 tons ha-’ 

Morris, Bezuidenhout, and Furniss (1982) 
Nylsvley savanna, South Africa 
Weekly; litter input by part and species, and input to 
standing dead grass 
Litter input -- late June, early July - 10.25 g m-2 week- 
Grass death -- December - 4.8 g m-2 week-’ 
Litter input -- mid-February - 1 g m-2 weeK-l 
Grass death -- late September, early October - 
0.1 g m-2week-1 
Monthly soil moisture and temperature 

1 

San Jose, Berrade, and Ramirez (1982) 
Trachypoqon savanna, Colombia 
Monthly changes in belowground grass material 

2.2.3 Temperate Forest 

Author: Bandola-Ciolzyk (1974) 
Si te: Ispina forest district, Poland 
Type of data: Irregular sampling intervals; leaves and other 

Seasonal high: 
Seasonal low: 
Other data: Monthly temperatures 

categories 
October-November - 145.7 g m-* during a 19-day period 
December-April - 2.54 g mm2 during a 4.5-month period 
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Authors : 

S i t e :  

Type o f  data:  

Authors : 

S i t e  : 

Type o f  data:  

Seasonal' h igh  : 

Author: 

S i t e :  

Type o f  data: 

Seasonal h igh: 

Seasonal low: 

Authors : 

S i t e  : 

Type o f  data: 

Seasonal h igh: 

Seasonal low: 

Author: 

S i t e s  : 

Type o f  data:  

Seasonal h igh: 

Seasonal low: 

Cole, Gessel l ,  and Dice (1967) 

Douglas f i r ,  Washington 

Monthly; t o t a l  

Cramer e t  a1 . (1984) 

Pinus r a d i a t a  p l a n t a t i o n ,  Sale, V i c t o r i a ,  A u s t r a l i a  

Monthly; t o t a l  l i t t e r  

Peaks o f t e n  occurred i n  w in te r ,  bu t  l i t t e r f a l l  was 

q u i t e  va r iab le  through t h e  year (perhaps responding t o  

moisture s t ress )  

Danckelmann (1887) 

Pinus s y l v e s t r i s  p l a n t a t i o n ,  Germany 

Monthly 

September - 80-1 30 g m"2month-1 

January-June - 4-7 g m-'2month-1 

Edwards and H a r r i s  (1977) 

L i r iodendron t u l i p i f e r a  stand, Oak Ridge, Tennessee 

Monthly; t o t a l  and by p l a n t  p a r t  

October - 100 g K I - ~  

May-July - 10 g rn-2 

Gresham (1 982) 

Longleaf p ine  stands, coas ta l  South Caro l ina 

Monthly; f o l i a g e  and wood / f ru i t  

Tota l  l i t t e r :  l o b l o l l y  -- va r iab le ,  October t o  

December - 1500 g m-*year-' 

longleaf  - v a r i a b l e  

Tota l  l i t t e r :  l o b l o l l y  -- January-May - 
-2 -1 100 g m y 

longleaf  -- January-May - 100 g mW2year-' 
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Author: Kendrick (1959) 
Site: Pinus sylvestris plantation, Cheshire, England 
Type of data: Monthly; total litter 
Seasonal high: 
Seasonal low: 

August - 192 g m-2month-1 
December-February - 91 6 g m-2month- 1 

Authors: Lossaint and Rapp (1971a) 
Site: Pinus halepsensis stands, France 
Type of data: 
Seasonal high: 
Seasonal low: 

Monthly; total and by plant part (J.une 1965-May 1969) 
July-August - 1000-110 kg ha-’ 
Variable; December-January - (50 kg ha-’ 

September-October - 100 kg ha-’ 

Authors: Lossaint and Rapp (1971b) 
Sites : Quercus ilex and Quercus coccifera stands, France 
Type of data: 
Seasonal high: 

Monthly; total and by plant part (June 1965-May 1969) 
Q. ilex at Rouquet -- variable, but peaks in May - 
900-1 690* kg ha-’ 
Q. coccifera at Saint-Gely-Du-Fesc -- April-May - 

600- 1 OOO* kg ha-’ 
Q. coccifera at Graebels -- May - 800-1000* kg ha-’ 

- <50-100 kg ha-’ 
Q. coccifera at Saint-Gely-Du-Fesc -- January-February 
- 50 kg ha-’ 
9. coccifera at Graebels -- variable, July-September 
and September-January - often (100 kg ha-’ 

Seasonal low: Q. ilex at Rouquet -- variable, generally January-March 

Note: * indicates differences between years 
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Author: Nakane (1 980) 
Site: Beech/fir forest, central Japan 
Type of data: Monthly 

-1 -1 Seasonal high: October - 0.0389 tons C ha d 
Seasonal low: December-April - 0.00106 tons C ha d 
Other data: Monthly temperature 

-1 -1 

Author: Nakane (1980) 
Site: Evergreen oak, central Japan 
Type of data: Monthly 
Seasonal high: April - 0.03318-0.0496 tons C ha d 
Seasonal low: January - 0.0033 tons C ha d 

-1 -1 
-1 -1 

Authors : 
Site: Warm temperate evergreen oak forest, Minamata, Japan 
Type of data: Monthly: total, leaf, branch, and other (1969-1972); 

minor components such as buds, fruits and seeds, and 
frass (1969) 

Leaf -- May - 1.5-4.5 g m 
Branch -- August-October 

Leaf -- October-December - (1 g m d 
Branch -- November-July - <1 g m d 

for branches, is in response to typhoons 

Nishioka and Kirita (1978) 

-2 d-1 Seasonal high: Total -- May - 2-5 g m 
-2 d-l 

-2 -1 Seasonal low: Total -- January-February, J u l y  - <2 g m d 
-2  -1 

-2 -1 

Note: Late summer and fall spike i n  litterfall, particularly 

Authors : 
Si tes : 

O'Connel and Menage (1982) 
Two-year-old to several-hundred-year-old karri stands, 
southwest Australia. 
Monthly; total litter in 2, 6, 9, 40, and mature year 
stands; karri litter by plant part in mature stands 

Type of data: 



. 

Seasonal high: 

Seasonal low: 

Other data: 

Authors : 
Sites : 
Type of data: 
Seasonal high: 

Seasonal low: 

Other data: 

Authors : 
Si tes : 

Type of 
Seasona 

Seasona 

Note: 

Author: 
Si te: 

data: 
high: 

low: 

Type of data: 
Seasonal high: 

Seas ona.1 1 ow: 

9 5  ORNL/TM-9404 

Total litter -- March in stands 29 years old, 
December-January in stands 56 years old (actual value 
varies with stand age) 
Total litter -- June in stands 29 years old, 
July-August in stands 26 years old 
Nutrient composition of litterfall 

Olson et al. (1961) 
Several forest stands, Oak Ridge, Tennessee 
Bimonthly; total litter 
Pine -- September-October - 142 g m- 
Oak-hickory-tulip -- September-October - 268 g m-2 
Pine -- July-August - 68 g m-2 
Oak-hickory-tulip - -  January-February - 26 g m-2 
Monthly litter moisture content and air temperature in 
oak stand 

2 

Peterson and Rolfe (1982) 
Floodplain forest (Acer) and upland forest (Quercus), 
central Illinois 
Monthly; by plant part 
Upland -- October, 2000-3000 kg ha-’ (leaves) 
Floodplain -- October - 1500-2000 kg ha-’ (leaves) 
Upland -- January-September - near 0 kg ha-’ (leaves) 
Floodplain - January-July - near 0 kg ha-’ (leaves) 
Considerable spring and fall woodfall occurs in upland 
stand (i.e., in March as the result of an ice storm) 

Pressland (1982) 
Eucalypt forest, Mt. Duval, New South Wales, Australia 
Monthly; total and by plant part 
December-January - 800-1000 kg ha-’ (varles from year 
to year) 
July - 4 0 0  kg ha-’ 
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Other data: Monthly so la r  r a d i a t i o n ,  wind, temperature, s o i l  water 

content,  p r e c i p i t a t i o n ,  and pan evaporat ion;  l e a f  

l i t t e r f a l l  as a f u n c t i o n  o f  mean d a l l y  temperature, 

s o l a r  r a d i a t i o n ,  and s o i l  water; l i t t e r  decomposit ion 

ha 1 f - 1 1 ves 

Authors : S o l l l n s ,  Reichle, and Olson (1973) 

S i t e :  L i r iodendron stand, Oak Ridge, Tennessee 

Type o f  data: I r r e g u l a r  sampling j n t e r v a l s ;  leaves, twigs,  and f lowers 

Seasonal h igh: October - 73 g m-2week-1 

Seasonal low: February-Apr i l  - 6.3 g m-2 per 12-week pe r iod  

Other data: Monthly r a i n f a l l  

Authors: Tu rnbu l l  and Madden (1983) 

S i tes :  Two Eucalyptus stands, one mixed f o r e s t ,  one Eucalyptus 

Type o f  data: Six-week i n t e r v a l s ;  t o t a l  l i t t e r  

shrubland, southern Tasmania 

Seasonal h igh: February-March - 250-1150 kg ha-’ ( v a r i e s  w i th  stand 

and year) 

Seasonal low: 

Other data: Seasonal mean maximum temperature 

August - 50 kg ha-’ 

Authors : Witkamp and van der Drift (1961) 

S i t e s  : Mixed and oak f o r e s t s ,  Netherlands 

Type o f  data: Monthly; t o t a l  l i t t e r  

Seasonal high: 

Seasonal low: 

Mixed -- October - 148 g m-2month-1 

Oak -- November - 172 g m-2month-1 

Mixed -- January-June - 0 g m-2month-1 

Oak -- January-June - 0 g m-2month-1 

. 
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2.2.4 Temperate Grassland 

i 

c 

Authors : 
Si tes : 

Type of data: 

Other data: 

Author: 
Site: 
Type of data: 

Authors : 
Site: 
Type of data: 

Sims and Singh (1978a,c) 
Western United States: Washlngton, Montana (2 sites), 
North Dakota, South Dakota, Colorado, Kansas, 
New Mexico, Oklahoma, Texas 
Intervals during growing season; standing dead, litter 
(recent and old), belowground material 
Annual abiotic data 

Sauer (1 978) 
Pawnee site, Colorado 
Intervals during growing season; crown death, root 
death, fall o f  standing dead 

Warembourg and Paul (1977) 
Southwestern Saskatchewan 
Monthly during growing season; transfers from green to 
yellow biomass 

2.2.5 Boreal Coniferous Forest 

Authors : 
Site: 
Type of data: 

Seasonal high: 

Seasonal low: 

Note: 
Other data: 

Larsson and Tenow (1980) 
Mature Scots pine forest, Ivantjarnsheden, Sweden 
Biweekly, needle fall, rate of green litter production, 
and cumulatlve green litter productlon 
Cumulative needle fall -- October - 875 kg dw ha-’ 

-1 -1 Litter production rate -- late July - 0.045 kg dw ha d 
Cumulative needle fall -- May - 0 kg dw ha-’ 
Litter production rate -- early July - 0.001 kg dw ha d 
Rate of needle fall accumulation greatest in September 
Five-day interval mean air temperature and precipitation 

-1 -1 
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Author: Satoo (1971) 
Site: 20-year-old Pinus densiflora stand, Japan 
fype o f  data: 
Seasonal hlgh: 
Seasonal low: 

Monthly; total litter 
November - 1.25 tons ha-’month-’ 
January-February - 0.1 tons ha-’month-’ I 

2.2.6 Boreal Tundra 
Authors : Bunnell and Scoul lar (1 981 ) 
Site: Point Barrow, Alaska 
Type o f  data: Weekly standing dead and litter standing crop 
Seasonal high: 
Seasonal low: 

Standing dead -- April-June - 300 g m-2 
Standing dead -- January - 90 g m-‘ 

. 

t 
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3. DECOMPOSITION ON A SEASONAL BASIS 

t 

3.1 COMPARTMENT MODELS OF DECOMPOSING ORGANIC MATTER 

Numerous useful applications of compartmental analysis have been 
made in modeling organic matter decomposition. 
from the perspective o f  incorporation into models of carbon flow in 
terrestrial ecosystems. 

