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ABSTRACY

KING, A. W,, and D. L. DeANGELIS. 1987. Information for
seasonal models of carbon fluxes in agroecosystems.
ORNL/TM-9935. 0ak Ridge National Laboratory, Oak Ridge,
Tennesssee. 98 pp.

This report is a compilation of available simulation models and
empirical data describing the seasonal carbon fluxes of the Earth's
principal agricultural crops. Along with its two companion reports
(King and DeAngelis 1985; King and DeAngelis 1986}, this report will be
a useful source of information for constructing the terrestrial
source/sink component of a global model of atmospheric carbon dioxide
(COZ)' The report excludes pasture systems and permanent crops such
as orchards, but it includes the crops that occupy most of the arable
land: (1) cereals (wheat, rice, corn or maize, sorghum, and barley);
(2) tubers (potatoes and sugar beets); (3) pulses {soybeans); and
{(4) others (cotton, tobacco, and a general crop model).

The objective of this compilation is to describe the models and
empirical data in sufficient detail to allow prospective users to
determine if these will meet their specific needs. The report also
points out some areas of deficiency in crop modeling (at least where
seasonal 602 flux is concerned), such as the absence of decomposition
processes in crop models. Because of these deficiencies, the models
currently available will not be sufficient to meet the needs of
seasonal CO2 flux predictions, and more work must be done,
particularly in modeling decomposition in agricultural systems.






INTRODUCTION

Man has dedicated considerable tracts of the terrestrial landscape
to the managed production of food, fiber, and building materials.
These conversions of natural ecosystems to agroecosystems have for
centuries affected carbon dynamics on local, regicnal, and global
scales. Over much of the Northern Hemisphere, forests have been
replaced by croplands, with drastic reductions in carbon storage
capacity per unit land area. Where temperate grassland is converted to
forage grass production or upland grain crops, growth rates {grams per
square meter per day) and aboveground net production (tons per hectare
per year) generally increase, oflen dramatically (Mitchell 1984).
Domesticated rice has displaced natural marshes over large areas of the
world and, while respective growth rates and aboveground net production
generally overlap, seasonal growth rate patterns may differ (Mitchell
1984). Additionally, there is evidence that many modern cultivars have
lower rates of leaf photosynthesis than do their wild relatives
(Mitchell 1984).

0f perhaps greater consequence are changes in the deposition and
fate of litter and soil organic matter. Harvesting of croplands and
intensive grazing of pastures may result in the exporting of plant
materials that under more natural circumstances would become part of
the surface litter. Plowing, a major aspect of conventional crop
production, distinguishes between natural and agricultural systems.
Recent investigations have focused on the effects of these management
practices on nutrient cycling {e.g., on nitrogen, see House et al.
(1984); Coleman, Cole, and EVliott (1984)], but the impact of
harvesting and tiliing on carbon dynamics is almost certainly
comparable (Coleman, Cole, and ETljott 1984) and worthy of attention.
On a small scale, tillage increases the rate of decomposition of buried
organic matter, and carbon:nitrogen ratios in litter and other plant
residues are narrowed (Woodmansee 1984). On larger scales, cuitivation
may promote the loss of soil organic matter, affecting the soil carbon
reservoir of the global carbon cycle (Odum 1971; Houghton et al. 1983;
Kohimaier et al. 1983; Coleman, Cole, and El1liott 1984).



Differences between the carbon dynamics of natural ecosystems and
those of agroecosystems, and the impact of conversion from the former
to the latter, have been recognized for long-term carbon dynamics.
These differences have been the focus of studies relating land-use
change to the global carbon cycle and increases in atmospheric CO
(Bolin 1977; Houghton et al. 1983; tmanuel et al. 1984a, b; and
Goudriaan and Ketner 1984). The influence of agroecosystems on the

2

global carbon cycle may, however, be more demonstrable at finer spatial
and temporal scales. The pronounced seasonal cycle in the records of
atmospheric CO2 (Keeling 1983) is generally attributed to regional

and monthly variations in net CO, exchange between the atmosphere and

terrestrial vegetation. At thesg scales, the carbon dynamics of
agroecosystems may directly influence the atmospheric concentration of
002.
This report is a compilation of information useful for
constructing regionally differentiated models of seasonal carbon
fluxes in the terrestrial biosphere. Such models can aid in
understanding the global carbon cycle, and they may be applied towards
the multidimensional models objective of the U.S. Department of
Energy's (DOE's) Carbon Cycle Research Plan (Dahlman 1984). Two
companion reports (King and DeAngelis 1985; King and DeAngelis 1986)
describe information for seasonal carbon flux models of natural,
relatively undisturbed ecosystems. Here we concentrate on models for
agroecosystems, since, for the reasons outlined above, successfule.
modeling of regional carbon dynamics may require consideration of
carbon fluxes in agroecosystems.

Two classes of information are presented. First, extant
agroecosystem models that simulate the flux of carbon in a stand or
whole field are reviewed. Second, empirical data on seasonal carbon
fluxes are compiled. These reviews and compilations are extensive, but
not exhaustive. They simply introduce the available information. They
should be useful, however, in guiding the incorporation of
agroecosystems into regional models of seasonal carbon flux, in
highlighting deficiencies in the available models of agroecosystem
carbon flux, and in documenting the assumptions that will go into the
development of seasonal models.



There is much potentially relevant information that is not
presented here. The enormous mass of literature describing studies
which relate various environmental factors tc the carbon flux
physiology of agricultural plant species is not reviewed. When models
are based upon these studies, the sources used by the model developers
are referenced. Crop yield models are not considered, and annual
models and data are not reviewed (see Loomis and Gerakis 1975). We
are concerned here with seasonal information. Models of agricultural
production systems that involve energy subsidy and marketing (see
Van Dyne and Abramsky 1975) also are not included. Models and
empirical data for grazing systems and pastures are not reviewed,
neither are orchard systems and managed timber stands considered.
These managed systems, which can rightly be called agroecosysiems, were
excluded because of limitations of space and effort. Furthermore, the
grazing systems are often modeled in conjunctiion with grasslands, and
these models are dealt with by King and DeAngelis (1985). Managed
orchards and timber stands may be modeled using appropriately modified
forest stand models, ‘also reviewed by King and DeAngelis (1985). The
compilation reported here deals with cropland systems, generally tilled
or cultivated, which, for the most part, occupy extensive, nearly
contiguous tracts of land.

Finally, this document does not attempt to evaluate in any
definitive manner the usefulness of available seasonal models and
data. It is, instead, an introduction to information that may be used
according to ihe needs specific to constructing models of seasonal
carbon dynamics in agroecosystems.

1. SEASONAL CARBON DIOXIDE ASSIMILATION AND RESPIRATION

Agroecosystems remove CO2 from the atmosphere through
photosynthesis. Some of this assimilate is returned to the atmosphere
by the process of respiration as the plants consume photosynthates in
maintenance and growth metabolism. The remaining photosynthate
contributes to net primary production or dry matter production. Crop



production, particularly in the temperate latitudes, is a seasonal
phenomenon. However, the extent to which this seasonality influences
the seasonal concentration of atmospheric CO2 is unknown. Any
attempt to model the seasonal exchange of CO2 between cropland and
the atmosphere will require some consideration of seasonal dry matter
production and will probably involve explicit consideration of
photosynthesis and respiration. These factors are dealt with in
Sect. 1.1. The release of CO2 during decomposition also influences
seasonal CO2 exchange between cropland and the atmosphere; this

influence is addressed in Sect. 2.0.

1.1 Crop Growth Models

Models that simulate the seasonal course of dry matter production
in croplands are generally referred to as crop growth models. These
models frequently involve submodels of photosynthesis, respiration, and
translocation. These processes, and sometimes growth itself, are
driven by environmental variables such as light, temperature, and
available water, which may vary seasonally. Another characteristic of
crop growth models is their simulation of canopy microclimate. This
simulation may be a very complex micrometeorological simulation, or a
rather simple one limited to considering the distribution of light
within the canopy. 1In either case, the canopy microclimate influences
canopy photosynthesis, and canopy growth can feed back to affect the
microciimate. Crop growth models, then, may represent a major
contribution to the modeling of cropland-atmosphere interactions.

In the descriptions of crop growth models that follow, we
concentrate on the processes of photosynthesis and respiration. These
are the live plant fluxes most critical in simulating seasonal CD2
exchange between the atmosphere and the terrestrial biosphere. Canopy
influences are referred to, and the role of environmental driving
variables in the processes of photosynthesis and respiration are
considered explicitly. The descriptions also include comparisons of
model results and empirical observations.



1.1.1 Wheat Models

Adapting earlier models of community photosynthesis, Connor and
Cartledge simulated the photosynthesis of a wheat community under
conditions of optimum nutrient and water supply (Connor and Cartledge
1970, 1971).. Three models were used. The first, SIMPLE, considers the
canopy as a continuous horizontal foliage plane; the other two are
geometrical treatments which consider a number of foliage layers, each
specified by its foliage area index and a characteristic foliage
angle. In one model, 4M, this angle is a measured mean value; in the
other, &M, there is a distribution of measured foliage angle values.
These latter models relate the photosynthetic-1ight response of
individual leaves to the distribution of radiation in the model
canopies. The distribution of incident radiation through the layered
canopies follows the work of Warren Wilson (1965, 1967), Anderson
(1966), and de Wit (1965).

The wheat leaf photosynthesis-light response curves are from Angus
(1970; also see Angus and Wilson 1976). These curves include the
effect of leaf age. ‘Hence, net photosynthesis during the daylight
hours is a function of irradiance and leaf age, or

P, = f(La) (1)

where P is net photosynthesis (mg CO, dm ™2 hw]), 1 is incident

radiation (mW cmwz), and a is leaf age.
Connor and Cartledge (1971) compared observed and simulated diurnal
2 -1 :
h ) for
all three models and total daily photosynthesis for the layered canopy
models (4M and 6M). The diurnal pattern predicted by SIMPLE deviated
seriously from observed patterns. The geometric models generated

patterns of hourly community photosynthesis (mg C02 dm

values in fair agreement with observed values for both hourly rates and
daily rates. No real differences in agreement could be resolved
between the mean angle treatment (4M) and the angle distribution



treatment (eM}). The fact that 4M is simpler and equally adequate
recommends 4M over 6M. Interestingly, while SIMPLE failed to simulate
diurnal patterns of photosynthesis in a wheat community, it did as well
as 4M and 6M in simulations of a Rhodes grass community (Connor and
Cartledge 1970), except when leaf area was low. This leads to the not
unreasonable conclusion that canopy architecture is important to canopy
photosynthesis in some community types but not in others.