These are reviewed here 

3.1 .l One-compartment Models 

Following Jenny, Gessel, and Bingham (1949), Olson (1963b, 1964) 
introduced the equation 

dX ' - -  - L - k X  
dt 

to describe the disappearance of dead organic matter, X ,  due to 
decomposition. The variable X can be given a variety of units; oven 
dry weight, organic carbon, or energy, for example, each measured per 
unit area, such as square meters. The independent variable t, 
representing time, may have units of hours, days, weeks, months, or 
years. The parameter L in Eq. (29) stands for the input of fresh 
organic matter and has units of mass or energy per unit time. 
parameter k is the decay rate coefficient, with units of inverse time. 

etc.) and the decay coefficient can be assumed constant, then Eq. (29) 
has a simple solution: 

The 

If the input of fresh organic matter (litterfall, dying roots, 

-kt L -kt) X(t) = Xoe + i; ( 1  - e 9 

where Xo is the initial value to X(t) at time t = 0. As t approaches 
infinity, X(t) approaches a steady-state value, L/k (Fig. sa). 
Equation (30) is useful only for representing changes of soil organic 
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matter during time periods over which L and k can be regarded as 
constants. 
a scale of months. 

to occur at an instant of time each year; 

In most environments, both L and k vary significantly on 

The simplest representation of seasonality is for all litterfall 

a0 

L(t) = LO E b(t - n) , 
n= 1 

where b(  ) is the Dlrac delta function. It is assumed that the 
litterfall pulse occurs at the start of each year. 
solution of Eq. (29) is 

In this case the 

where N is the total number of years since t = 0 (see Fig. 8b). 
The dynamics of decomposition shown In Fig. 8b, however, are also 

an oversimpl~ficat?on of actual seasonality. The parameters L and k 
can both, in general, vary continuously throughout the year. If both 
are allowed to have arbitrary dependence on t, the general solution of 
Eq. (29) must be used; that is, 

X(t) = XOe-T (33)  L(t')eT'dt' , 
0 

where 

and where TI is obtained by replacing t by t' in T. We discuss later 
the speciftc types of seasonal variations that can occur in the decay 
coef f i c 1 ent , 'k . 
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3.1.2 Two-Compartment Cascade Models 

Most empirical evidence suggests that the simple one-compartment 
model described above is only approximately accurate in describing the 
breakdown of dead plant material. There are several reasons for this, 
a few of which may be alleviated by the use of more complex models. 
One important reason is that even under uniform environmental 
conditions, the decomposition of litter material does not proceed 
uniformly. Initially, the more vulnerable material decomposes at a 
rapid rate, leaving a resistant residue that decays much more slowly. 

"two-time scale" phenomenon is the addition of a second compartment 
(Fig. 9). This compartment, into which the resistant litter residue is 
assumed to be translocated, can be termed "soil organic matter." 

Models in which material passes through a succession of 
compartments are termed "cascade models." Thomas and Huggett (1980) 
described a two-compartment cascade decomposition model. 
for this model are: 

A further step in model complexity that allows one to describe this 

The equations 

dX2 
dt = L20 + k12X1 - k20X2 

In Eqs. (34a,b) X1 is aboveground litter and X2 is soil organic 
matter. 
L20 is direct input into soil matter through root sloughage, and 
k12 is the coefficient of translocation from litter to soil. 
parameters klo and k20 are decomposition coefficients. 
soil organic matter is much more resistant to decay than the litter, 
k << klO. 

Eqs. (34a,b) under the assumption that Ll0, L20, klO, k20, and 
k12 are all constants. This will not be the case in realistic 

Ll0 is the input to aboveground litter (from litterfall), 

The 
Because the 

20 
Thomas and Huggett (1980) presented some parameterizations of  
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F l g .  9. Two-compartment decomposition model. 
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seasonal models. 

determined, then X1 and X2 can be solved f o r ,  as 

I f  the  temporal v a r i a t i o n s  i n  t h e  parameters can be 

where 

and where T1' and T2'  a re  obta ined by s u b s t i t u t i n g  t '  f o r  t i n  T1 and T2, 

respec t i ve l y .  

3.1.3 Three-Compartment Cascade Models 

Nakane (1980) has formulated a three-compartment cascade 

decompositlon model f o r  t he  e x p l l c l t  purpose o f  modeling seasonal 

dynamics o f  s o i l  organic  carbon (F ig .  10).  

s t ra igh t fo rward  extens ion o f  t he  one- and two-compartment models 

[Eqs. (29) and (34) ] .  

our own, no t  Nakane's no ta t ion :  

The equations a r e  a 

Below, Nakane's model is .presented,  though i n  

- -  dX2 
d t  - k12x1 - (k23 + k20)X2 ' 

- -  dX3 
d t  - L03 + k23X2 - k30x3 
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Fig. 10. Three-compartment decomposltlon model. 
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In these equations the new symbols are Lo3 and k23, where Lo3 is 
the input to the bottom, or soil, layer, from fine roots, and k23 is 
the coefficient of trans ocation from the F + H layer (X,) to soil 
organic matter ( X3). 

and we do not produce it here. 
model is that, for certain ecosystem types, Nakane (1980) was able to 
express the parameters as functions o f  time (indirectly, through 
dependence on temperature). We talk about this i n  detail later. 

The solution of Eqs (36) is a simple generalization of Eqs. (35), 
The significance of this particular 

3.1.4 Multi-Layered Cascade Models c 

The degree of disaggregation of the litter-soil complex (one, two, 
or three compartments) is an arbitrary formulation. In principle the 
model may be refined to any degree by adding further compartments 
(Olson 1963a,b, 1964). Prusinkiewicz (1978, 1980) formulated a model 
in which the forest floor was composed of any number of horizons 
(Fig. 11). 

(e.g., g m-2) in the i t h  layer is Xo,i. Then, assuming a 
constant rate of decomposition, ki, the amount of carbon at the end 
of the year is 

Suppose that at the beginning of a year the amount of carbon 

Each layer undergoes decay with a different rate constant, k. At the 
en.d of the year organic matter in a particular layer has not only lost 
weight due to decomposition but has also undergone a transformatton 
that changes its characteristics to those of the next lower layer. 
Therefore, Prusinkiewicz's (1980) model had an amount Pi , 
transferred from layer 1-1 to layer i at the end of the year. 
steady state, the amount transferred into layer i, Pi-l, must balance' 
the amount' lost from layer 1, both through decomposition, 

- 
In 
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Fig. 11. Multi-compartment soil decomposition model. The transfers 
occur at yearly intervals. 
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Qii- = X$,i - , and transfer out of 1 to 1 + 1, Pi. Therefore, 

Prusinkiewicz's (1980) multi-layered model is somewhat similar to 
Leslie matrix population models, with the layer standing crops, Xt,i, 
being the analogs of year class members in the population models. It 
is possible to transform Leslie matrix models from discrete to 
continuous models by considerjng the limit of decreasing size and time 
scales. Nakane (1978) did this for forest floor decomposition. 

Instead of the discrete function, Xt,i, Nakane (1978) used a 
continuous function, X(z,t), to describe carbon concentration at depth 
z at time t. A single partial differential equation can be used to 
summarize the dynamics; 

where k(z) is the rate of decomposition as a function of depth and D is 
the relative rate of downward movement of soil organic carbon. 
and Shimozaki (1978) assumed that k and D had the following dependences 
on depth: 

Nakane 

D = D ( z )  = l/(pZ + b) (40b)  

With these assumptions Eq. (39) is solvable. 
condition representing constant litter input, 

Given a surface boundary 

the dependence of X(z,t) on time and depth is 

t 
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where 

a = q/p 

ORNL/TM-9404 

p = b/a 

y = p/a . 

This model can be extended to include the effects of root 
sloughage into soil layers by adding a term LR(z) to the right-hand 
side of Eq. (39). An analytical solution is possible for arbitrary 
dependence on z and was given by Nakane (1978). The z-dependence o f  

LR(z) can be estimated by a knowledge of the root distribution and 
can be approximated by the general form 

LR(z) = Lo exp(-gzn) . (42) 

In practical terms, because o f  the number of parameters that would 
need to be estimated, it would be difficult to build seasonality into 
either the multi-layered cascade models of Prusinkiewicz (1980) or the 
partial differential equation model of Nakane (1978). For the partial 
differential equation model the problem is more acute because the model 
cannot be solved analytically when the parameters are time-dependent. 

3.2 EFFECTS OF CLIMATIC AND SUBSTRATE FACTORS ON DECOMPOSITION 

Decomposition In terrestrial systems Is primarlly aerobic and is 
carried out by soil bacteria and fungi (microflora), though numerous 
microfaunal species (protozoans, etc.), mesofaunal species (termites, 
dipteran larvae, etc.), and macrofaunal species (large litter-feeding 
arthropods, earthworms, etc.) also play a role. The functioning o f  

this web of decomposer organisms depends on soil conditions such as 
moisture, temperature, pH, and 02. 
change seasonally, decomposition rates will also vary seasonally if any 
o f  these conditions are limiting factors. Because rainfall and 

Hence, where these conditions 
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temperature change seasonally for many terrestrial systems, their 
inclusion in models of decomposition is vital. 

Among the early models of the effects of soil moisture and 
temperature on decomposer respiration is that of Bunnell and Tait 
(1974); see also Bunnell et al. (1977). Thls model represented 
decomposer respiration, R(T,M), as a function of temperature, T ( " C ) ,  

and so91 moisture, M ( X  of water content): 
< \  

(T-10)/10 M '2 a3a4 
al + M a 2  + I 4  R(T,M) = (43) 

The first factor, M/(al + M), is related to the water requirements of 

the decomposer organisms. 
occur, while, for high enough amounts of M,  the effect of increased M 

on respiration asymptotes to unity. 
accounts for the limitation on aerobic respiration owing to a high 
percentage o f  water. The final factor, 

In the absence of ,water, no *respiration can 

The second factor, a2/(a2 t M ) ,  

Is the Qlo relationship, where a4 is the Qlo coefficient. 

biological conceptlon of the way soil moisture and temperature should 
affect decomposer respiration, other models of the functional 
relationship have also been presented. 

deciduous forest floor, Y ,  to mean daily litter temperature, T, 

While Bunnell and Tait's (1974) model was based expllcltly on a 

Edwards (1975) related soil respiration of a mixed temperate 

Y = bo + b,T t bllT2 (44) 

and found that only the coefficient bll was statistically different 
from zero. 
moisture was found; unlike nonlinear models such as Eq. (43), linear 

No statlstically significant dependence of Y on soil 

. 
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models such as Eq.  (44) can be evaluated for the statistical 
significance o f  each variable. 

fitted the decomposition rates to temperature alone; 
Nakane (1978), using data from a cool, temperate beech/fir forest, 

k10 = klO,Oe Y , 

XFHT 
k20 = k20,0e L 

In drier ecosystems, where soil moisture would be assumed to have 
a limiting Influence, statistical significance of the effect of 
moisture on decomposition has been found. For example, Upandhyaya and 
Singh (1981), worklng in a tropical grassland, reported a relationship 
between organic matter remaining after a year and both temperature and 
sol 1 mol sture: 

Y = 0.24 + 1.22 H + 0.037 T (46) 

Kowalenko, Ivarson, and Cameron (1978), working at a site In southern 
Ontario, regressed C02 evolution against temperature, water content, 
and the product of these two; 

C02 evolution = a0 + alT + a2T M + a3# . (47) 

2 Actual evapotranspiration (AET) may be a better predictor of 
decomposition rates than temperature or soil moisture alone. 
Heentemeyer (1978) has shown, based on 24 sites, that 

log(annua1 decomposition) = 1.7 - 0.001575(AET) , 

2 with an r of 0.96. 
t 
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In addition to environmental effects such as moisture and 
temperature, the type of resource itself affects the breakdown of 
litter. A wide variation i n  decomposition rates exists even among leaf 
types. Cromack (1973) showed that the percentage of lignin in the leaf 
was a good indicator of the time required for decomposition. If Y is 
the weight loss  and X the lignqn content, then 

Y = 1.246 t 0.0267 X (r2 = 0.89) . (49) 

To take into account different substrate types requires 
considering parallel as well as cascading compartments. Figure 12 
shows residues from initial rapid decomposition compartments in 
parallel going into common pools in which slower decomposition proceeds. 

can entail extremely complex modeling. Practical modeling of this 
process for seasonal carbon flux models will necessitate a balance 
between accuracy and simplicity. In the next section, we briefly 
review the treatment of decomposition in extant seasonal, 
ecosystem-oriented models. An awareness o f  how these models deal with 
the complexity of decomposition and strike the balance mentioned above 
will facilitate future model development. 

We see then that representing the decomposition of organic matter 

3.3 SEASONAL D E C O M P O S I T I O N  I N  ECOSYSTEM-ORIENTED MODELS 

3.3.1 Tropical Rain Forest 

In their model of a Malaysian rain forest, Bandhu et al. (1973) 
modeled decomposition as input to soil organic matter from woody 
litter, non-woody litter, and roots, with respiration losses from the 
four compartments. 
hence, decomposition flux varied only with variations in state 
variables imposed by seasonal variations in primary production. 

The input involved linear constant coefficlents; 

. 
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Decomposition was treated in a similar, non-mechanistic manner in 
Bandhu et al.'s (1973) model of the miombo forest except that input to 
soil organic matter from woody and non-woody litter involved time 
varying coefficients. Root input and respiration were described with 
constant rate coefficients. The seasonal modeling of decomposition in 
tropical rain forests lags behind the progress made in other biomes, as 
does rain forest modeling in general. 

3.3.2 TroDlcal Grassland and Savanna 

The seasonal herbage dynamic models for Indian grasslands by Singh 
(1973) and Krishnamurthy (1978) treated decomposition as the flux of 
organic matter from belowground blomass and litter to a sink pool. 
This flux involved time varying coefficients for four time periods. 
The processes behind this flux were not modeled. 

of decomposition in an African tropical savanna. The model divided 
decomposing material into particle classes, distinguishing material 
by age, origin, and size. Each particle class was further divided 
into chemical constituents. The model followed the mass of a glven 
constituent through the successive particle classes. 
affected by temperature and litter moisture content, and the decay of 
constituent j of particle class 1, S was described by the 
differential equatlon 

Furniss et al. (1982) presented a considerably more detailed model 

Decay rates were 

ij' 

where a is a distinct decay rate for each Constituent and particle 
class and w is a weather effect function of temperature and moisture. 

To simulate C02 release during the decomposition process, a 
respiratory coefficient was defined for each of four organic 
constituents, and as the mass of each decayed a corresponding mass of 
C02 was evolved. The model also included weather-mediated physical 
disintegration, fall of standing dead according to a season-dependent 
function, and termite consumption and respiration. 

ij 

c 

4 

C 

. 
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The Furniss et al. (1982) model was reasonably complicated, 
involving 133 compartments. However, the authors discussed means of P 

‘lcollapsingll the model to suit incorporation as a submodel in an 
ecosystem model. 
be reduced to twelve. 

They suggested that the number of compartments might 

3.3.3 Temperate Deciduous Forest 

The decomposition submodel of Sollins, Reichle, and Olson’s (1973) 
temperate deciduous forest model involved a forest floor of four 
horizons: 
and reproductive parts and fallen branches and boles, an O2 layer 
characterized by fractured litter from the Ol layer, a mineral soil 
layer extending from 0 to 10 cm in depth, and a mineral soil layer from 
10 to 60 cm. Decomposition was modeled separately for each layer, but 
there was also flux downwards from the layers above. Decomposers were 
not modeled directly; they were considered collectively or functionally 
in loss terms for the different layers or substrates. The rate of 
change in the O1 layer, for example, was given by 

an O1 layer characterized by relatively undecomposed leaf 

and 

where Q,, i s  the mass of  leaf and reproductive material litter and 

617 is the continuous rate of change of that quantity; 018 is the 
mass of fallen branch and bole and 618 i s  the rate of change in that 
quantity; Q13 i s  the mass of groundcover; Q14 I s  the mass of 
standing dead; LA, Lg, and Lc are leaf litterfall from various 
compartments; C i s  the summation of leaf consumption rates; 0 i s  the 
summation of woody litterfall; FTH is a function of the product of 
temperature and moisture; and the As and Rs are annual rate constants 
for compartmental flux and respiration, respectively. . 
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Change In the O2 layer was modeled similarly with input from the 
O1 layer and losses to respiration and flux to the upper mineral soil 
horizon. This soil horizon also received Input from sloughing roots 
and woody tissue. The deeper soil horizon received material from the 
shallower horizon and was modeled by a constant annual rate of change. 

layers in the forest floor: 
layer of mixed litter and mineral soil. This compartment model, 
described by differential equations, treated respiration losses from 
decomposing material as a function of microbial response to temperature 
and moisture. The model incorporated the increased resolution of 
cryptozoan food webs and consumptlon-egestion processes. For example, 
the change in the O1 layer, Xol, was described by 

The TEEM model of Shugart et al. (1974) considered only three 
an O1 and an O2 plus a third, 03, 

where Li is the input of litter from the ith primary producer 
compartment, RLl(t) is the litter respiration rate parameter, FM 
is the feeding of the it h  forest floor cryptozoan, and Ec is the 
input of excretory loss from a consumer submodel. This model also 
involved parameters describing the physical mixing of litter between 
the horizons. 

Andersson et al. (1973) treated decomposition with much coarser 
resolution. In their model, decomposers received input from leaf 
litter, wood litter, standing dead, and dead roots. The dead material 
was then "decomposedll via a constant linear flux of organic matter to 
soil and back to the litter layer and a temperature-regulated 
respiration flux. Input to decomposers involved constant transfer 
coefficients except for the temperature and soil moisture regulation of 
the flux from leaf litter to decomposers. 

3.3.4 Temperate Grassland 

The decomposition submodel of ELM, the US/IBP Grassland Biome 
ecosystem model described by Hunt (1978), involved 13 substrate state 

c 
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variables. Flows from feces, aboveground biomass, and belowground 
biomass from three depths were divided into labile and resistant 
material (a strategy designed to deal with heterogeneous substrates). 
Belowground humic material at the three depths completed the set of 
13 substrates. The model involved active and inactive decomposers 
(treated as microbes) for each of the four main material pools, a total 
of eight decomposer state variables. The growth and activity of the 
decomposers were directly simulated. 

each products of a maximum decomposition rate and functions describing 
the effect of environmental factor:, 

The decomposition rates for labile and resistant components were 

where k' is the loss rate of labile components; h' is the loss rate of 
resistant components; rk and rh are maximum rates of loss for 
labile and resistant components, respectively; and em, et, and eN 
are functions (ranging in value from 0 to 1) describing the effect of 
moisture, temperature, and nitrogen, respectively. Decomposer biomass 
was determined by energetic considerations, and the release of C02 
through microbial respiration, rm, was given by 

r m = E * b + ( l - Y ) ( d - E * b )  , ( 5 5 )  

where E is the temperature dependent maintenance energy requirement, b 

is active decomposer biomass, Y is the maximum growth yield, and d is 
the amount of material decomposed. The model also considered leaching 
and decomposer mortality. An earlier version of the submodel (Anway et 
al. 1972) was similar but did not consider humic material or 
distinguish between active and inactive decomposers. 

1978) model of underground biomass dynamics dealt with the 
decomposition of litter, crowns, juvenile roots, nonsuberized roots, 

Parton and Singh's (1976) (also see Parton, Singh, and Coleman 
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and suber ized roo ts ,  b u t  d i d  n o t  model decomposers d i r e c t l y .  For 

example, t he  decomposition o f  dead r o o t  biomass was descr ibed by 

where RD i s  t he  decomposition r a t e  o f  t h e  jth ( j  = I ,  3) r o o t  t ype  i n  
the  ith (1 = 1, 6) s o i l  layer ;  D i s  t he  maximum turnover  r a t e  o f  t he  jth 

r o o t  type; Mi i s  t h e  s o i l  water c o n t r o l  parameter i n  the  i 

i s  t h e  temperature c o n t r o l  parameter i n  t h e  ith s o i l  layer ;  D,, i s  t he  

13 

t h  D s o i l  layer :  TI 
D 3 

D ' J  
biomass o f  dead roo ts  o f  type  j i n  t h e  ith s o i l  l aye r ,  and D i  i s  t h e  

depth c o n t r o l  parameter f o r  t h e  Ith s o i l  l aye r .  

l i t t e r  was modeled w i t h  the  equat ion f o r  dead r o o t  decomposition, 

Eq. ( 5 6 ) ,  wi th  l i t t e r  biomass rep lac ing  dead r o o t  biomass. L i t t e r  

decomposition was a f f e c t e d  by s o i l  water t ens ion  i n  t h e  t o p  s o i l  l a y e r  

and by s o i l  temperature a t  0 cm. The model assumed t h a t  decomposition 

o f  l i t t e r  proceeded a t  50% (Par ton and Singh 1976) t o  75% (Parton, 

Singh, and Coleman 1978) o f  t h e  decomposition r a t e  f o r  nonsuberized 

roo ts  i n  the  t o p  s o i l  l aye r .  

Cale and Walde (1980) invo lved 7 subst rates,  11 decomposer compartments 

d i s t i ngu ished  by broad taxonomic and t r o p h i c  s i m i l a r i t i e s ,  and a 

n i t rogen  pool .  Temperature, s o i l  moisture,  and some n i t r o g e n  

l i m i t a t i o n  were inc luded as environmental d r i v i n g  var iab les .  The 

model a l s o  invo lved a metabol ic  growth model f o r  t h e  decomposers. 

Other decomposition models o r  submodels developed f o r  temperate 

grasslands i nc lude  those o f  Wie lgo lask i ,  Haydock, and Connor (1972), 

Patten (1972), and Bledsoe e t  a l .  (1971). 