Lupton (1972) developed a model relating photosynthesis to 1ight
intensity in successive layers of a wheatl crop canopy. The
distribution of incident light in the canopy is affected by leaf angle
and leaf area of each canopy layer. Total crop photosynthesis is the
sum of contributions of each layer. 1he layers are largely defined by
wheat plant anatomy, for example, the ear zone, the flag leaf laminae
zone, etc.

The rate of photosynthesis per unit ground area of the uppermost
zone is given by

o . mOI0 . (2 - mo)I] )
0 qp + (rOIO/LO) qp + (rOI]/LO)

where
= photosynthesis (mg starch dm 2 ground area h“]),
= leaf area index of top layer,

= chance of light encountering a leaf in the top layer,

= total incident radiation (cal cm 2 h_]),

2 h’]),
= constants in the general relationship between

photosynthesis and light (after Monteith 1965).

= total diffuse radiation (cal cm

Similar equations are derived for the other layers. Respiration is not
considered and environmental factors other than light are implicitly
assumed to be nonlimiting.



The 'constants’ 9 and qo of £q. (2) (and their counterpartis
for other layers) were found to vary with plant age {Lupton 1972).

This information, combined with observations on translocation, allowed
model predictions of the contribution of particular layers {i.e., plant
parts) to grain yield over time (up to 35 d after anthesis). The
predictions generally did not compare well with observations (Lupton
1969). Lupton (1972) discussed possible causes of these discrepancies,
such as error in observations due to disturbance of the canopy, or
failure to allow for curvature of leaves in the model.

Rickman, Ramig, and Allanaras (1975) described a model of daily
dry matter accumulation in winter wheat. The model involves
environmental driving variables but does not consider photosynthesis or
respiration. Osman (1971)kpredicted dry matter production in wheat
using measured rates of gross photosynthesis and dark respiration, but
he did not explicitly model these processes. These latter approaches
do not, in themselves, represent the dynamic,‘mechanistic growth
simulation models called for to predict seasonal carbon dynamics in
wheat fields. The models of Connor and Cart]edge (1971) and Lupton
(1972), outlined above, are potentially more applicable, although they
both lack considerations of respiration and dry matter production.

They also fall short of modeling the seasonal carbon budget for an
entire wheat field agroecosystem under a variety of environmental

conditions.

1.1.2 Rice Models

Perhaps the only dynamic simulation model of rice growth is one
developed by Iwaki (1975) during the Japanese International Biological
Program. Iwaki's mode] was designed to simulate dry matter‘growth of
rice plants during the vegetative period (about 120 d after seedlings
are transplanted). The model invoives the processes of photosynthesis,
respiration, and synthate allocation. These processes of plant growth
are related to daily illumination, temperature, and age of plants. The
model divides the rice plant into four parts: 1living leaves; dead

leaves; ears, culms, and leaf sheaths; and roots. The crop canopy



affects the distribution of light in the manners suggested by Saeki

(1960), but other aspects of canopy microclimate are not considered.
Gross canopy photosynthesis (PG' g dw m_2 ground area d'])

is modeled using an equation developed by Kurciwa (1968):

Y + AL/ - M)]
Y{(1 + AKI exp(-KF))}/(1 - M)] . (3)

+ i+

where
I = dajily maximum of solar illumination at noon (Klux h},
D = daylength (hours),
F = leaf area index,
K = canopy light extinction coefficient,
M = light transmissibility of a single leaf,
B = constants characterizing the light
photosynthesis curve of s;ngle leaves.

The leaf area index (F) varies with a time-dependent specific leaf area

(m2 g“] leaf weight) and simulated leaf weight.

Whole plant respiration (RSP, g m~2 ground area dﬂ]) is the sum
of leaf respiration and respiration from nonphotosynthetic organs. The
average rate of leaf respiration (RF, mg CO, dm 2 h"]) is
calculated using

RE = 0.1P0(1 - 0.0625LAT) (4)

where P, (mg CO, dm™2 hG]) is the photosynthetic activity of

single leaves, and LAI is leaf area index. The parameter P0 is
constant during the growing period, but the value of PO’ chosen from
the reported range of values (Iwaki 1975), may vary with model run.
Iwaki (1975) made several runs using different values of PO’ to

explore the effect on growth processes.



Daily rates of respiration of nonphotosynthetic organs involve a
time-dependent (seasonal), 'standardized' [sic] respiratory rate
(RC, mg CO, g”] organ dw h~}), corrected for organ type. This
formulation assumes a maintenance-type respiration that is dependent on
organ dry weight. The ‘'standardized' [sic] respiratory rates (measured
at 30°C) are corrected for average air temperature, assuming a Q]O
relationship with a‘010 parameter of 2.0.

Daily net production (PN) is calculated as gross photosynthesis
(PG) minus whole-plant respiration {RSP). 7The resulting assimilate
is partitioned to the three live plant organs accerding to empirically
derived, time-dependent distribution ratios. leaves receive the
greatest proportion of the synthate [see Iwaki (1975) for details].

Simulation results were compared with field measurements of total
plant weight (g mgz). A leaf photosynthetic rate (PO) of about
30 mg CO, dm 2 n! provided the best fit between observation and
simulation. The model tended to overestimate growth in the early
stages of vegetative growth (the first 40 to 60 d). Iwaki {1975)
suggested that this was attributable to the lack of a
temperature-dependent growth rate in the model. Agreement between
observations and simulations, while generally good, varied with rice
paddy location and year. The accuracy of photosynthesis and
respiration predictions was not discussed.

Van Keulen (1976) has approached the problem of calculating
potential rice production using the BACROS model of de Wit et al.
(1978). His efforts are not widely referenced, and the details are not
clear. We do not believe, however, that van Keulen goes much beyond
the approach followed by Iwaki (1975). As is the case for the wheat
models of Sect. 1.1.1, the available rice models do not simulate the

carbon dynamics of the whole rice paddy over an entire year.

1.1.3 Corn Models

The preeminent model of (0, exchange in a cornfield is the mode]

2
SPAM developed by Stewart (1970) and Stewart and Lemon (1969), and



10

modified by Sinclair, Allen, and Stewart (1971). The model is also
discussed by Lemon, Stewart, and Shawcroft {1971) and Sinclair, Murphy,
and Knoerr (1976). In SPAM, a micrometeorological model, the canopy
vegetation is divided into several horizontal layers of equal leaf
area. The model simulates the micrometeorological conditions of each
layer, determined principally by the interception and partitioning of
solar and thermal radiation, and constructs a balanced energy budget
for all foliage layers. Determination of canopy microclimate requires
definition of top boundary conditions in the canopy aerodynamic
boundary layer. The required boundary conditions include incident
direct and diffuse radiation [both photosynthetically active radiation
(PAR) and total solar radiation], wind speed, air temperature, water
vapor content of the air, and atmospheric CO2 concentration. A
bottom boundary at the soil surface is also defined by further boundary
conditions relating soil conditions to solar radiation, heat, CO2 and
moisture. 1In addition to these physical factors, several vegetation
characteristics are also required. Various aspects of canopy
architecture, including vertical distribution of leaf area and leaf
angle and the interaction between leaf surface and the reflectance and
transmittance of radiation, are involved. Physiological factors such
as stomatal resistance, mesophyll resistance, and dark respiration
rates are also required.

Through a series of rather involved and detailed functions,
SPAM determines the microclimate of each layer. In turn, the layer
microclimate is used to calculate the specific leaf and soil surface
responses to variations in radiation, temperature, CO2 concentration,
and water vapor content. The photosynthetic response to incident light
of individual leaves is modeled using a modification of Chartier's
biochemically oriented leaf model (1970). According to Chartier,
the relationship between net assimilation per unit leaf area

(F, mg CO, dm~° h“1) and incident radiation (€, W mnz; 400 to 700 nm)
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is described by a nonrectangular hyperbola. The maximum rate of net
assimilation (FMAX) is given by

¢ - R[rx - (nrm}]
FMAX = . (5)
Pyt rg v ot

where C is atmospheric C02 (ppm); R is the respiration flux
2 h-]
spaces, and ra, rs, r , and rx are boundary layer, stomatal,

m
mesophyll, and carboxylation (O

(mg CO2 dm~ ); n is the fraction of R mixed in interceilular

2 diffusion resistances (s mw])
respectively. The photosynthesis submodel relates stomatal resistance
to CO2 concentration, light, and water deficit; boundary layer
resistance is related to air turbulence. Respiration (R, mg CO2
dm"Z h~]) as a function of leaf temperature is modeled following

Waggoner (1969):
R = Rxexp[QOOOIn(Q)(1/293 - 1/1)1 (6)

where Rx is respiration at 20°C; Q is the Q]O coefficient
(approximately 2), and T is temperature (°C). Total canopy gas
exchange (e.q., CO2) is calculated by summing the photosynthesis and
transpiration of each foliage layer. These responses feed back to
affect layer microclimate.

The scale of responses modeled by SPAM permits simulation of
diurnal patterns in microclimate, photosynthesis, and transpiration.
Comparisons between simulated and observed microclimate were "good
enough for many applications" (Lemon, Stewart, and Shawcroft 1971,
p. 378). (Comparisons between observed and simulated patterns of
transpiration and net photosynthesis of a maize crop were generally
very good (Sinclair, Murphy, and Knoerr 1976). These results are
important, but as has been stressed by Lemon, Stewart, and Shawcrofi
(1971), SPAM is not a model for plant growth or crop yield. We are
unaware of any comparisons between observations and SPAM simulations

over a growing season.
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Sinclair, Murphy, and Knoerr (1976) reported on a simpiified
SPAM. In this model vertical exchange coefficients between layers are
assumed to be infinite; consequently, there are no vertical gradients
in temperature, water vapor, and 002 concentration (upper boundary
values are used in the simulations). Only radiation varies in its
distribution through the canopy. The model assumes that canopy
microenvironment (except for radiation) is unimportant. The net
photosynthesis submodel (Sinclair 1972) follows the biochemical
approach of Chartier (1970) and is very similar to the submodel in the
more complex SPAM. Simplified SPAM produces a predicted diurnal
pattern of net photosynthesis nearly identical to that of the original
SPAM simulations. However, predictions of transpiration patterns
differed (were lower) when transpiration rates were high (e.g., air
temperature was high).

Sinclair, Murphy, and Knoerr (1976) also discussed the so-called
"big leaf" model, which treats the canopy as a condensed single plane,
a single large leaf. This model assumes no differences in intracanopy
microenvironment, but the leaf environment differs from ambient
conditions above the canopy. The single-plane canopy is apportioned
into sunfleck and shade leaves, and separate CO2 assimilation rates
are calculated for each class. The leaf photosynthesis submodel is the
same as in the simplified SPAM. Canopy photosynthesis in the submecdel
is the sum of the sunfleck and shade rates. This model gave results
similar to those given by the simplified SPAM model. Predicted
photosynthetic rates were similar to those of the complex SPAM, but
transpiration rates differed. The big leaf model generated
transpiration rates greater than those predicied by SPAM.

The results from the simplified models that do not consider
gradients in canopy microenvironment lead to the interesting conclusion
that, for corn fields at least, nothing much is gained in the
prediction of canopy photosynthesis by laboriously modeling intracanopy
differences in microenvironment. This may recommend these models over
SPAM in certain applications,.

Duncan et al. (1967) developed a general model of photosynthesis

in a foliage canopy. Their model assumes a canopy of many small leaves
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dispersed in space and arranged in horizontal lavers. The model
simulates the fate and distribution of incident solar radiation within
the canopy. Canopy architecture (e.g., leaf area, leaf angle) and
light transmission and reflection properties of the leaves affect this

2

distribution. Photosynthetic rates (P, mg CO, dm h_]) vary

2
only in response to illumination, following the light response curve
for single leaves. This response curve is described by a rectangular

hyperbolic function

P I .
_ Imax. (1)
P= Tvx R >

where Pmax is the asymptotic photosynthetic rate, 1 is light

intensity, R is dark respiration (mg CO, dm 2 h_1), and k is a

constant equal to I at Pmax/z' Dark respiration rates are

incorporated in adjustments of light response curves. Duncan et al.
(1967) applied this model to maize populations at several population
densities and found close agreement between simulations and observations
over a 45-d period from 30 d after planting to maturity. The model
tended to overestimate dry matter production at maturity, and agreement
between simulation and observation tended to decrease with increasing
plant density. Ouncan et al. (1967) provide possible explanations for
these discrepancies. The model did not deal with other aspects of
carbon flux in the field, such as decomposition or soil respiration.

De Wit, Brouwer, and Penning de Vries (1970) applied the crop
simulation model ELCROS {Brouwer and de Wit 1969) to a maize crop.
ELCROS concentrates on the increase of root, stem, and leaf weights
under the influences of tissue age, reserve synthate, water, and
temperature. Photosynthesis is modeled as a function of light incident
on individual leaves. The distribution of light within the canopy is
determined by canopy leaf area and the height of the sun at hourly
intervals (de Wit 1965). Leaf photosynthesis at 23°C (P, kg CH20

ha | h'1) js given by

P = {L1I/(0.356 + LI)]B4.5 , (8)
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where L1 is visible light intensity (cal cmnz min’]). Temperature
is assumed to affect the photosynthetic rate in fixed proportions over
the range from 0° to 45°C. Optimal temperatures are at 30° and 35°C.
Photosynthesis decreases with temperatures ahove or below these
values. Hourly air temperatures at a single fixed height are used.
Canopy photosynthesis is the sum of individual leaf rates.

Respiration is the sum of growth respiration and maintenance
respiration. Growth respiration (GR, kg CH,0 ha ! d']) is a
fixed proportion of plant growth and is described by the eguation

GR = 0.33(GLW + GRW + GS1) (%)
where GLW, GRW, and GS1 are the weight growth rates (kg ha ™! d"])
of the leaves, roots, and stems respectively. Maintenance respiration

(MR, kg CH,0 haﬂl dn]) is a more complicated function:

2

MR = 0.08URRC , (10)

where URRC, the uncoupled respiration rate of the whole crop, is the
ajir- and soil-temperature-weighted sum of leaf, stem, and root
respiration rates. These rates are age dependent and vary with tissue
nitrogen content [see de Wit, Brouwer, and Penning de Vries (1970)

for details].

When simulated results were compared with actual experiments,
growth trends over 100 d postemergence were reasonably comparable, but
the quantitative (kg shoot/ha) simulation resuits tended to
overestimate field observations from California and lowa. Production
in a Netherlands field was underestimated. Driving variables were
altered in these simulations, but parameter values were unchanged. The
authors related the differences between simulation and observation to
temperature effects. Simulated photosynthesis and respiration showed
the appropriate response to changes in leaf area, butl comparisons with

observed quantitative values were not discussed.
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Baker and Horrocks (1976) have reported on another dynamic corn
growth model. The model simulates an entire corn production system:
planting, crop growth, and harvesting. The canopy and plant growth
components are comparable to those of SPAM, and the photosynthesis and
respiration subimodels are very similar. However, in contrast to SPAM,
the crop growth simulations proceed on a daily basis and involve a
chronological clock of growing-degree days. Also, the stomatal
resistance values are constants rather than variables. Baker and
Horrocks (1976) did not discuss seasonal carbon or growth dynamics,
although the structure of their model, CORNMOD, makes such simulations
feasible.

Other simulations of carbon flux in corn fields include an
application of de Wit's (1959) canopy model by Williams, Loomis, and
Leply (1965) (the model tends to underestimate experimental values for
photosynthesis) and applications of the SPAM model by Shawcroft (1970,
1971), Stewart (1970), Shawcroft and Lemon (1972), Lemon et al. (1973),
Allen, Jensen, and Lemon (1971), Sinclair (1971), and Allen (1973).
Terjung, Louie, and O'Rourke (1976) simulated the diurnal pattern of

2

net photosynthesis {mg CO dm h‘]) for maize using their

general layered leaf canogy, energy budget model of photosynthesis (see
Sect. 1.2). Photosynthesis was modeled as a function of leaf
temperature and solar radiation. The model BACROS, a successor to
ELCROS, described earlier, was used to simulaie the seasonal growth of
a corn crop (de Wit et al. 1978). HWright and Keener (1982)’reported a
test of a corn model (Stapper and Arkin 1980) in which photosynthate
production is a function of average daily temperature and daily solar
radiation. To our knowledge, none of these models simulates the whole
cornfield's carbon budget over an entire year. Crop models are
characteristically designed to simulate growing seasons, not entire

annual cycles.

1.1.4 Barley Models

Kallis and Tooming (1974) described a model designed to evaluate
the impact of photosynthesis, respiration, specific leaf weight, and

organ growth functions on crop yield. The model was applied to the
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growth of barley. In the model, the barley plants are divided into
four different organs: Tleaves, stems, roots, and reproductive organs.
Empirically derived growth functions that describe changes in relative
organ weight [increase in dry weight of organ i (Ami)/increase in dry
weight of whole plant (AMi)] during vegetative and reproductive
growth periods are combined with models of photosynthesis and
respiration. The resulting model allows simulation of changes in organ
and whole plant weight over time.

Gross photosynthesis (Pg, mg CO, dm 2 leaf area h_]) is
modeled after Tooming (1967):

Pg = (KI)/[K(a + I)] , (1)

where a is the derivative of the photosynthesis light curve at low
irradiance (PAR), I is absorbed irradiance (cal em % min—]),

and K is the gross photosynthetic rate at 1ight saturation. This
1ight -saturated gross photosynthelic rate is given by

K = al(} - vc)/vell' (12)

where ¢ is a loss factor and I' is the irradiation density of adaptation
(Tooming 1967). The distribution of 1 in the crop canopy, assuming a
random leaf arrangement, is a function of time and leaf area (Tooming
and Ross 1965).

Leaf respiration and the respiration of other, nonleaf organs are

treated differently. 1Lleaf respiration (R mg C02 dm—2 leaf

Ql
area h’]) is retated to the gross photosynthetic rate (Tooming 1967)

such that

RQ = ¢cK , (13)
where ¢ and K are as in gqs. (11) and (12). The respiration rate of

all the other organs ( % Ri, mg COy dm]) is proportional to the
i= 2z



dry weight of the organs, or

mi) . (14)

oy P

4
L R, =0.015

where m, is the weight of the ith organ. 0aily photosyntihesis and
respiration of the whole crop is obtained by integrating Eq. (12) minus
Eg. (13) over time and leaf area, and subtracting Eg. (14) from the
result. The model goes on to consider the effects of variations in
specific leaf weight (SLW).

Kallis and Tooming (1974) compared crop yieid characteristiics of
simulated barley using experimentally derived parameters and modified
or hypothetical parameters. The growth dynamics of the hypothetical
barley over an 80 d period suggested that an increased photosynthetic
activity could result in increased ear and total plant yield. The
authors did not report comparisons of observations and simuiation
results.

Biscoe, Scott, and Monteith (1975), in conjunction with the
development of a micrometeorological model (Biscoe, Clark, et al.
1975), described a barley stand's seasonal carbon budget. While not
actually implemented as a simulation model, determination of the carbon

budget involved models of (0O, exchange in the estimates of carbon

, 2
flux. According to 8iscoe, Scott, and Monteith (1875), net canopy

2

photosynthesis [P(n), g CO, m dﬁl] over a 24-h period is

P(N) = T (P, -R) + LR, (15)

where } (Pa - Ra) is the net exchange of (0, between the canopy

2
and the atmosphere over 24 h, Pa is hourly net canopy photosynthesis

2 -1

(g CO2 m—2 h’}), R. is hourly night canopy respiration (g CO2 mSh ),

and ¥ R, (g €O, m d_]) is the total amount of CO, evolved
by soil microorganisms over 24 h. Gross photosynthesis [P(g), g CO

m 2 dnl], is given by

2

(Td - 1Q)/10
P(g) = ¥ Q(Pa + RS) + (1.4Rd)2 , (16)
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where Y Q(Pa + Rs) represents the summation over davlight
hours of net canopy photosynthesis (Pa) and soil microcorganism

respiration (RS). The term in Eq. (16) involving Rd (net respiration

2 d“]) describes a daytime 'dark'

respiration rate () 2 RQ, g CO2 m"2 d']; Rl = hourly daytime respiration)
where T] is the mean daytime tissue temperature and Td is the mean

nighttime tissue temperature. Air temperature at the height of maximum

loss in the dark, g co, m

foliage density is used to estimate tissue lemperature. This
representation of respiration is based loosely on work by McCree (1970).
Biscoe, Scott, and Monteith (1975) calculated the flux of C02
above the canopy using the micrometeorological measurements of Biscoe,
Clark, et al. (1975). The downward flux of CO2 from air to canopy
during daylight hours is net daytime photosynthesis or assimilation by
2 h’]) plus
soil microbial respiration (Rs)' The measurements of Biscoe, Clark,

photosynthetic tissue in the canopy (P_, g CO, m

et al. (1975) allowed estimation of PC, and a constant 0.11 ¢

m 2 h7 was used to approximate R, - Biscoe, Gallagher, et al.