The decomposition o f  

The model o f  decomposition i n  temperate grasslands presented by 

3.3.5 Northern Coniferous Forest  

Bosatta (1980) descr ibed t h e  decomposition module (DECOM) o f  the  

carbon-ni t rogen model ( N l N I T )  developed as p a r t  o f  t h e  Swedish 

Conlferous Forest  ProJect. 

comblned, and th ree  subst rates were considered: 

I n  t h i s  model, l i t t e r  and humus laye rs  were 

organic  carbon (C,) 

. 



119 ORNL/TH-9404 

in carbon-nitrogen compounds (e.g., proteins), organic carbon (C,) in 
carbon-carbon compounds (e.g., cellulose), and organic nltrogen (N1) 
in carbon-nitrogen compounds. Earlier, Berg and Bosatta (1976) 
considered several organic substrates, but they found that the 
Variables of interest were not sensitive to those subdivisions. In 
the Bosatta (1980) model, a single decomposer compartment assimilated 
carbon from the three substrates. 
through the death o f  decomposers returning carbon to substrate pools, 
mineralizatlon, and respiration. Rate processes were environmentally 
influenced by soil temperature, soil water content, water infiltyation, 
and water percolation. 
C,, were time-dependent input driving variables. 

Carbon was lost from the compartment 

The inputs of the carbon compounds, C1 and 

The decomposer carbon asslmilation rate, 
the equation 

AC, was described by 

AC = (fC G B)/e = PC/e 

where fC is the carbon fraction of decomposer 
specific production rate of decomposers, B is 
is the rate of carbon incorporation, and e is 

(57 )  

biomass, G is the 
decomposer biomass, Pc 
the carbon 

production/assimilation ratio. 
given by 

The decay rate of C1, Acl, was 

if rl> rc (nitrogen is limiting) *C1 = '1 'N1 

( A C  

(58)  

, Cl)/(Cl + C,) If rls rc [carbon (energy) Is llmltlng] 

where rlis the carbon-nitrogen ratio of C-N compounds, PN is the 
incorporation rate of organic nitrogen, and rc i s  the llcrlticalt' 
carbon-nitrogen ratio. 
difference between the carbon assimllation rate and the rate of C1 
decay. 
carbon asslmilation and rate of carbon incorporation. 

The decay rate of Cp substrate was the 

Respiration was taken as the dlfference between the rate of 
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The model CONIFER (Coniferous Forest Biome Modeling Group 1977) 
described the flux of log litter, woody litter, leaf litter, and dead 
insects to fine litter. 
dead roots to the rooting zone organic matter compartment. 
carbon flowed to subsoil organic matter. The various fluxes were 
influenced by soil moisture, litter moisture, and litter temperature. 
For example, the foliage litter decomposition rate (the rate of flux 
from leaf litter to fine litter) was given by 

Fine litter in turn provided input along with 
From there, 

681 = B62 G69 x19 (59) 

where GSl is the rate of flux from leaf litter to fine litter, X19 
is foliage litter carbon, G69 is the effect of temperature and 
moisture, and B62 is a rate constant. 
similarly. Carbon was lost in the form of COP via respiration from 
the litter compartment and the root zone organic matter. 

The decomposition of organic matter in the seasonal coniferous 
forest model of Field et al. (1973) was treated as the flux of biomass 
from litter (woody and nonwoody) and roots (canopy and groundcover) to 
organic soil and/or mineral soil, and from mineral soil to subsoil. 
Respiratory losses were simulated for litter, organic soil, and mineral 
soil. This resplratlon was a function of temperature and soil 
molsture. Flux from lltter to organlc soll was slmply the difference 
between litter input (controlled by a seasonal switch) and respiration, 
while fluxes between soil horizons involved constant rate coefficients. 

Other flux rates were modeled 

3.3.6 Boreal Tundra 

The ABISKO I1 model o f  carbon flux in boreal tundra (Bunnell and 
Scoullar 1975, 1981) treated decomposition as the loss of carbon from 
litter, dead roots and rhizomes, and feces through respiration, 
leaching, and flux to soil organic matter, and the loss from soll 
organic matter through respiration, leaching, and flux to soil humus. 
Microbial dynamics were not modeled directly, but loss of 
C02 from the various dead organic matter compartments was dealt with . 
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as microbial respiration. Microbial respiration, R(T, M), was modeled 
as a function o f  temperature and soil or litter moisture and described 
by the equation 

( T-1 0) /10 
M x  a2 x a3 x a4 R(T, M) = t M  a 2 t M  al 

where R(T, M) is the respiration rate at temperature T and moisture 
level M, a, is the moisture content (%) at which the substrate is 
half-saturated with water, a2 is the moisture content at which half 
the channels are saturated or blocked with water, a3 is the respiration 
rate at 10°C when neither oxygen nor moisture is limiting, and a4 is 
the Qlo coefficient. 
to be a linear function of moisture and temperature dependent upon 

Leaching of organic carbon was generally assumed 

various moisture and temperature thresholds. However, leaching from 
dead roots to soil was described by a maximum rate of flux which was 
modified by linear threshold functions of temperature and moisture. 

Decomposition in the model ABISKO (Bunnell and Dowdlng 1974, 
Bunnell and Tait 1974), forerunner of  ABISKO 11, was conceptually 
treated in a manner very similar to that utilized in ABISKO I1 except 
that the respiratory function was of a different form. In ABISKO the 
respiration of green litter, RESP, for example, was described by 

I RESP = 

0 if WETL 5 RGMl 

if RGMl < WETL < RGM3 

- 13 RMAX - - (RMAX - RESG1) - 2ea 
- 1  + ea 

if RGM3 5 WETL < RGM4 L 

RESGl x RMAX if WETL 2. RGH4 
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where RMAX I s  t h e  temperature-determined r e s p i r a t i o n  ra te ;  RGMl  i s  t he  

lowest mois ture l e v e l  i n  t h e  l i t t e r  l a y e r  a t  which r e s p i r a t i o n  i s  

poss ib le ;  RGM2 i s  t he  mois ture l e v e l  i n  the  green l i t t e r  l a y e r  a t  

which opt imal  cond i t ions  f o r  r e s p i r a t i o n  a re  obtained; RGM3 i s  t he  

mois ture l e v e l  i n  the  green l i t t e r  l a y e r  a t  which cond i t i ons  begin t o  

become anaerobic; RGM4 i s  t he  mois ture l e v e l  a t  which green l i t t e r  

becomes s u f f i c i e n t l y  anaerobic t h a t  r e s p i r a t i o n  ra tes  d e c l i n e  t o  RESGl 

(RESG1 i s  t he  r e s p i r a t i o n  r a t e  o f  green l i t t e r  as cond i t i ons  approach 

an anaerobic s t a t e ) ;  WETL i s  t h e  mois ture l e v e l ;  

and 

3.3.7 A r i d  Lands 

Parnas and Radford (1974; a l s o  see Goodall 1981) descr ibed a 

decomposition submodel developed as p a r t  of t h e  a r i d  lands general  

purpose modeling e f f o r t  o f  t he  US/ IBP Desert Biome program. The i r  

model invo lved f o u r  substrates:  carbon I n  carbon-ni t rogen compounds, 

carbon i n  carbon-carbon compounds, organic  n i t rogen,  and o ther  elements. 

They modeled decomposition i n  severa l  s o i l  hor izons, a t  t h e  s o i l  

sur face ( l i t t e r  and animal res idue) ,  and above the  sur face (s tand ing  

dead). 

p ropor t i ona l  t o  t h e  growth r a t e  o f  i t s  decomposers; hence, decomposer 

biomass was simulated d i r e c t l y .  Decomposer growth ra te ,  R, was 

descr ibed by t h e  equat ion 

The r a t e  o f  decomposition o f  a subs t ra te  was assumed t o  be 

R = ( g  C PJ)/(kl + C)(k2 + N) , (63) 

.where C i s  t h e  t o t a l  carbon i n  t h e  m a t e r i a l  being decomposed, N i s  ,the 

t o t a l  n i t rogen  a v a i l a b l e  t o  t h e  decomposers, kl and k2 a r e  

Michaelis-Menten constants, and 

. 

t 
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i 

t 

where G is the maximum growth rate under optimal conditions and F1(T), 
F2(W). F3(S), and Fq(C-N) are trapezoidal functions of temperature, 
soil moisture, salinity, and the carbon-nitrogen ratio, respectively, 
describing the effect of those factors on decomposer growth. 

Total carbon decomposition of material 1, Zloi, was described by 

where Rki is the growth rate of decomposer k on substrate i 
[Eq. (63)], P5 is the carbon assimilation efficiency of decomposer k, 
P6 is the maintenance requirement’ for carbon for decomposer k, and 

‘1 2k 
f from material 1, Z7ifj,’was given by 

Is the biomass of decomposer k. The respiration of carbon type 

or 

where Zlif Is the decomposition of fraction f. 
was the sum of respiration of all carbon types from all materials. 

dynamics explicitly is similar, at least conceptually, to the approaches 
of Hunt (1978) for temperate grasslands and Bosatta (1980) for northern 
coniferous forests. An alternative approach, which does not directly 
involve decomposer dynamics but considers the phenomenological loss of  

carbon from a substrate or litter horizon, has been taken by Sollins, 
Reichle, and Olson (1973) in deciduous forest and Furniss et al. (1982) 
in tropical savanna. 
simulating carbon dynamics in the decomposition process. 

sources for seasonal decomposition in a variety of terrestrial systems. 
The purpose of this compilation and the structure of the synopses are 
similar to those for the seasonal production and litterfall data 
presented earlier. 

Total C02 respiration 

This approach to modeling decomposition by considering decomposer 

Both approaches appear to do a reasonable job of 

In the next section we present a brief survey of empirical data 
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3.4 EMPIRICAL DATA SOURCES FOR SEASONAL DECOMPOSITION 

3.4.1 Tropical Forest 

Authors : 
Site: 

Decomposition data: 
Other data: 

Author: 
Site: 
Decomposition data: 

Other data: 

Authors : 
Site: 
Decomposition data: 
Other data: 

Author: 
Site: 
Decomposition data: 
Other data: 

Authors : 
Site: 
Decomposition data: 

Other data: 

Bernhard-Reversat, Huttel, and Lemee (1972) 
Evergreen rain forest, Banco Natl. Park, Ivory 
Coast 
Monthly litter decomposition rates 
Monthly rainfall, temperature, soil water content, 
and evapotranspiration 

Edwards (1977) 
Lower montane rain forest, New Guinea 
Weight loss experiments on litter; linear rate of 
disappearance found; annual decay constants from 
1.0 to 1.55 
Monthly rainfall and temperature 

Lambert, Arnason, and Gale (1980) 
Bel i ze 
Annual total litter decomposition rates 
Monthly rainfall and temperature 

Madge (1965) 
Ibadan, Nigeria 
Weight loss experiments 
Monthly rainfall and temperature 

Malaisse et al. (1972) 
Miombo woodland, Zaire 
Monthly estimates of several microbial parameters 
Including algae, total microbial flora, aerobic 
digestion o f  cellulose, starch digestion, and 
ammonification 
Monthly rainfall, temperature, humidity, 
evapotranspiration, and total radiation 

a 
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c 

Authors : Odum et al. (1970) 
Site: Rain forest, El Verde, Puerto Rico 
Decomposition data: Monthly soil respiration 

-2 -1 Seasonal high: August - 0.13 g C m h 
Seasonal low: February - 0.008 g C m -2 h-l 

Authors : Rai and Srivastava (1982) 
Site: Varanasi Forest district, India 
Decomposition data: Weight loss experiments; monthly loss of litter, 