(1975) modified the calculation of PC [their P(n)] using a canopy
photosynthesis model. Biscoe, Gallagher, et al. (1975) also defined
photosynthesis-1ight relationships for the various photosynthetically
active organs of barley during the grain-filling period. Rather than
approximate these relationships using rectangular hyperbola, as is
frequently done, Biscoe, Gallagher, et al. (1979) followed the example
of Peat (1970) and Littleton (1971) and described net photosynthesis

(P, g CO, m2 organ area h“]) by

PC =N - m1S , (17
where S is photosynthetically active radiation (PAR, W m'z) and n, m,
and 1 are parameters. The parameters n and m vary with time, and their
dependence on time may vary with the organ being considered (see

Biscoe, Gallagher, et al. 1975). The irradiance of a particular organ
is determined using an adaptation of Monteith's (1965) model of 1light
distribution in a multilayered canopy:

S(L) = S(0)(s + (1 - s)t)" , (18)
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where S{L) is irradiance beiow a total canopy area index (L), S(O) is
irradiance at the top of the canopy, s is the fraction of radiation not
intercepted by a foliage layer with unit area index, and t is the
transmission coefficient for solar radiation through leaves. The
adaptation involves organ area and height distribution {see Biscoe,
Gallagher, et al. 1875). Organ area per unit ground area is used 1o
convert organ photosynthesis to a field area basis.

Assuming that S is zero, Eq. (17) describes the dark respiration
rate of each organ. The sum of Pc over organ type gives hourly
values of daytime net photosynthesis and of nighttime respiration for
the whole canopy.

Comparisons of canopy photosynthesis calculated according to the
canopy model approach of Biscce, Gallagher, et . al. (1975) and the
micrometeorological methods of Biscoe, Clark, et al. (1975) were in
general agreement (Biscoe, Gallagher, et al. 1975), suggesting that the
canopy model could substitute for the more exacting micrometeorological
measurements of CO, flux. Dry weight standing crop values measured

2

by growth analysis and calculated from €O, flux were relatively

2
similar (Biscoe, Scott, and Monteith 1975); CO, flux estimates were

generally less than dry matter observations. gomparisons of weekly dry
matter growth rates (g C m weekal) demonstrated general agreement
between CO2 flux estimates and field observations. Agreement in the
Tatter weeks of growth was poor, but Biscoe, Scott, and Monteith (1975)
ascribed the discrepancies to inaccuracies in the conventional dry
matter sampling. The carbon budget of the barley stand was not

determined for periods when barley plants were not growing.

1.1.5 Soybean Models

The model SOYMOD 1 (Curry, Baker, and Streeter 1975) is an
environmentally driven simuiator of soybean growith and development.
Designed as a preliminary framework or potential submodel for use in a
more detailed model, SOYMOD I divides a soybean piant into leaves,
stems, roots, and reproductive parts. The mode]l simulates canopy
photosynthesis, synthate partitioning, respiration, organ growth,
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plant nitrogen, and the distribution of light within the soybean
canopy. The distribution of light in a multilayered canopy is modeled
after Monteith (1965) and Curry and Chen (1971). Light intensity

(I, cail m~2 h—]) after L layers have been penetrated is given by

1= 1,0 - s)s + (1 - sya]t (19)

where I, (cal m 2 h_]) is the light intensity at the top of the
canopy, s is the fraction of light passing through a layer without
interception, a is the leaf transmission coefficient, and L is the
number of layers penetrated.

The photosynthetic rate (g m~2 h']) of an individual leaf (or
leaf layer) is expressed by

dP - [A ¥ __..,_B-M] Ty, (20)
dt C Iog(canopy)
where
A= a CO2 canopy resistance constant
(for soybean, A = 67.6 ppm CO, m h g~]),
B = a photosynthetic efficiency constant
(for soybean, B = 0.0715 cal g“]),
C = CO2 concentration (ppm),
Iy = incident radiation (400 to 700 nm) above canopy (cal m 2 h“]),

f(1) = a temperature function.

The term g(canopy) is a function of 1ight attenuation and penetration.
SOYMUD 1 simulates respiration as the sum of maintenance
respiration, growth respiration, and 1ight respiration. Maintenance
respiration (g gm] h-]) is proportional to organ biomass (leaves,
stems, roots, and reproductive parts). The constant of proportionality
may vary with organ, and maintenance respiration is assumed to respond

to temperature according to a Q]O function. Growth respiration
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(g g“] h']) is proportional to the change in organ dry matter, and,
again, the coefficient of proportionality may vary with organ. Light
respiration is proportional to the photosynthetic rate and varies with
temperature. Hence, total plant respiration is expressed as

4
dR _ . dP : : —t 2
ot - Tpar U LN MR N5 G (21)

where
rp = photorespiration coefficient (g g']), which is a
function of light;
dP/dt = photosynthetic rate (g h‘]);
ro,i = maintenance respiration coefficient (g g'] h_]) for
the ith organ; ‘
M1 = biomass of the ith organ {(g); 4
rb,i = growth respiration coefficient (g g ')
for the ith organ;
dMildt = rate of change of biomass in the ith organ (g hﬂ1).

The terms f1(T) and fz(T) represent temperature functions
(dimensionless). Photosynthate distribution is controlled by fixed
organ weight to total weight ratios, temperature, and a variable dry
matter to nitrogen ratio which is organ specific [see Curry, Baker, and
Streeter (1975) for details].

A comparison of total weight (g/mz) values over a 2800-h period
following emergence showed very close agreement between observations
and model predictions; Curry, Baker, and Streeter (1975) did not
discuss the reliability of photosynthesis or respiration predictions.

The soybean crop simulation model, GLYCIM (Acock et al. 1983),
describes the growth of an average soybean plant in a uniform crop.
The plant is divided into a number of organs, including leaves, stems,
roots, flowers, and seeds. The model simulates fluxes of carbon,
nitrogen, and dry matter for the plant; plant water status is aiso
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modeled. GLYCIM models water, heat, nitrate, and oxygen in the soil
below and between plant rows, but it does not model soil carbon
dynamics. The model is not a micrometeorological model per se, but
canopy structure is involved in the simulation of evapotranspiration and
the integration of leaf photosynthesis parameters (Acock et al. 1978).
The model simulates plant growth and development and, consequently,
includes a mechanistic submodel of plant carbon dynamics (assimilation,
respiration, and partitioning) which is initialized at the cotyledon
(early seedling) stage. Canopy gross photosynthesis (PG' mg CO

2
dm'2 h']) is modeled as a hyberbolic function of light and C02
concentration
- [(e1)(3€)539.66]1/(273.15 + 1)
P6 = TeI) + [(aC)539.66)/(273.15 + 1)] X % (22)

where
e = canopy light utilization efficiency,
1 = light (PAR) incident on the canopy,
a = canopy conductance to CO2 transfer,
C = atmospheric CO2 concentration,
T = air temperature at time t (t is measured in tenths of a day

from dawn),
k = proportion of soil covered by crop.

The PG rate is reduced by temperature, leaf nitrogen, and leaf
senescence limitations [see Acock et al. (1983) for details].

Light respiration (RL) is a function of P leaf age or leaf

G’
nitrogen, CO2 concentration, and temperature, or

RL = [[PGmin(A,N)151890.0]/0}0.00012exp(0.02957) . (23)
where min(A,N) represents the effect of either the age of the youngest

leaf (A) or leaf nitrogen (N), whichever is most limiting, and the
other terms are as in Eq. (22). Maintenance respiration (RM) is
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calculated after Penning de Vries (1975), with the assumption that
only leaf tissue experiences significant maintenance respiration.
Maintenance respiration is given by

[(11.733L,) + (366.67L NO.05)1/86400.0
Ru = (SPT00.0)(0.25exp(0.06531)1 ' (24)

where Lw is leaf weight (g/plant), N is the nitrogen supply:demand
ratio for vegetative parts, S is row spacing (in centimeters), P is
plant population per meter of row, and T is air temperature at time t.
Notably, GLYCIM does not associate respiration with the growth of the
various plant parts.

Net photosynthesis is gross photosynthesis minus light respiration
and maintenance respiration. Net photosynthesis is in turn reduced by
a stomatal closure factor if the plant is in water stress. Fixed
carbon is either stored in the shoot carbon pool or allocated to organ
growth. Translocation out of the leaf is controlled by a source-storage
relationship. Net photosynthesis of the lower leaves is calculated
using the same equations used for upper canopy leaves but with the
additional consideration of seif-support. 1If, over a 24-h period, the
lower leaves are not self-supporting (i.e., respiration exceeds
photosynthesis), they are dropped from the plant.

The report by Acock et al. (1983) describing GLYCIM does not
provide comparisons of simulated and observed photosynthesis or
respiration. Comparisons of observed and simulated plant height,
leaf area, and numbers of various organs for 120 d following the
cotyledon stage were reasonable. Predictions of dry weight were less
comparable, but simulated growth trends resembled the observed patterns.