C02 evolution calculations 
-2 -1 Seasonal high: September - 110 mg m h 

Seasonal low: November-December - 10 mg m h 
Other data: Soil moisture and temperature by month 

-2 -1 

Authors : Swift, Russel-Smith, and Perfect (1981) 
Si te: Ibadan, Nigeria 
Decomposition data: Weight loss experiments, annual decomposition rates 
Other data: Monthly rainfall, monthly litter standing crop 

Author: Tanner ( 1980) 
Site: Montane forest, Jamaica 
Decomposition data: Weight loss experiments on litter; annual 

decomposition rates 
Other data : Monthly rainfall, standing crops of litter 

Author: Yoda (1978a) 
Site: Pasoh, Malaya 
Decomposition data: Monthly soil respiration rate; total soil and 

Seasonal high: May - 600 mg C02 m h 
Seasonal low: December-January - 500 mg C02 m h 

mineral soil 
-2 -1 

-2 -1 
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3.4.2 Tropical Savanna/Grassland 

Authors : Furniss et al. (1982) 
Site: South African savanna, Nylsvley 
Decomposition data: 

Seasonal high: October to November (because of high litter 

Model simulations of litter C02 evolution and 
data 

amounts), 12 g C02 m-2week-1 
Seasonal low: May to June 

Authors : Gupta and Singh (1981a,b) 
Site: Kurukohatra, India (3 stands) 
Decomposition data: 
Seasonal high: 
Seasonal low: 
Other data: Dally soil water, air temperature, rainfall 

Biweekly soil C02 evolution 
-2 -1 July to October - 300 mg COP m h 

-2 -1 December to January - 50 mg C02 m h 

Author: Krishnamurthy (1978) 
Site: Semi-arid grassland, Khirasara, India 
Decomposition data: Litter and belowground biomass (root) 

decomposition by season 
Seasonal high: Root -- June to August - 0.65 g m d 

Litter -- March to May - 0.01 g m d 
Seasonal low: Root -- September to November - 0 g m d 

Litter -- June to August - 0 g m d 
Other data: Monsoon season is June to August; summer is March 

to May 

. 
-2 -1 
-2 -1 

-2 -1 
-2 -1 

Authors : Morris, Bezuidenhout, and Furniss (1982) 
Si te: Nylsvley savanna, South Africa 
Decomposition data: Monthly estimates of daily C02 flux from soil 

and litter, mass loss and COi evolution of  

selected species, and soil C02 production 
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Seasonal high: Soil C02 (under canopy) -- December-January - 

3000 mg C02 m d 

2100 mg C02 m d 

-2 -1 

(in open) -- December - 
-2 -1 

Litter C02 (under canopy) -- January - 

2000 mg C02 m d 

1800 mg C02 m d 
Soil C02 (under canopy) -- August-early 

-2 -1 September - 100-200 mg C02 m d 

-2 -1 100 mg C02 m d 
Litter C02 (under cover) - -  September - 
100 mg C02 m d 

(in open) -- July-August - 

200 mg C02 m d 
Other data: Monthly soil moisture and temperature 

-2 -1 

(in open) -- November and March - 
-2 -1 

Seasonal low: 

(in open) -- August-September - 

-2 -1 

-2 -1 

Authors : Naik and Mishra (1976) 
Si te: Tropical grassland, Ambikapur, India 
Decomposition data: Monthly estimates o f  daily rate of litter 

Seasonal hi gh : Site 1 (protected 2 years) -- June-July - 

disappearance 

28.3 mg g d 
Site 2 (protected 10 years) -- August - 
14.5 mg g d 

1.8 mg g d 
Site 2 (protected 10 years) -- mid-March to 
mid-April - 1 . 4  mg g d 

Other data: Monthly rainfall, temperature, and relative 
humidity 

-1 -1 

-1 -1 

Seasonal low: Site 1 (protected 2 years) -- November - 
-1 -1 

-1 -1 
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Authors : Ohlagu and Wood (1979) 

S i t e :  Southern Guinea savana, N i g e r i a  (grazed and 

ungrazed s i t e s )  

Decomposition data: Bimonthly est imates o f  l i t t e r  decomposition 

Seasonal h lgh: 

Seasonal low: 

Grazed -- A p r i l  - 700 ( k g  ha- l ) /2  months 

Ungrazed -- March - 800 (kg ha- l ) /2  months 

Grazed -- August - 80 (kg ha- l ) /2  months 

Ungrazed -- August-September - 100 ( k g  ha-’)/Z 

months 

Authors : San Jose, Berrade, and Ramirez (1982) 

S i t e :  Trachypogon grass savanna, Colombia 

Decomposition data: 

Seasonal h lgh: Rainy season, r o o t  d r y  weight l o s t  a t  r a t e  o f  1% 

Seasonal low: End o f  d r y  season (May); l oss  r a t e  l ess  than h a l f  

Other data: Underground annual growth 

Monthly disappearance ra tes  o f  belowground biomass 

per day 

o f  peak 

Authors : 

S i t e :  U n i v e r s i t y  campus o f  U j j l a n ,  I n d i a  

Decomposition data:  

Seasonal h lgh: August t o  September - 600 mg m h 

Seasonal low: A p r i l  t o  May - 50 mg m h 
Other data: Root biomass, l i t t e r  accumulation 

Upandhyaya and Singh (1981) 

Monthly l i t t e r  and r o o t  C02 e v o l u t i o n  
-2 -1 

-2 -1 

3.4.3 Temperate Forest  

Author: Anderson (1973) 

S i t e :  Blean Wood Nat ional  Nature Reserve, Kent, England 

(Castanea and Fagus) 

Biweekly C02 e v o l u t i o n  f rom t o t a l  f l o o r  
-2 -1 Castanea -- August 1 - 550 mg C02 m h 

-2 -1 Fanus -- September 1 5  - 480 mg C02 m h 

Decomposition data: 

Seasonal h igh: 

. 
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. 

. 

-2 -1 Castanea - -  January to February - 100 mg C02 m h 
-2 -1 Faqus -- January to February - 100 mg C02 m h 

Seasonal low: 

Other data: Biweekly precipitation and soil temperature 

Author: Bandola-Ciolczyk (1974) 
Site: Isplna forest district, Poland 
Decomposition data: Weight loss of litter, weekly to monthly 

Authors: Bartos and DeByle (1981) 
Site: ' Aspen stand, northern Utah 
Decomposition data: Weight-loss of leaf and twig litter over two-year period 
Brief results: 42% of leaf litter weight lost during first winter, then 

stable for rest of two-year period; twig litter decayed 
at about half the rate 

Author: Edwards (1975) 
Site: Liriodendron stand, Oak Ridge, Teneessee 
Decomposition data: 

Seas ona 1 h i gh : 
Seasonal low: February - 0.91 g C02 m d 
Other data: Dependence of rate on litter temperature 

Biweekly C02 evolution from forest floor; soil and soil 
plus litter rates 

-2 -1 September - 25.54 g C02 m d 
-2 -1 

Authors : 
Site: 
Decomposition data: 

Seasonal high: 

Seasonal low: 

Other data: 

Edwards and Sollins (1973) 
Liriodendron forest, Oak Ridge, Tennessee 
Biweekly/monthy C02 evolution from mineralized soil, 
0, litter layer, and 0, litter layer (March-December) 

I L -2 -1 O1 layer -- June - 8.8 g C02 m d 
-2 -1 O2 layer June - 5.0 g CO m d 

-2 -1 Sol 1 -- September - 23 g C02 m d 
-2 -1 Ol layer -- March - 0.13 g C02 m d 
-2 -1 O2 layer -- April - 0.72 g C02 m d 

Sol 1 -- March - 2.0 g C02 m d 
Seasonal soil temperature and moisture, litter 
temperature and moisture 

2 

-2 -1 
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Authors: Edwards and Ross-Todd (1983) 
Site: Mixed deciduous forest, Oak Ridge, Tennessee 
Decomposition data: Monthly forest floor C02 efflux and mineral soil 

C02 efflux for one year pre- and post-clearcut 
(with control) 

Seasonal high: Forest floor (control) 

Seasonal low: 

Other data: 

Note : 

-2 -1 Pre-clearcut -- April-September - 4-5 g C02 m d 
-2 -1 Post-clearcut -- August - 8 g C02 m d 

Forest floor (clearcut) 
-2 -1 Pre-clearcut -- April-September - 4-5 g C02 m d 

-2 -1 Post-clearcut (RL)* -- July - 7 g C02 m d 
-2 -1 (RR)* -- September - 5 g C02 m d 

Forest floor (control) 
-2 -1 Pre-clearcut -- October-February - (1 g C02 m d 

-2 -1 Post-clearcut -- February - 3 g C02 m d 
Forest floor (clearcut) 

-2 -1 Pre-clearcut -- October-February - (1 g C02 m d 
-2 -1 Post-clearcut (RL) -- February-March - 3 g C02 m d 

4.5 g C02 m d 
Monthly soil temperature and soil moisture at 3 cm 
and 15 cm 
*RL indlcates residue left after clearcutting, R R  
indicates residue removed after clearcutting; when 
residue was removed seasonality was much reduced 
after clearcutting; when residue was left the 
seasonality resembled control 

(RR) -- December-January - 
-2 -1 

. 

. 
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Author: Froment (1972) 
Site: Virelles oak forest, Belgium 
Decomposition data: Biweekly C02 evolutlon 
Seasonal high: July to October - 3000 mg m d 
Seasonal low: January to February - 800 mg m d 
Other data: 

-2 -1 
-2 -1 

Biweekly temperature and precipitation 

Authors : Garrett and Cox (1973) 
Site: Oak hickory forest, Missouri 
Decomposition data: 
Seasonal high: Summer - 0.8 g m h 
Seasonal low: Winter - 0.15 g m h 
Other data: Seasonal temperature and precipitation 

Seasonal C02 evolution (day and night) 
-2 -1 
-2 -1 

Authors : Kowalenko, Ivarson, and Cameron (1978) 
Site: Ottawa, Canada 
Decomposition data: 

Other data: 

Cumulative evolution o f  C02 evolved from soil 
during year 
Model of C02 evolution in terms of temperature 
and water content 

Author: Lamb (1976) 
Site: Pinus radiata stand, southeastern Australia 
Decomposition data: Weight loss experiments; data for 20 and 40 days 

after start 

Author: Nakane (1 980) 
Site: Evergreen oak, central Japan 
Decomposition data: 
Seasonal high: August - 1000 mg C02 m h 
Seasonal low: 

C02 evolution as a function o f  temperature 

-2 -1 January to March - 15 mg C02 m h 

-2 -1 
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Author: 
Site: 

Nakane (1 980) 
Beech-fir forest, central Japan 

Decomposition data: 
Seasonal high: August - 700 mg C02 m h 
Seasonal low: 

C02 evolution as a function of temperature 

-2 -1 January to March - 10 mg C02 m h 

-2 -1 

. 
Authors: O'Connel and Menage (1982) 
Site: Jarrah forest, western Australia 
Decomposition data: Weight loss of litter by species, soil type, and 

burn history sampled at six-month intervals 

Authors: Peterson and Rolfe (1982) 
Site: Floodplain and upland forests, central Illinois 
Decomposition data: Weight loss with time of litter 
Brief results: Floodplain, k = 2.56 

Upland, k = 0.65 

Authors : Reichle et al. (1973a) 
Site: Liriodendron forest, Oak Ridge, Tennessee 
Decomposition data: 
Seasonal high: 

Seasonal forest floor C02 evolution by horizon 
-2 -1 O1 layer -- June - 2.0 g C m d 
-2 -1 0, layer -- June - 1.2 g C m d 

Seasonal low: 

L -2 -1 S o l 1  - -  September - 7 g C m d 
-2 -1 Total -- September - 8.9 g C m d 
-2 -1 O1 layer -- March - 0.1 g C m d 
-2 -1 O2 layer -- March - 0.1 g C m d 

Soil -- February - 0.4 g C m d 
-2 -1 Total -- March - 0.7 g C m d 

-2 -1 

Author: Reiners (1968) 
Sites : Anoka County, Minnesota (oak forest, marginal fen, 

and cedar swamp) 
-2 -1 Oak -- July - 1 g C02 m h 

-2 -1 Fen -- June - 0.7 g C02 m h 
-2 -1 Swamp June - 1 .O g CO m h 2 

Seasonal high: 

Other data: Weekly soil temperature and moisture 
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. Author: 
Site: 
Decomposition data: 

Author: 
Site: 

Decomposition data: 
Brief results: 

Authors : 
Site: 
Decomposition data: 

Seasonal high: 
Seasonal low: 
Other data: 

Author: 
Site: 

Decomposition data: 

Seas ona 1 h i gh : 
Seasonal low: 
Other data: 

Author: 
Sites: 

Decomposition data: 

Tewary, Pandey, and Singh (1982) 
Himalayan forest, mixed oak and conifers, India 
September only; evolution of C02 in soil, litter 
plus soil 

Thomas ( 1968) 
19-year-old loblolly pine stand, Roane County, 
Tennessee 
Decomposition of pine needles from litterbags 
Nearly linear decomposition rate for one year 

Virzo de Santo, Alfani, and Sapio (1976) 
Beech-fir stand, near Naples, Italy 
Monthly COP evolution from soil and soil plus 
litter 

-2 -1 September - 250 mg C02 m h 
-2 -1 February - 40 mg COP m h 

Monthly soil water and air temperature 

Wi tkamp (1 966a) 
Shortleaf pine, white oak, and red maple stands, 
Oak Ridge, Tennessee 
Biweekly forest floor C02 evolution averaged 
over the three stands 

-2 -1 June - 190 mL C02 m h 
-2 -1 late January - 35 mL C02 m h 

Biweekly litter temperature 

Witkamp (1966b) 
White oak, shortleaf p 
Oak Ridge, Tennessee 
Biweekly C02 evolution 
species 

ne, and red map 

from l i  tterbags 

e stands, 

for four 

. 
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-1 -1 Seasonal high: November - 12 p L  COP g h 
Seasonal low: February - 1 p L  C02 g h 
Other data: Biweekly leaf moisture and litter-soil 

-1 -1 

temperature; C02 production as a function of 
weight loss; biweekly estimates of bacteria, 
fungi, and mycelium growth; mean rates of C02 
production per gram weight loss for four species 

Authors: 
Site: 

Yoneda and Kirita (1978)' 
Warm temperate evergreen oak forest, Minamata, 
Japan 

Decomposition data: Bimonthly soil respiration rates in five plots 
Seasonal high: July-August - 800-1000 mg C02 m h 
Seasonal low: 
Other data: Seasonal soil surface temperature, soil 

-2 -1 
-2 1 December-February - 100-250 mg cb, m h- 

respiration as a function of  temperature, Qlos 
for soll resplratlon (mean for flve plots = 2.67, 
varying with altitude) 

3.4.4 Temperate Grassland 

Authors : Clark and Coleman (1972) 
Site: Shortgrass prairle, Pawnee Grassland, Colorado 
Decomposltlon data: 

Seasonal high: 

Monthly estimates o f  soil C02 evolution at three 
sites (two ungrazed) over growing season 

-2 -1 Ungrazed 1 - September - 13.38 g C02 m d 
-2 -1 Ungrazed 2 - J u l y  - 13.09 g C02 m d 

(followed a 0.33-mm rain) 

Seasonal low: 

-2 -1 Grazed - April - 3.47 g C02 m d 

Ungrazed 2 -- August - 1.36 g CO m d 

Monthly soil temperature and soll water 

Ungrazed 1 -- August - 1.03 g C02 m -2 d -1 
-2 -1 

Grazed -- August - 1.31 g C02 m -2 d -1 
Other data: 
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Author: Coleman (1973) 
Site: Grassland near Aiken, South Carolina 
Decomposition data: Monthly C02 evolution in litter-soil 

-2 -1 Seasonal high: August - 7.27 g C02 m d 
Seasonal low: November - 1.13 g C02 m d -2 -1 

ORNL/TM- 9404 

' \  

Authors: Dormaar, Johnston, and Smoliak (1984) 
Sites : Mixed prairie, Manyberries, Alberta, and fescue 

grassland, Stanley, Alberta (grazed and ungrazed 

Decomposition data: Monthly total soil carbon in the A1 horizon, and 
plots) 

water-soluble carbon in the A1 horizon for two 
years 

in heavily grazed fescue grassland; water-soluble 
carbon varied a great deal month to month, and It 
was generally higher in the mixed prairie and 
ungrazed plots 
Monthly soil moisture, precipitation, and 
temperature; monthly dehydrogenase, phosphotase, 
and urease activity 

Brief results: Total carbon tended to be greatest in the winter 

Other data: 

c 

Author: Jakubczyk (1974) 
Site: Sheep pasture, Mate Pieniny Mts., Jaworski, Poland 
Decomposition data: Monthly estimates o f  a number of decomposition 

variables including cellulose decomposition rate, 
number of ammonifying bacteria, and dead plant 
mater i a 1 
Monthly soil moisture Other data: 

Authors : 
Site: 

de Jong and Schappert (1972) 
Matador site, virgin prairie, Saskatchewan 
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Decomposition data: Weekly C02 evolution at surface during growing 
season 

-2 -1 Seasonal high: June - 75 g C02 cm s 

Seasonal low: September - 2 g C02 cm s -2 -1 

Author: Klein (1977) 
Site: Shortgrass prairie, Pawnee Grasslands, Colorado 
Decomposition data: Monthly estimates of C02 evolution from soil 

cores (0-6 cm); monthly soil respiratory quotients 
-2 -1 Seasonal high : June - 5 g C02 m d 

Seasonal low: March - 0 g CO, m d -2 -1 

Other data: Monthly sol 1 mol sture 

Authors: Koelling and Kucera (1965) 
Si te: Bluestem stand, Prairie Research Station, 

east-central Mlssouri 
Decomposition data: Weight loss experiments with foliage and flower 

stalk 
Brief results: foliage decomposition half-life = 1.75 years, 

Flower stalk half-life = 2.80 years, k = 0.24 
Seasonal nutrient content of bluestem foliage 

- 
k = 0.40 

Other data: 

Authors : 
Site: Mid-Missouri tallgrass prairie 
Decomposition data: Weekly C02 evolution 
Seasonal high: 
Seasonal low: 
Other data: Weekly soil temperatures 

Kucera and Kirkham (1971) 

-2 -1 June to August - 700 mg C02 m h 
January to'february - 100 mg C02 m -2 h -1 

Author: Old (1969) 
Site: Reclaimed tallgrass prairie, east-central Illinois 
Decomposition data: Weight loss experiment with biweekly sampling 

intervals 

. 

. 
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c 

Authors : 

S i t e s  : Western Uni ted States [Washington, Montana ( Z ) ,  

S i m s  and Singh (1978b,c) 

North Dakota, South Dakota, Colorada, Kansas, 

New Mexico, Oklahoma, Texas] 

Rates o f  accumulation and disappearance o f  

aboveground and belowground organic mat ter  

Rates o f  l i t t e r  disappearance va r iab le ,  depending 

on r a i n f a l l  event 

Decomposition data: 

B r i e f  r e s u l t s :  

Author: Uvarov (1982) 

S i t e :  Arable s o i l ,  Moscow region, Russia 

Decomposition data: 

B r i e f  r e u l t s :  

Loss o f  c love r  organic mat ter ,  monthly 

Over 50% l o s t  i n  f i r s t  th ree  months (June t o  

August); slow decay af terwards 

Authors : 

S i t e :  Pawnee s i t e ,  Colorado 
Decomposition data: Weight loss data 

B r i e f  r e s u l t s :  

Vossbrinck, Coleman, and Woolley (1979) 

Blue grama l i t t e r  down t o  70% o f  o r i g i n a l  weight 

a f t e r  n ine  months 

Authors : Warembourg and Paul (1977) 

S i t e :  Southwestern Sasketchewan 

Decomposition data: S o i l  r e s p i r a t i o n  du r ing  growing season 

Seasonal h igh: J u l y  - 10 g C02 m d 

Seasonal low: September - 1.5  g C02 m d 

Other data: S o i l  moisture through growing season 

-2  -1 

-2 -1 

Authors : Wildung, Garland, and Bushbom (1975) 

S i t e :  A r i d  shrub-steppe, south-central  Washington s t a t e  

Decomposition data: Biweekly o r  monthly s o i l  r e s p i r a t i o n  
-2 -1 Seasonal h igh: June t o  September - 0.6 g C m d 

Seasonal low: , December t o  February - 0.25 g C m d -2 -1 

Other data: Monthly o r  biweekly s o i l  water content  and 

temperature 
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3.4.5 Boreal Forest 

Authors : Hagvar and Kjondal (1981) 
Site: North of Oslo, Norway 
Decomposition data: Weight loss experiments on birch leaves 
Other data: Monthly precipitation and.temperature 1 

Author: Moore (1984) 
Site: Spruce-lichen woodland, northern Quebec, Canada 
Decomposition data: Weight loss experiments over three years for 

several species/tissues on a mature site and on an 
8-year-old burn site 

Authors : Persson et al. (1980) 
Site: 120-year-old Scots pine stand, Sweden 
Decomposition data: Monthly respiratory metabolism for soil fauna, 

fungal hyphae length, bacteria and soil fauna 
abundance and bi omass 

Seasonal high: Soil fauna respiration -- August - 
1800 mg C m-2month-1 

Seasonal low: Soil fauna respiration -- March - 
150 mg C m-2month-1 

Other data: Monthly soil temperature, precipitation, and soil 
moisture i n  the humus layer 

Authors : 
Site: 
Decomposition data: 

Plene and Van Cleve (1978) 
70-year-old white spruce stand, Fairbanks, Alaska 
Weight loss experiments with litter bags in the 
litter, forest floor, and mineral soil layers 

3.4.6 Boreal Tundra 

Authors: 
Site: 

Bunnell and Scoul lar (1981.) 
Point Barrow, Alaska 
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Decomposition data: Seasonal soil respiration over growing season 
Seasonal high: 
Seasonal low: 

late July - 6 g C m-* 
late June - 2 g C m-' 

Authors : Heal et al. (1981) 
Sites : Point Barrow, Alaska, and Kevo, Finland 
Decomposition data: Seasonal total litter respiration 

-1 1 Seasonal high: Point Barrow -- July - 90 p L  CO g h- 
-1 h-? Kevo -- July - 160 p L  CO, g 

L -1 -1 Point Barrow -- October-May - 0 p L  C 0 2  g h 
-1 -1 Kevo -- November-March - 0 p L  C02 g h 

Seasonal low: 



ORNL/TM-9404 140 

4. APPLICATION OF DATA TO SEASONAL MODELS 

A goal  o f  t h e  compi la t ion  o f  l i t e r a t u r e  data i n  t h i s  r e p o r t  I s  t o  

develop a standard model t o  f i t  a l l  o f  t he  seven ecosystem types, and 

perhaps even a f i n e r  d i v i s i o n  o f  ecosystem types a t  some l a t e r  t ime. 

bas ic  problem i s  how t o  compartmentalize i n  such a way t h a t  t h e  model 

remains f a i r l y  s imple bu t  does n o t  ignore  impor tant  d e t a i l s  o f  any 

p a r t i c u l a r  ecosystem type. One so lu t i on ,  which we leave open as a 
p o s s i b i l i t y ,  i s  t o  b u i l d  some f l e x i b i l i t y  i n t o  t h e  model, a l l ow ing  more 

o r  fewer compartments depending on circumstances. 

l'simplest,ll model i s  depic ted i n  F ig .  13. I n  F ig .  14 one poss ib le  

expansion o f  t h i s  model t o  g rea ter  d e t a i l  i s  i l l u s t r a t e d .  