1.1.6 Cotton Modeis

A systems-oriented cotton crop model, COTCROP, has been described
by Jones, Brown, and Hesketh (1980). COTCROP, which models crop growth
for plants on one square meter of ground area,’was preceded and
influenced by models of single plants designed’to predict the numbers



24

of fruit produced (Duncan 1972; Hesketh, Baker, and Duncan, 1972;
Stapleten et al. 1973; McKinion et al. 1975; McKinion, Jones, and
Hesketh 1974; Jones et al. 1974). More recent refinements have been
implemented in the model GOSSYM (Baker, Lambert, and McKinion 1983).
The structure of COTCROP is a set of simple first-order-difference
equations with a time step of one day. The model simulates plant
growth, flowering, boll development, photosynthesis, carbohydrate
balance, nitrogen balance, and soil water and nitrogen balance. Many
of these processes are driven by environmental variables, which include
solar radiation, rainfall, pan evaporation, and temperature. For
example, photosynthesis is a function of solar radiation and soil water
potential. Phenology is also used in the model to drive growth
dynamics.

The model assumes a plant of six parts (main stem leaves, fruiting
branch leaves, main stems, fruiting branches, fruits, and roots), a
carbohydrate pool, and a nitrogen pool. The photosynthesis submode}
(taken from SIMCOT II, McKinign e? al. 1975) calculates gross

photosynthesis (Po, g CH,0 m°d ) by

5

P, = 0.23903 + 0.137379(RAD) - [(5.4136 x 10~ )RADZ] 0.68Rw , (25)

where RAD is radiation (W m 2 dm1), R, is the reduced photosynthetic
potential due to water deficits, and 0.68 is the conversion factor from
CO2 to CHZO. Photosynthesis provides carbohydrates for the pool and
the model utilizes and distributes this supply according to respiration
and growth-demand priorities. Maintenance respiration is a fixed
proportion of total plant weight; growth respiration is a fixed
proportion of the potential organ growth rates summed over all organs.
The synthate remaining in the carbohydrate pool after respiration
demands are met is allocated to organ growth. Synthate distribution is
also affected by nitrogen, carbohydrate, and water availability.
COTCROP simulates crop growth from crop emergence to harvest.

COTCROP was developed for application to problems of cotton crop
management; hence, validation studies were directed toward predictions
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such as numbers of fruit per square meter and yield (bales acre”]).
Simulated results for such variables agreed very nicely with field
observations. However, Jones, Brown, and Hesketh (1980} did not
discuss how well COTCROP simulated €O
weight.

5 exchange rates or total dry

An entirely different sort of model, but one of potential
usefulness in predicting cotton crop carbon flux [and in fact used in
COTCROP by Jones, Brown, and Hesketh 1980], was developed by Hesketh,
Baker, and Duncan (1971) and Baker, Hesketh, and Duncan (1972). The
respiratory rates (mg €O, ¢ ' n7Yy and dry weight of cotton
squares, bolls, and leaves were measured under growth chamber
conditions. From these data, regression equations relating dry weight
and respiration rates were developed. Then, utilizing a theory of
growih and maintenance respiration, Hesketh, Baker, and Duncan (1971)
derived three equations that together could be used as a model of plant
growth, given a model of gross photosynthate per day per plant to serve
as a forcing function. Baker, Hesketh, and Duncan (1972) developed a
means of estimating gross photosynthesis from measurements of apparent
photosynthesis and day and night respiration. This photosynthetic
input was used with their model of respiration to derive a simple model
of change in cotton dry weight per unit ground area over time. The
authors did not indicate how well their formulation simulated observed
cotton growth, although a simu]éted diurnal pattern of photosynthesis
was presented.

Gutierrez et al. (1975, 1984) have developed a mechanistic
simulation model of cotton crop growth and development which integrates
the physiology of photosynthesis (McKinion, Jones, and Hesketh 1974;
McKinion et al. 1975; also see discussion of COTCROP above) and
population biology. :Gutierrez et al. (1984) reported that comparisons
of observations and simulation results were very favorable. Certainly,
simulations of seasonal dry matter standing crop and fruit number fit
comparable observation data from Brazil very well. The reliability of
photosynthesis and respiration simulations was not discussed, although
the authors suggested implicitly that photosynthesis and respiration

routines were acceptable.
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1.1.7 Potato Model

Ng and Loomis (1984) have described a crop growth model for
potato. Developed as a tool for studying integrative physiology,
POTATO simulates piant water balance, photosynthesis, respiration,
vegetative growth, and organ initiation. POTATO divides the plant into
a reserve assimilate pool and six ordgans: mainstem internodes,
mainstem leaves, branch stem internodes, branch stem leaves, tubers,
and fibrous roots. Growth rates are modeled for each organ. Plant
growth and development are influenced by environmental driving varibles
which include air temperature, dew point, wind, and solar radiation.
Soil moisture and nutrients are assumed to be above l1imiting levels.
Input data are daily values, but a subroutine calculates hourly values
for the environmental variables. POTATO operates on hourly time steps
and can simulate both diurnal and seasonal dynamics.

Gross photosynthesis (g CH,0 m h_]) is modeled after
Duncan et ai. (1967; see Sect. 1.1.3). Modified net photosynthesis
light-response curves from Ku, Edwards, and Tanner (1977) are used in
the Duncan model. The Duncan photosynthesis program, which includes a
canopy effect on light distribution, is used to construct pairs of
tables for hourly potential gross photosynthesis: one pair for clear
skies and one pair for overcast skies. tach pair of tables includes a
table for normal potential gross photosynthesis and a table for
sink-affected photosynthesis. The photosynthetic maximum of the
light-response curve for sink-affected photosynthesis is twice that for
normal photosynthesis. POTATO uses feedback from tuber growth to
requlate the contributions of normal and sink-affected rates (see Ng
and Loomis 1984).

The photosynthetic rate with daily radiation (Pg) is a
combination of the overcast and clear sky potential rates in proportion

to the fractions of sky which are clear and overcast, or,

Pg = [(chc) + (fOPO)]Eamin(Et,Ew) , (26)
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where fc is the fraction of clear sky, fo is the ;ras§ion of

h ") for
clear sky, and P_ is the potential rate (g CH,0 m h'l) for
overcast sky. The term Ea [dimensioniess (0, 1)1 represents the

overcast sky, Pc is the potential rate (g CH20 m
2

effect of leaf age on photosynthesis. The effect of air temperature on
gross photosynthesis.is represented by Et [dimensionless (0, 1)].
The temperature response function is an optimum temperature (near 25°C)
curve. :The term Ew is the effect of plant water content on
photosynthesis. A decline in relative plant water content below 0.9
quickly becomes 1imiting. The min(Et,Ew) formulation in £q. (26)
indicates that only the most limiting effect of either temperature or
plant water content influences gross photosynthesis.

Respiration (g CH20 m’2 h~1) is the sum of growth respiration

i h~1

and maintenance respiration. Growth respiration (g CH20 plant )
is calculated as the sum of the products of the growth rates
(g CH,0 p]ant_]

respiration coefficient. The maintenance respiration rate is more

h—]),of each organ and an organ-specific growth

complicated. A maintenance respiration rate is calculated for each
organ. The equation for mainstem (and branch) leaves, for example, is

:Rm = [w] - (frw])] R2551Eaem . (27)
where

Rm = rate of maintenance respiration, totaled for all mainstem
leaves (g CH,0 p1ant”] h']). 1

w1 = total dry weight of mainstem leaves (g plant '),

fr = fraction of total plant dry weight which is reserve
assimilate,

R25 = base maintenance respiration coefficient at 25°C
(9 CH0 g7 h7),

ET = the effect of air temperature [dimensionless (0, 3)1,

Ea = the effect of leaf age’[dimension1ess, (0, 11,

£m~ = The effect of past metabolic activity

{dimensionless (0, 1)], rejated to photosynthesis.
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Maintenance respiration for internodes and fibrous roots is calculated
using similar equations, except that age and metabolic activity effects
are not involved. Tuber maintenance respiration (g CH20 tuber"]

h_]) is proportional to tuber weight. The coefficient of
proportionality is affected by soil temperature according to the
temperature relationship describing ET in Eq. (27). Tuber

maintenance respiration per plant is the summation of the per tuber
rate over the number of tubers per plant. Total plant maintenance
respiration is the sum of the rates for each organ, and maintenance
respiration per square meter is obtained using an estimate of piant
density.

Simulation of vegetative growth and organ initiation are major
components of POTATO. Briefly, organ growth rate is given by a maximum
relative growth rate that is reduced by temperature-dependent age and
the most limiting influence of assimilate status, temperature, and
plant water status. Organ initiation is dealt with similarly. Details
can be found in Ng and Loomis (1984).

Ng and Loomis (1984) described in some detail the performance of
POTATO. Simulated and observed dry weight agreed satisfactorily.

Total dry weight and tuber dry weight were consistently, but only
slighty, overestimated throughout a 90-d period following emergence.

An observed decrease in leaf dry weight at about day 50 was simulated,
but the model overestimated the magnitude of the downturn. Ng and
Loomis (1984) described the seasonal course of simulated photosynthesis
and respiration, but field observations for comparison were apparently
not available.

1.1.8 Tobacco Madel

Wann, Raper, and lLucas (1978) have described a model of dry matter
accumulation for tobaccoe. The model simulates growth in response to
variations in temperature and PAR. The plant is conceptualized as a
system of three organ classes (leaves, stems, and roots), each
comparimentalized into a soluble carbohydrate pool, young growing

tissue, mature tissue, growth respiration, and nongrowth respiration.
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Photosynthesis, a function of Tight (PAR) and temperature, fixes
photosynthate (heat energy equivalents) in the leaf carbohydrate pool.
Gross photosynthesis (fp, J cm~2 df]) is described by a
Michaelis-Menten function:
alL/(B + al) , (28)

fp = B0

where B0 is the maximum light-saturated photosynthetic rate per unit
leaf area (J cm™? d“]) at a given C0, concentration and
2 ~1
d

(cmz), and B is a constant equal to the value of al where

temperature, al is absorbed PAR (J cm )}, L is total leaf area
fp = BOL/2. Temperature affects the maximum photosynthetic rate
according to the relationship

B, = B1exp(‘BZ/T) . (29)

0
where B] (J cm—2 d‘]) and 82 (degrees K) are constants and T is

the absolute temperature (degrees K). HWater and mineral nutrients are
assumed to be above growth-limiting levels. The model then simulates
the translocation of heat energy {(bound in the photosynthate) to stem
and root and the dispersal of heat in respiration from the reserve
pools of leaves, stems, and roots. The rate of energy flow (i.e.,
respiration) associated with the maintenance of a particular organ i is
given by a proportion, Pis of the energy stored in the young and

mature tissues of that organ. This proportion, the respiration rate

per unit of energy content, is a function of temperature (T), or

p; = alexp(-b/T)] , (30)
where a (d-1) and b (degrees K) are constants. Growth respiration is
a function of energy content, carbohydrate pool concentration, and

temperature. A fixed proportion of the energy utilized for:growth is
lost in growth respiration: ‘

f(10,12) = (1 - ci)fi , (31)
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where f(10,12) represents the rate of energy flow by growth respiration
(3 d7") for the ith organ; c; is a constant [(0, 1)1, and f, (3 d )
is the rate of energy utilized in the growth of organ i. This growth

rate is described by a Michaelis-Menien relationship:

Fi = Yo%

where Xi (J) is the enerqgy content of young tissue in the ith organ,

Ci (J 3 ") is the carbohydrate pool concentration of that organ,

and gi is a Michaelis-Menten constant. The term 110 is the maximum
possible growth rate per unit energy content of plant material and is
dependent upon temperature according to a complex optimum temperature
function [see Wann, Raper, and Lucas (1978) for details].