The ob jec t  o f  t h i s  chapter i s  t o  show the  ex ten t  t o  which the  

compiled i n fo rma t ion  can be used t o  spec i fy  the  parameters o f  t h e  

seasonal model shown i n  F ig .  13. We do t h i s  f o r  each ecosystem type 

separate ly .  Because o f  t he  lack  o f  data on l i t t e r f a l l  and 

decomposition, a r i d  lands a re  n o t  considered. 

ser ies  o f  tab les  i s  presented t h a t  l i s t  a l l  o f  t he  s t a t e  var iab les ,  

Xi, and f luxes ,  P For each f l u x  o r  s t a t e  v a r i a b l e  
13 

l i t e r a t u r e  references t h a t  con ta in  measurements p e r t i n e n t  t o  i t  a r e  

l i s t e d .  The ac tua l  data a re  n o t  included, on ly  t h e  references where 

such data can be found. I t  i s ,  o f  course, impossib le  t o  ass ign 

references t o  each f l u x  o r  s t a t e  v a r l a b l e  i n  our model I n  an e n t i r e l y  
c lea r -cu t  manner. Some l i t e r a t u r e  measurements p e r t a i n  t o  compartment 

ca tegor lza t lons  somewhat d l f f e r e n t  from those i n  F ig .  13. However, we 

a re  l i b e r a l  I n  dec ld ing  when t h e  values re levan t  t o  our model can a t  

l e a s t  be est imated f rom t h e  p a r t i c u l a r  re ference c i t e d ,  even though the  

prec ise  data f o r  our s p e c i f i c  compartment o r  f l u x  may no t  be e x p l i c i t l y  

g iven. 

conta ins pu re l y  data, w h i l e  an I'M'' I nd i ca tes  t h a t  t h e  f l u x  o r  s t a t e  

va r iab le  has been modeled, though the  model i s  based on data.  

Parentheses a re  used t o  i n d l c a t e  t h a t  a group o f  s t a t e  var iab les  o r  

f l uxes  have been measured j o i n t l y .  

A 

Our bas ic ,  

I n  t h e  f o l l o w i n g  pages a 

, of the  model. 

I n  Tables 1 t o  12, t h e  n o t a t i o n  I'D" i nd i ca tes  t h a t  t he  reference 

. 
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Fig. 14. Expanded version of the model shown in Fig. 13 to take advantage 
of additional compartmental information if available. 
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Table 1. S ta te  var lab les  o f  t h e  seasonal model (F ig .  13) app l ied  
t o  t h e  t r o p i c a l  r a i n  f o r e s t  ecosystem type (D = pure 
data, M = model o f  data)  

P r .i ma r y 
producers L i  t t e r  Sol 1 

Reference x1 x 2  x3 x4 x 5  x6 x7 x8 x9 

1 M M M M  M M (Pl H) 

D 

D 

D 

References: 1. Bandhu e t  a l .  (1973) 2. Odum, Copeland, and Brown 
(1963) 3. Whitmore (1975) 4. Boojh and 
Ramakrishran (1982). 



Table 2. Fluxes of the seasonal model (Flg. 13) applied to the troplcal raln forest ecosystem type ( 0  = pure data, M = model of data) 

Prlmary Trans- Lltter/soil 
Droducers ReSDlratlOnS 1 ocat 1 ons Live to dead transfers 

Reference ‘02 ‘11 p22 p33 p44 p55 p6b p77 p99 ‘23 p24 p15 ‘25 p57 p67 p36 p47 p78 p89 

1 M M M M M M M M M M M M M M M M M M M M M  

2 ( D D ) ( D D  0 O D  D D D D 

3 D D 

4 D D 

5 D D D 

6 ( D  0 )  

7 O D  ( 0  D )  

8 D D 

9 D D D 

10 

1 1  

12 

13 

14 

D 

D 

D D 

D 

0 D 

15 D D 

lb 0 D 

17 0 D 

References: 1. Bandhu et al. (1973) 2. Odum et al. (1970) 3. Kunkel-Westphal and Kunkel (1979) 4. Swift, Russel-Smith, and Perfect 
(1981) 5. Adis, Furch, and Irmler (1979) 6. Lambert, Arnason, and Gale (1980) 7 .  Madge (1965) 8. Edwards (1977) 
9. Kllnge and Rodrlgues (1968) 10. Nye (1961) 1 1 .  Mltchell (see Bray and Gorham 1964) 12. Tanner (1980) 13. Rat and 
Srlvastava (1982) 14. Yoda (1978a) 15. Bernhard-Reversat, Huttel, and Lemee (1972) 16. Boojh and Ramakrlshran (1982) 
17. Matsumoto and Abe (1979). 
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Table 3. S ta te  va r iab les  o f  t h e  seasonal model (F lg .  13) app l l ed  
t o  t h e  t r o p i c a l  savanna ecosystem type ( D  = pure data, 
M = model o f  data) 

Primary 
D r  od uc e r  s L1 t t e r  Sol  1 

Reference x1 x2 x3 x4 x5 x6 x7 x8 x9 

1 D 

2 D 

3 D D 

4 D 

5 

6 

7 

8 

9 

10 

11 

12 

13 

1 4  

D 

References: 1, Lamotte (1975) 2. San Jose and Medina (1975) 
3 .  Shrimal and vYas (1975) 4. Singh (1968) 
5. Krishnamurthy (1978) 6. San Jose, Berrade, and 
Ramirez (1982) 7. Afaloyan (1978) 8. Ambasht, Maurya, 
and Singh (1972) 9. Choudhary (1972) 10. Cresswell 
e t  a l .  (1982) 11. Egunjobl (1974) 12. Grunow, 
Groeneveld, and DuTo1t (1980) 13. Parton and Slngh 
(1984) 14. Furn lss e t  a l .  (1982). 



T a b l e  4 .  F l u x e s  o f  t h e  seasonal  model (F lg .  13)  a p p l l e d  t o  t h e  t r o p l c a l  savanna ecosystem t y p e  ( D  = p u r e  da ta ,  M = model o f  d a t a )  

P r l m a r y  Trans-  L l t t e r / s o I l  
p r o d u c e r s  ReSDlrat IOnS 1 o c a t  1 ons L l v e  t o  dead t r a n s f e r s  

Reference ‘01 ‘11 p22 p33 p44 p55 p66 p77 p99 p23 p23 p15 p25 p57 p67 p36 p47 p78 p89 

1 

2 

3 

4 

5 ( D  D 

6 ( D  D 

7 D 

8 M M M 

9 M 

(M 

D D D )  

D) 

D 

D D D 

D 

M U  

M 

M M 

M 

M M  

0 
W z 
I- 
\ 
-I 
3 
I 
rD 
P 
0 
P 

-.) 

P 
0I 

References :  1 .  Grunow. Groeneveld,  and DuTo l t  (1980) 2. K r l s h n a m u r t h y  (1978)  3 .  San Jose, Ber rade.  and Ramlrez (1982) 4. F u r n l s s  
e t  a l .  (1982)  5. Gupta and S l n g h  (1981a.b) 6. Upandhyaya and S l n g h  (1981)  7 .  C r e s s w e l l  e t  a l .  (1982)  8. P a r t o n  and 
S I n g h  (1984)  9 .  F u r n l s s  e t  a l .  (1982) .  

Q f 
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Table 5. S ta te  va r iab les  o f  t h e  seasonal model (F ig .  13) app l i ed  
t o  t h e  temperate deciduous f o r e s t  ecosystem type 
( D  = pure data, M = model o f  data)  

Primary 
D r  od uc e r  s L i t t e r  Sol 1 

Reference x1 x2  x3 x4 x5 x6 x7 x8 x9 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

M M M M  M M M  M M  

D 

D 

D 

D 

M M M M  

M M M  

D D  

D 

D ( D  D) D 

D 

M M M  

M M 

M M  

References: 1. Andersson e t  a l .  (1973) 2. Satoo (1970) 
3. Relch le e t  a l .  (1973a) 4. Dinger (1971) 
5. Har r i s ,  Kinerson, and Edwards (1978) 6. S o l l i n s ,  
Reichle, and Olson (1973) 7. Shugart e t  a l .  (1974) 
8. Day (1973) 9. Edwards and H a r r i s  (1977) 
10. Olson (1971) 11. S t r u i k  (1965). 



Table 6. Fluxes o f  t h e  seasonal model (F lg .  13) a p p l l e d  t o  t h e  temperate declduous f o r e s t  ecosystem type  ( 0  = pure da ta ,  M = model o f  da ta )  

P r  l mar y Trans- L l t t e r / s o l l  
producers Resp l ra t l ons  1 oca t  1 ons L l v e  t o  dead t r a n s f e r s  

Reference pD2 pll p22  p33 p44 p55 p66 p77 p99 p23 p24 p25 p35 p57 p67 p36 p47 p78 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

1 7  

18 

19 

70 

H M M H H M H H H H H H H H M H H M M M H  

( H  H H H) H H H H  H H  

D D 

D D 

D 

( D  D )  

( D  D )  

( D  D )  

D D  

D D  

D D  

( D  D D D)  ( 0  D)  

( D  D D D )  ( 0  0 )  

(D 0 D 0) ( D  D) 

( D  D D D )  ( 0  D )  

( D  D D D )  ( D  D )  

( 0  D D D )  ( D  D )  

D D D  

D 

( D  D D D )  ( D  D )  

References: 1. Andersson e t  a l .  (1973) 2 .  S o l l l n s ,  Relch le,  and Olson (1973) 3. Woodwell and B o t k l n  (1970) 4. Schulze and Koch 
(1971) 5 .  Edwards e t  a l .  (1981) 6. Wltkamp and van der  Dr l f t  (1961) 7 .  Kendr lck (1959) 8. Danckelmann (1887) 
9. Peterson and Ro l fe  (1982) 10. Gresham (1982) 11. Nakane (198D) 12. Edwards (1975) 13. Froment (1972) 
14. G a r r e t t  and Cox (1973) 15. Relners (1968) 16. Anderson (1973) 17. Edwards. H a r r l s ,  and Shugart (1973) 
18. Edwards and H a r r l s  (1977) 19. Lassole e t  a l .  (1984) 20.  Edwards and Ross-Todd (1983). 

h 
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Table 7. State variables of the seasonal model (Fig. 13) applied 
to the temperate grassland ecosystem type ( D  = pure data, 
M = model of data) 

P r 1 mar y 
producers Li tter S o l  1 

Reference x1 x2 x3 x4 x5 x6 x7 x8 x9 

1 D 

2 D 

3 D 

4' D 

5 D 

6 

7 D 

8 

9 

10 

1 1  

12 

13 

14 

15 

16 

D 

D 

M 

D 

D 

References: 1. French (1979b) 2. French, Steinhorst, and Sw'tft 
(1979) 3. Sims and Singh (1971) 4. Lewis (1971) 
5. Rlsser et al. (1981) 6. Sims and Singh (1978a) 
7. Andrzejewska (1974) 8. Baler et al. (1972) 
9. Dahlman and Kucera (1965) 10. Ode, Tieszen, and 
Lerman (1980) 11 .  Old (1969) 12. Pendleton et al. 
(1983) 13. Plewczynska - Kuras (1974) 14. Rice 
and Penfound (1954) 15. Dormaar, Johnston, and 
Smoliak (1984) 16. Sauer (1978) 17. Parton, 
Singh, and Coleman (1978). 
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Table 9. State variables of the seasonal model (Fig. 13) applied 
to the boreal coniferous forest ecosystem type ( D  = pure 
data, M = model of data) 

Pr 1 mar y 
D rod uce r s Li tter S o l  1 

Reference x1 x2 x3 x4 x 5  x6 x7 x8 x9 

1 M M M M  

2 D 

3 D 

4 D D 

5 D D  

6 D 

7 

8 M M M  

M M M  M M  

References: 1. Field et al. (1973) 2. Larsson and Tenow 
(1980) 3. Ericsson and Persson (1980) 
4. Flower-Ellis and Persson (1980) 5 . .  Satoo 
(1971) 6. Chapin (1983) 7. Bosatta (1980) 
.8. Kanninen, Hari, and Kellomaki (1982). 
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Table 11. State varlables of the seasonal model ( F l g .  13) applled 
to the boreal tundra ecosystem type (D = pure data, 
M = model of data) 

P r i ma r y 
producers Litter Sol  1 

Reference x1 x2 x3 x4 x 5  x6 x7 x8 x9 

1 D 

2 D 

3 D 

4 D 

5 M 

D 

References: 1. Dennis, Tleszen, and Vetter (1978) 2. Rastorfer 
(1978) 3. Oechel and Sveinbjornsson (1978) 
4. Bunnell and Scoullar (1981) 5. Bunnell and 
Scoullar (1975). 
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5. CONCLUDING REflARKS 

ORNL/TM-9404 

This  r e p o r t  i s  p a r t  o f  an e f f o r t  t o  improve our general  

understanding o f  t he  g loba l  carbon cyc le.  

long-term e f f e c t s  o f  inc reas ing  C02 a re  concerned, t h e  seasonal 

aspects o f  t he  carbon cyc le  may be o f  minor importance. 

i n fo rma t ion  on t h i s  seasona l i t y  may throw l i g h t  on t h e  impor tant  

t e r res t r i a l -a tmospher i c  carbon f l uxes  i n  general .  
d i r e c t e d  a t  desc r ib ing  t h e  seasona l i t y  may improve our general  

understanding o f  t h e  g loba l  carbon cyc le  i n  t h e  f o l l o w i n g  ways. 

A s  f a r  as t h e  poss ib le  

However, 

A modeling e f f o r t  

(1) It may he lp  determine i f  t h e  seasona l i t y  o f  atmospheric C02 

concentrat ions i s  s e n s i t i v e  t o  e f f e c t s  t h a t  could be o f  

long-term importance, such as C02-stimulated h igh  ra tes  o f  

t e r r e s t r i a l  photosynthesis.  

It may c o n t r i b u t e  t o  our knowledge o f  whether var ious 

t e r r e s t r i a l  ecosystems a re  a c t i n g  as sources o r  s inks  and 

whether c l i m a t i c  changes could a l t e r  t h e  present  s i t u a t i o n .  

The seasonal cyc le  may a c t  as a moni tor  o f  b i o t i c  metabolism 

and prov ide  i n s i g h t  i n t o  t h e  h e a l t h  and p r o d u c t i v i t y  o f  t he  

biosphere; consequently, an improved understanding o f  t h i s  

seasonal metabolism takes on added importance. 

Mathematical modeling e f f o r t s  d i r e c t e d  a t  desc r ib ing  t h e  

seasona l i t y  o f  t h e  g loba l  carbon cyc le  may approach t h e  problem from 

d i f f e r e n t  d i r e c t i o n s .  (1) Empi r i ca l  r e l a t i o n s h i p s  can be der ived 
between t h e  seasonal photosynthet lc  and r e s p l r a t o r y  f l uxes  and c l l m a t i c  

var lab les .  (2 )  Standardized compartment models can be app l i ed  t o  each 

biome, l i f e -zone  type, o r  l a t i t u d i n a l  zone. ( 3 )  Models a l ready  

developed f o r  s p e c i f i c  s i t e s  may be borrowed and var ious mod i f i ca t i ons  

made i n  them so they apply  t o  wider areas than t h e  p a r t i c u l a r  s i t e s  f o r  

which they were o r i g i n a l l y  designed. 

each o f  these approaches. The compiled l i t e r a t u r e  data p rov ide  

reference t o  sources o f  i n fo rma t ion  on both b i o t i c  and c l i m a t i c  

var iab les  needed i n  t h e  d e r i v a t i o n  o f  empi r i ca l  r e l a t i o n s h i p s  between 

(2) 

( 3 )  

The data and models presented i n  t h i s  r e p o r t  can be u t i l i z e d  i n  

h 
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these variables (approach 1). In Sect. 4 of this report we demonstrate 
the application of the compiled data and models to seasonal models of 
carbon flux in several principal terrestrial biome types (approach 2). 
We are currently pursuing the application of the data and models to the 
elaboration of site-specific models (approach 3). We are using 
information gleaned during the compilation to identify appropriate 
site-specific models; the empirical data sets are being used as 
reference points in the extrapolation of these models from site to 
region and biome. Although we have elected for various reasons to 
pursue this third approach intensively, each of the others has the 
potential to greatly improve our understanding of the seasonality in 
the global carbon cycle. We believe researchers following the other 
approaches will also find this compilation useful. 

A cursory glance at the tables in Sect. 4 suggests that there are 
gaps in our knowledge of carbon reservoirs and fluxes across ecosystem 
types, even in those described by the relatively simple model depicted 
in Fig. 13. These absences limit to some degree any attempt to 
understand the seasonal carbon cycle. Some of these gaps could be 
filled with further literature review. However, our review is fairly 
extensive, and we believe that certain absences would persist, 
particularly in some ecosystem types. Obviously, some reservoirs and 
fluxes are better represented in some biomes than in others, and 
although world coverage 3 s  reasonably extensive, there are regions 
(e.g., tropical rain forest in Africa, temperate forest in China) that 
are underrepresented. These gross, global-scale gaps in information 
are understandable given the historical and practical limitations on 
ecological research. However, there are finer-scale, local absences in 
carbon flux data that can be attributed in part to the fact that (with 
the laudable exceptions of such efforts as the International Biological 
Programme and the Brookhaven Forest studies) there have been relatively 
few efforts to integrate the individual ecosystem process studies of a 
locale or ecosystem-type into a cohesive whole. 
investigations are apt to leave gaps in the overall picture. 

Piecemeal 

c 
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Ecologists may be limited in their ability to fill large gaps in the 
global coverage of carbon dynamics, but some progress could be made on 
a more local scale. We do not suggest anything so extensive or formal 
as the IBP, but rather an informal collaboration (even ad hoc) of 
researchers of various expertise working in the same ecosystem type. 
The gaps in our tables may serve as a stimulus to move in this 
direction. 

more a function of the type of data collected than the absence of 
particular data. Many of the estimates of both ecosystem reservoirs 
and fluxes are derived from autecological studies. Ostensibly, the 
needs of a synthesis of ecosystem biome carbon dynamics such as ours 
would be better served by a different approach. 
of carbon in a square meter or kilometer o f  the landscape would in many 
ways be more useful for purposes here than comparable data on Herba 
exemplum or a collection of such plants from that same plot. 
latter introduces to the already considerable difficulties in 
extrapolation from plot to biome the additional complication of 
extrapolation from species to plot. The species paradigm Is pervasive 
in ecology and has proven useful; however, certain applications may be 
better served by considering an alternative paradigm. 

There are limitations imposed by the existing data sets that are 

Data on the dynamics 

The 

A somewhat similar problem arises in considering the time scale at 
State variables may be measured every day or which data are collected. 

once a month. Researchers may measure carbon flux (e.g., respiration) 
every hour for one 24-hour period during each month and report an 
average hourly rate representative of the month. Others may measure 
flux every ten days and report a mean daily rate. It is not clear what 
the appropriate time scale for carbon flux measurement is, relative to 
understanding seasonal carbon dynamics, nor is it clear what effect 
converting fluxes to common scales (e.g., multiplying by 24 to convert 
hourly rates to daily rates) will have on error propagation. 
other problems o f  scale and hierarchical organization are important in 
any attempt to extend our knowledge of carbon dynamics at the whole 
plant level to the biome and global level. We are not currently in a 

These and 
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position to recommend the scale or level of organization most 
appropriate for understanding regional carbon dynamics. Hopefully, 
with an awareness of these problems, the process of modeling seasonal 
carbon fluxes in terrestrial biomes will highlight where these problems 
are most critical and bring us closer to making such recommendations. 

This report does not include data on at least three components of 
seasonal carbon flux in terrestrial biomes. These omissions do not 
represent judgments on the importance of these elements as much as 
considerations o f  space, time, and effort. The first of these 
components is seasonal carbon dynamics in agroecosystems. Agricultural 
systems such as croplands dominate relatively large portions of the 
landscape in many regions (e.g., the midwestern United States, western 
Europe, and northern India) and their carbon dynamics are probably 
sufficiently different from those of more natural ecosystems to warrant 
special conslderatlon. These dynamics will be treated in an 
introductory manner in a forthcomlng report. 
component is seasonality in secondary production and the effect o f  

consumers on seasonal carbon dynamics. Presumably, these effects are 
small and the relative amounts of carbon involved are negligible; they 
are not usually considered in models of carbon dynamics. 
presumptions may prove to be true, but appeal to dogma and general 
practice is never fully satisfying. 
carbon dynamics should receive further attention. The last of the 
omitted components concerns the role of freshwater and estuary carbon 
storage and flux in regional carbon dynamics. Arguments similar to 
those for secondary production about relative influence and carbon 
content can be made for these aquatic systems; however, they too 
deserve further attention. 
seasonal downstream flux of organic carbon may be particularly 
important. No single research project can hope to deal with all of 
these components in a satisfactory manner; researchers must rely on 
widespread interest by others to accommodate these other factors, or 
leave them for future consideration. 

The second omitted 

These 

The role of consumers in seasonal 

Over certain scales and In certain regions, 

t 
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The inherent seasonality of the global carbon cycle has been 
recognized for some time, and seasonal variations in plant-level 
and stand-level carbon fluxes have been noted even longer. Only 
recently, however, has there been concentrated effort directed towards 
understanding the seasonality of global carbon dynamics. It is no 
accident that this interest has paralleled intensified investigation 
of the role of the biosphere in the global carbon cycle; the two are 
inseparably related. There are several approaches to understanding 
seasonal biospheric carbon dynamics (we have mentioned three), and it 
is by no means clear which of  these will prove to be the most fruitful. 
Certainly, investigators should pursue as many lines of research as 
possible. Each will provide its own rewards, and comparisons of their 
respective results will provide further insight. 

c 
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