Translocation is a function of source and sink strengths (i.e.,
energy content and concentration in pool and organ tissue). The model
also describes aging as the energy content and temperature-regulated
flow of energy from young tissue to mature tissue. Conversion
from energy units to gram dry weight (1 J = 6 x 10—5 g dw)
permits prediction of dry matter growth on a plant-weight or
plant-part-weight basis.

Simulated dry weights were in good agreement with measured weights
from a greenhouse growth experiment conducted over a 30-d period
following the transplanting of tobacco seedlings (Wann, Raper, and
Lucas 1978). Parameters for the model were derived from phytotron
experiments, and the model gave reasonable predictions when driven by
greenhouse environmental conditions. However, the authors noted that
the model had not been tested against field conditions. Presumably
such a test would include simulation over an entire growing season.

1.1.9 Sorghum Models

Arkin, Vanderlip, and Ritchie (1976) have described a model of
growth and development for an average grain sorghum plant in a field
stand., The mechanistic simulation model includes submodels of light



31

interception, photosynthesis, respiration, and water use. Plant dry
matter {(grams per plant) and leaf area (square centimeters) are
modeled, but individual plant organs are not considered.

Potential photosynthesis (P,img co dm_2 land area hml) is

2
calculated as a function of intercepted 1ight:

/2

p=31.351""% _13.32 (33)

where I is the light (PAR) intercepted by the plant (mE me hw]).
Light interception is modeled hourly following Beers' law, in which
irradiance decreases exponentially with increasing total leaf area (see
Saeki 1960). The photosynthetic rate calculated by £q. (33) is reduced
by two efficiency parameters (dimensionless, values between zero and
one): one a function of mean ambient temperature, the other a function
of available soil water. The temperature parameter decreases to zero
as temperatures fall below 25°C or rise above 40°C. An extractable
soil water (Ritchie 1972) content'of less than 20% is assumed to be
1imiting.

Net photosynthesis is the gross rate, dependent on light,
temperature, and soil water, minus night respiration. Night
respiration is modeled after McCree (1974) such that

N =0.14D0 + (cTw) R (34)

where N is total night respiration (g CD2 p]ant_]); D is daytime
photosynthesis (g CO2 p]ant']); W is the CO2 equivalent of plant

1

dry weight (g CO, plant '), and q is a temperature-dependent

coefficient givei by a weighted second order polynomial in 7. This
formulation includes growth respiration (the dependence on daytime
photosynthesis) and maintenance respiration (the dependence on plant
weight).

The model's cumulative dry matter predictions agreed well with
observations made over a 105-d postemergence period. Results of
simulation experiments involving altered environmental variables also
compared well with field observations. Comparisons for photosynthesis

and respiration were not discussed.
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Shih, Gascho, and Rahi (1981) have described a model of sorghum
aboveground biomass, but their model does not include an explicit
consideration of photosynthesis or respiration. The empirical model
predicts biomass from leaf area index and dry biomass accumulation (DAR)
per unit leaf area. The DAR is an empirically derived function of time.

1.1.10 Sugar Beet Models

Patefield and Austin (1971) presented a model of sugar beet growth
in environments where nutrients and water are not limiting. The mode)
simulates changes in dry weight per unit area. Plants are subdivided
into two tissue types, leaf laminae and other tissue; these are
referred to as 'leaves' and 'roots' respectively. Photosynthetic rates
are modeled as functions of light intensity and temperature at the
scale of a single leaf. Patefield and Austin (1971) followed Montieth
(1965) in defining light interception in a canopy of several discrete
layers with leaves distributed uniformly in a horizontal plane. The
leaves are classified as sunlit, once-shaded, twice-shaded, or fully
shaded. These designations correspond to the number of leaf layers
light passes through before reaching a particular leaf surface. Sunlit
leaves are the first (outer) layer and fully shaded leaves are in the
fourth and deepest layer.

The single-leaf photosynthesis eguation used by Monteith (1965) was
modified by Patefield and Austin to account for leaf respiration and a
constant photochemical efficiency at low light intensity. The modified
equation is

[(a + (b/(I - (br))]"! for I > I
p(l) = (35)
(1/b) - r for I < 1o ,

where p(l) is the rate of net photosynthesis (g m—2 leaf area h—])

2 hg]), Ic is the light compensation

2 —1).

point, and r is the respiration rate (gm “ h
The coefficient a (m2 h g“]) is temperature dependent

at light intensity I (cal cm

1/a = 1/a15 + (Tc) (36)
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where a5 is the value of at 15°C; T is temperature (°C), and ¢ is a
constant (g m ¢ p7! C'1). The coefficient b (cal q"i) is independent
of temperature. The rate of respiration, r, is discussed below. Leaf
photosynthetic rates decrease with shading as intercepted radiation
decreases from (1 -~ s)I at the sunlit level to [(1 - s)t]l for
once~-shaded leaves, [(1 - s)tz]l for twice-shaded leaves, and 0.0 for
fully shaded leaves {s and t are Monteith's (1965) light transmission
coefficients]. Net photosynthesis is negative and equal to the
corresponding daytime respiration rate (see below) for twice-shaded or
fully shaded leaves. Canopy photosynthesis is the sum of the products
of leaf area and photosynthetic rate for each of the leaf categories.
Daily photosynthesis is the integral of this canopy rate over daylight
hours. '

Leaf respiration rates are calculated using one of two alternative
methods. 1In the first, a basal, temperature-dependent rate is
calculated as follows:

r(T) = r]5(1 + Tm) , (37)

where r{T) is the respiration rate (g m2 hw]) of leaves or roots

at temperature T (°C), r,. is the appropriate respiration rate at

15
15°C, and m is a constant fractional change with temperature. The
respiration rates at 15°C (r]5 = rm and re for leaves and roots

respectively) are decreasing linear functions of corrected organ
biomass. This biomass dependence is included to account for the
influence of growth respiration (see Patefield and Austin 1971).
The alternative method calculates respiration as a constant proportion
of gross photosynthesis, yielding growth respiration, plus a
temperature-dependent rate of maintenance respiration. This
temperature-dependent rate is calculated using Eq. (37).
Photosynthate is allocated to leaves and roots according to an
allometric relationship between leaf weight and total weight. The
photosynthetic production of a given day, allowing for respiration
losses, is allocated such that the net increments in leaf and root
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weight are consistent with that day's allometric ratio. This ratio is
a function of total simulated weight for the previous day (Patefield
and Austin 1971). The weight of either leaves or roots on a given day
is calculated as the previous day's weight plus the growth increment
(i.e., allocated photosynthate), times one minus the respiratory losses.

Simulated leaf and root weights agreed reasonably well with
observed weights over a period of from 10 d to 110 d after sowing.
Simulations in which respiration was calculated as a fixed proportion
of photosynthesis (25%) fit observations slightly better. Also, leaf
weight was more accurately predicted than root weight, particulary from
50 d after sowing. Observed weights were derived from potted seedlings
grown in the open under closely managed conditions. It is not clear
how well model predictions would fit observations from actual field
conditions.

A model of seasonal dry weight growth for sugar beet was developed
by fick (1971); Fick, Williams, and Loomis (1973); and Fick, Williams,
and Loomis (1975). The model, SUBGRO, is based on a hypothesis of
hierarchical priorities for photosynthate partitioning. Photosynthesis,
as a function of light, is modeled using the crop canopy model of
Duncan et al. (1967; also see Sect. 1.1.3). Respiration is calculated
as 25% of apparent photosynthesis at 25°C, adjusting for temperature
effect (Thomas and Hil1l 1949; Nevins and Loomis 1970). Because SUBGRO
concentrates on dry matter distribution, photosynthesis and respiration
are treated rather simply.

In SUBGRO, various sinks are assigned priorities for the use of
synthate or reserves. The model then establishes the use rates for
these sinks. Sink priorities are based on physiological demand and
proximity to the source of supply; the rankings are then converted
to a quantitative scale of threshold concentrations. Details of this
process can be found in Fick (1971) and Fick, Williams, and Loomis
{(1973). Rates of transfer of reserves are calculated from
sink-specific maximum growth rates which are adjusted downward to
account for limiting factors. Relative water content of the leaves and

synthate reserve concentration are limiting factors. The model assumes
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that external water supply and nutrients are not limiting. Only the
most 1imiting factor:is used to reduce the maximum growth rate. Fick
(1971) provides details and derivations of the partitioning functions.

Initially, simulations underestimated field observations of the
dry weights of various sinks. However, an adjustment in the
calculation of leaf area from dry weight of tops to account for small
top weights (Fick, Williams, and Loomis 1973) resulted in “excellent
agreement" (Fick, Williams, and Loomis 1973, p. 415) with field
results. Simulations and observations were compared over a 120-d
period from 20 to 140 days after emergence. Although total storage
root weight was accurately predicted, sucrose concentration was not.
Simulation experiments predicting the effect of pruning on top:fibrous
root ratios also resulted in patterns similar to observations.

1.1.11 A Comment on the Diversity of the Crop Models

The crop models described above span a wide variety of assumptions,
structures, and mathematical formulations. Some models are quite
complex and involved (e.g., the SPAM cornfield model, Sect. 1.1.3);
others are much simpler (e.g., the wheat model of Rickman, Ramig, and
Allmaras 1975, Sect.’1.1.1), and still others strike some middle ground
(e.g., the SOYMOD I soybean model, Sect. 1.1.5). The various models do
exhibit some similarities. For example, the multilayered canopy and
1ight interception approach of Monteith (1965)koccurs in many models,
with and without modifications. Respiration is frequently divided into
growth and maintenance respiration, with Q]O temperature responses
also involved. Nevertheless, the diversity of approaches and
formulations is as striking, if not more so, than their shared, basic
similarities.

Some of these differences might be ascribed to differences in the
crops involved. However, most of the variation is more appropriately
attributed to differences in objectives. Despite passing through our
filter of models of crop growth involving photosynthesis and
respiration, there still exist notable differences in the many aspects
of crop growth which the models address or attémpt to incorporate.

Some focus on canopy architecture and microclimate
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fe.g., the wheat and corn models of Sects. 1.1.1 and 1.1.2, and the
Biscoe, Scott, and Monteith (1975) barley model, Sect. 1.1.4]. Kallis
and Tooming (1974, Sect. 1.1.4), among others, wished to address the
effects of photosynthesis and respiration on crop yield. Other models
serve as syntheses and explorations of whole-plant physiology [e.g.,
the GLYCIM model, Sect. 1.1.5; COTCROP, Sect. 1.1.6; and the Ng and
Loomis (1984) potato model, Sect. 1.1.7]. A result of these
differences in objectives is that frequently models may lack various
components of more general interest (e.g., the lack of respiration
terms in the wheat models of Sect. 1.1.1), or they may become very
involved, either in their treatment of microclimate or their treatment
of physiology.

These observations are not intended as criticisms of the models
themseives; there is much to be said for models that address specific
objectives. However, our comments do illustrate some of ihe
complications involved in incorporating existing crop models into
models of seasonal CO2 flux for regions dominated by agroecosystems.

A new, or amalgamated, model may be necessary to meet the goals of the
DOE Carbon Dioxide Research Division. Such a model should be
applicable, with only parameter changes, to the majority of the
principal agricultural crops. Consequently, it should be designed to
have, as biomass compartments and fluxes, only those functional
characteristics common to all plants and appropriate to the needs of
modeling crop-level CO2 fiuxes. The model described in the next
section is a step in the direction of dealing with some of these

problems.

1.2 CANOPY: A General Crop Canopy-Photosynthesis Model

A variety of crop types might be involved in a regional
consideration of agroecosystem carbon fluxes. Rather than implement a
separate crop growth model for each crop, the needs of such a project
might be more readily met by a general crop model. A single model
capable of simulating carbon fluxes for a diversity of crop systems
could represent considerable savings over implementing of multiple
models. A multilayered canopy leaf energy budget-photosynthesis
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model, CANOPY, has been developed by Terjung, Louie, and 0'Rourke
(1976); Terjung and 0'Rourke (1980); and Band et al. (31981),
illustrates the direction the development of a general crop model might
take. |

CANOPY 1is, as the name suggests, a model of canopy microclimate
and photosynthesis. The model assumes a canopy with a leaf area index
of 4.0 (typical of many field crops; see Band ét al. 1981) and eight
layers of horizontally arranged leaves. The short-wave radiation
components of Monteith (1969) are modeled: direct radiation, diffuse
reflected radiation, and diffuse sky radiation. The turbulent exchange
coefficients (vertical exchange coefficients between canopy layers) for
air temperature, vapor pressure, and wind velocity are assumed to be
infinitely large (Sinclair, Murphy, and Knoerr 1976; see Sect. 1.1.3).
Hence, only radiation varies in its distribution throughout the
canopy. Further, CANOPY assumes optimal water and nutrient supplies,
the result being that photosynthesis is driven only by climate
(irradiance, relative humidity, wind speed, air temperature, and cloud
cover).

The model emphaéizes the simulation of leaf temperatures. A
complex leaf enerqy budget is modeled using the methods of Gates and
Papian (1971). (See also Terjung and O'Rourke 1980.) Leaf net
photosynthesis for eéch layer is predicted after the leaf energy budget
of each layer is determined. Net photosynthesis {(mg co, dm 2 h‘])
is modeled as a forcing of the leaf energy budget according to a
photosynthesis response ‘'curve.' This response 'curve' is defined by
the response of net photosynthesis to absorbed solar radiation (langley
min—1) and leaf temperature [(°C); Terjung, Louie, and O0'Rourke 1976;
Band et al. 1981]. The response 'curve' is actually a set of
temperature-response curves, each curve of the set being designated by
an irradiance level. The generality of CANOPY is incorporated into
these net photosynthesis response curves. CANOPY includes three
photosynthesis submodels, each with its own response curve set. The
Model 1 curves are used to predict net photosynthesis for C4 crops
(e.qg., maize, sorghum, sugar cane), and Model 2 is used for C3 crops
(i.e., the majority of agricultural crops: wheat, rice, soybeans,
barley, oats, rye, potatoes, etc.). The third model represents
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shade-tolerant C3 species (e.g., many woody species); consequently, the
model can easily be applied to a variety of agricultural crops,
provided that the assumption of a general C3 and C4 characterization of
photosynthetic physiology is acceptable.

The computer model that describes CANOPY reguires daily values for
the environmental driving variables as input. These input data are
converted to hourly and quarter-hourly data, and the model computes the
leaf energy budgets at 15 min intervals. The model performs the proper
integrations and generates daily net canopy photosynthetic rates
(mg CO, dm 2 ¢!
can predict net photosynthesis over an entire growing season. The

). Given the appropriate seasonal input data, CANOPY

model does not predict respiration or crop growth.

Band et al. (1981) have applied CANOPY over a range of climatically
diverse agricultural regions in California. Net photosynthesis was
modeled over a 4-month growing season. The authors concluded that
CANOPY was useful in defining areas of high- and low-potential
photosynthetic activity, and the model predicted unique responses by
each of the photosynthetic systems (Models 1, 2, and 3) to the seasonal
forcing of California's diverse climate. There were no comparisons of
field observations and simulation results.

CANOPY's generality is an importanit characteristic, but the model
is not adequate to serve as the general crop growth model for relating
5 Application of CANOPY to the
problem of cropland-atmosphere CO2 exchange is hindered by the

global agriculture to atmospheric CO

absence from the model of any consideration of respiration or crop
growth. Additionally, the complex leaf energy budget submodel may be
more detailed than is necessary for many applications. CANOPY is not
the general crop model needed. However, the introduction of CANOPY's
photosynthetic response curve strategy to a true crop growth model of
the type reviewed in Sect. 1.1 might prove useful. Development of such
a model should be a priority in biosphere-atmosphere CO2 research.

2. SEASONAL RELEASE OF CARBON DIOXIDE VIA DECOMPOSITION

The decomposition of standing dead, 1itter, and soil organic

matter in agroecosystems releases C0, to the atmosphere. This

2
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release can be an important component of the seasonal exchange between
cropland and atmosphere, particulary during the nongrowing season.
However, we know of no models that were developed to deal explicitly
with seasonal decomposition in agricultural systems. Parton et al.
(1983) and Parton, Persson, and Anderson (1983) have developed a model
(SOM) to simulate the long-term effects of cultivation on soil organic
matter levels and crop yield. However, the temporal resolution of SOM
is 100 coarse (one-year time steps) to deal with seasonal C02
evolution. We are also unaware of any crop models which include
decomposition processes. The crop growth models of Sect. 1.1 are
1imited to live plant carbon dynamics during the growing season. The
barley carbon budget of Biscoe, Scott, and Monteith [(1975); see also
Sect. 1.1.4] includes a soil microorganism respiration term; however,
this flux is assumed to be constant and is estimated based on the mean
difference between observed soil CO2 evolution and calculated
{modeled) root respiration. This general deficiency might be partly
alleviated by using decompositionimodels developed either for general
purposes or for use in natural ecosystem models. The dynamics of
decomposition in agroecosystems may differ from those in natural
ecosystems, but the processes are probably sufficiently similar so that
decomposition models developed for other purposes could be adapted
(Coleman, Cole, and Elliott 1984). We will not review these
decomposition models here. King and DeAngelis (1985) provide a brief
review of compartment modeling of organic matter decomposition and
review the treatment of decomposition in seasonal ecosystem-oriented
models. General decomposition models can be found in Bunnell et al.
(1977), Smith (1979, 1982), and McGill et al. (1981). The PHOENIX
model of McGill et al. (1981) has apparently been used to explore some
of the effects of management perturbations in grassland systems
{Coleman, Cole, and Elliott 1984). The explicit modeling of seasonal
decomposition in an agricultural crop system would be a welcome
contribution to understanding the ecology of agroecosystems, and it is
essential for estimating CO2 fluxes. The release of CD2 via
decomposition must be simulated in any general crop land model
developed for use in investigations of the exchange of CO, between

2
the atmosphere and regions dominated by agroecosystems.
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3. EMPIRICAL DATA SOURCES FOR SEASONAL CARBON DIOXIDE FLUX

We have surveyed some of the relevant literature to compile

empirical data on seasonal C0, fluxes from a variety of

agroecosystems. These f]uxeszinc1ude those involving live plants and
those from decomposing soil organic matter. The survey is not
exhaustive, but it represents the type and resolution of data available
and provides an introduction to the literature. The cited literature
will often refer to additional sources of data. We have not included
discussions of reports of data from laboratories (e.g., Crapo and
Bowmer 1973; Silvius, Johnson, and Petus 1977), growth chambers (e.q.,
Snyder and Carlson 1978), or greenhouses (e.g., Mauney, Fry, and Guinn
1978). These types of data sets may prove useful in the development of

seasonal CO, flux models for agricultural regions, but we decided to

restrict th?s initial survey to field situations. We also have not
included field data for isolated plant parts, such as infiorescences
(e.qg., Tieszen and Imbramba 1978) or fruiting bodies.

In the synopses which follow we give the geographic site of the
data source (generally the nearest city); the literature citation; and,
briefly, the type of data (e.q., photosynthesis, growth rate, or CO2
concentration). The actual data are not presented here, although the
approximate highs and lows of the seasonal fluxes are usually noted.
Other data, such as seasonal temperature and solar radiation, are
mentioned if available. Unless otherwise indicated, the unit-area
terms appearing in the flux data refer to ground area. Leaf area is
indicated by "LA." We have retained the original units used by the
various data sources, in part to illustrate the variety of perspectives
and spatio-temporal resolutions involved. To facilitate comparisons of
the data, Table 3.1 provides a list of conversion factors needed to
convert many of the data in the synopses to a common basis. However,
conversions from flux per unit leaf area to flux per unit ground area
are not possible without information on leaf area (e.g, leaf area
index).
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Table 3.1. Factors for converting the units included in the
synopses of Sect. 3.0 to a common basis

Phytomass

Y kg dry matter ha”'

0.01 t dry matter ha !
1 g organic dry matter = 0.45 g C = 7.5 g C02
1 g €O, = 0.65 g organic dry matter = 0.30 g C

i}

1 g dry matter m

i

1 g dry matter m

2

Gas exchange

1 umol cozwg“ztf"] = 0.044 mg CO, T;Z i;]
1 mg CD2 m _25 _]= 22.7 umol CO2 m_2 s~]
1 mg CO2 dm~2 h‘] = 0.028 mg CQ2 m _25 ,
1 mg CO2 dm ~ h = (.63 umol CO2 m S
19 Co, m 2 h' = 0.278 mg me s

€0y concentration
1
1

1

1 uL Co, L 1 ppm
1 mg CO, L™ = 508.8 ulL L~

1% €0, by volume = 10,000 wL L

1
1




3.1 Wheat Field

Authors:
Site:
Type of data:

Seasonal high:

Seasonal low:

Other data:

Authors:
Site:
Type of data:

Seasonal high:

Seasonal low:
Other data:

Authors:
Site:
Type of data:

Seasonal high:
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Connor and Cartledge (1971)

Archerfield, Queensland, Australia

Periodic measurements of daily photosynthesis
for two varieties of wheat (July-November 1969)

Dlympic -~ 24 October - 341.5 mg CO, dn ~ d |
Chile 18 ~- 21 October - 374.7 mg CO, dm‘zzd“]1
Olympic -- 12 September - 39.2 mg CO, dm “ d
Chile 18 -~ 4 August - 65.4 mg CO, dm ~ d '
Seasonal leaf area index and solar radiation

Fischer et al. (1981)

Ciudad Obregon, Mexico

Weekly measurements of leaf photosynthesis from
20 January to 30 April 1975

- 21 mg €O, dn "’ LA h
~~ 1 mg O, dm % LA b
Seasonal leaf conductance, leaf permeability,

late February o

late April

green area index, and total dry weight

Gent and Kiyomoto (1985%)

Mt. Carmel, Connecticut

Seasonal variation of canopy net carbon dioxide
exchange (NCE), daily integrated NCE (DNCE),
dark respiration (Rd), and dry weight of shoots
and heads from 20 March to 30 June 1983 for two

wheat varieties (Honor and Houser)

1982
NCE - mid-June - 1.97 mg CO, ml s
Rd -~ mid-June - 0.617 mg CO, kgm] 57!

1983
NCE - Jate May - 1.8 mg CO, mZ s
ONCE -~ mid-May - 51 g CO, m 2 d |
R& -~ mid-June - -0.28 mg CO, m 2 s

2



Seasonal Tow:

Note:

Authors:
Site:
Type of data:

Seasonal high:

Seasonal Tow:

Other data:

Authors:
Site:
Type of data:
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1982
NCE -~ mid-August - 0.90 mg CO, m = LA s
Rd - mid-August - 0.114 mg CO, kg*] 7]
1983 :
NCE - late June - 0 mg €O, m2 A s
DNCE -- late June - 0 mg CO, m > d
Rd -~ late June - 0 mg CO, m? s

Values above are for the Honor variety:; there was
little difference between varieties in seasonal
highs and lows. Dark respiration values were
reported on a per unit weight:basis for 1982

and a per unit area basis for 1983.

Havelka, Wittenbach, and Boyle (1984)

Newark, Delaware

Weekly measurements of flag leaf apparent
photosynthesis under control CO2 concentration
(340 ul/L) and at high CO2 levels (1200 ul/L) for
a B week period surrounding anthesis (17 May)

Control CO

2
1 week before anthesis - 19 umol 002 m~2 LA 5—1
High CO2
1 week after anthesis - 27 umol €O, m e LA s
Control CO2
5 weeks after anthesis - 0 umol CO, m e LA s
High CO
2 -2 -1
5 weeks after anthesis -~ 1 umol CO2 m LA s

Changes in specific leaf weight, chlorophyll,

Johnson, Witters, and Ciha (1981)

Lind, Washington

Periodic measurements of apparent photosynthesis
for approximately 30 d before and after

anthesis (approx. 30 May 1977)



Seasonal high:

Seasonal low:

Other data:

Authors:
Site:
Type of data:

Seasonal high:

Note:

Authors:
Site:
Type of data:
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Mornings

19 d before anthesis - 5 g C0, m 2 n
Afternoons

5 d after anthesis - 4 g C0, meh!
Mornings

22 d after anthesis - 0.5 g CO, mep]
Afternoons

21 d after anthesis - 0.0 g €0, m 2

Time course of leaf-area index (LAI), tiller density,

and evapotranspiration

McCraig and Clark (1982)

Swift Current, Saskatchewan, Canada

Weekly measurements of standing crop of plant
tissues for a 65 d period beginning 25 d
after planting on 5 May 1978 and 14 May 1979
1978

Stem

73-80 d after seeding - 4200 to 4600 kg ha !
Green leaf

59 days after seeding - 1500 to 2000 kg ha
1979

Stem

73-80 d after seeding - 2600 to 3500 kg ha |
Green leaf

51 d after seeding - 1100 to 1950 kg ha
Seasonal values varied with variety of wheat

1

1

Morgan and Willis (1983)

Fort Collins, Colorado

Diurnal patterns of apparent canopy
photosynthesis over growing season by irrigation
treatment
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Seasonal high: Weekly irrigation
18 June - 8 g CO, m 2 0!
Biweekly irrigation

18 June - 5.5 g (0, mZn!
Seasonal low: Weekly irrigation
6 duly - 2.0 g CO,m° h'

Biweekly irrigation

9 July - 0.5 g CO2 mZh7)
Note: Values given are maximum values recorded on
indicated dates
Other data: Seasonal diurnal patterns for solar radiation,

canopy temperature, evapotranspiration, flag
leaf water potential, and stomatal resistance

Author: Osman (1971)

Site: Sutton Bonington,. Loughborough, England

Type of data: Weekly measurements of gross photosynthesis (Pg)
and dark respiration (Rd) over two growing
seasons (1966, planted 10 March 1866; and 1967:
planted 31 Qctober 1966)

Seasonal high: 1966 ‘

Pg -- 9-10th week - 224 g CH.0 m 2 week !

Rd -~ 12-15th week - 88 g cnio m 2 week ™!
1967

Pg -- 18-19th week - 277 g CH,0 m 2 week !

Rd -- 17-18th week - 183 g CH,0 m™* week '

Seasonal low: 1966

Pg -~ 17-18th week - 32 g CH,0 m 2 week !

0 m % week !

Rd -- 17-18th week - 16 g CH2
1967
Pg -- 21-22nd week - 156 g CH,0 m 2 week !
R -~ 21-22nd week - 83 g CH,0 m * week
Other data: Measurements of photosynthesis and respiration
on amm CO, cm ° LA h™' basis: leaf resistance

2
parameterization



Authors:
Site:
Type of data:

Seasonal high:

Seasonal low:

3.2 Rice Paddy

Authors:
Sites:
Type of data:

Seasonal high:

Seasonal low:

Note:
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Pearman and Garratt (1973)
Rutherglen, Victoria, Australia

Diurnal patterns of CO, gradient (CO2 at

2
2m - €0, at 1 m) for July, September,

and Nove;ber 1971

Noon ~- September - +2 ppm C02
Midnight -- July - (-4) ppm 002
Noon -~ June - +0.5 ppm CO2

Midnight -- September - (-13) ppm CO2

Kamiyama and Horie (1975)
Sendai and Konosu, Japan
Weekly measurements of net assimilation rate
(NAR) and relative growth rate (RGR) over growing
season (June-November) for 1967-1970
Sendai
NAR -~ early June 1967
0.26 g dw dm 2 LA d”
RGR -~ late July 1967 - 25% d '
Konosu
NAR -- late August 1967
0.2 g dw dm > LA d
RGR -- early August 1970 - 25% !
Sendai
NAR -~ November 1968
0.02 g dw dm > LA d
RGR -- November 1968 - 1% '
Konosu
NAR -- late September 1970
0.05 g dw dn ° LA d
RGR - early October 1967 - 5% d
Values presented here are absolute highs and

1

-1

-1

1
1

lows; seasonal values varied from year to year



Other data:

Author:
Site:
Type of data:

Seasonal high:

Seasonal low:

Authors:
Site:
Type of data:

Seasonal high:

Seasonal low:
Note:
Other data:
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Seasonal temperature over growing season;
seasonal trends of NAR (60-d moving average
at several sites; correlations between

NAR and solar radiation

Kanda (1975)

Akita, Japan

Time course of net assimilation rate (NAR),

crop growth rate (CGR), and leaf area index
over 13 week growth period (average for 5 years)
NAR -- 6 weeks before heading

9 g dw dn 2 Lad’!
C6R -- 1.5 weeks before heading
15 g m?q
NAR -- 4.5 weeks after heading
2.5 g dw dm 2 LA d7'
CGR -- 7 weeks before heading
-2 -1
4 gm d

Lafitte and Travis (1984)

Davis, California

‘Weekly' measurements of photosynthesis for six
rice genotypes for a period from 9 to 21 weeks

after planting on 5 May 1981

13 weeks - 0.54-0.75 mg CO, m LA s
21 weeks - 0.1-0.14 mg CO, m”Z‘LA s
Seasonal values varied with variety of rice

-1
1

Time course of sugar and starch; 002 uptake per
unit leaf weight and unit leaf protein at two
weeks before and after heading



Author:
Sites:

Type of data:

Seasonal high:

Other data:

3.3 Corn Field

Author:
Site:
Type of data:

Seasonal high:
Seasonal low:
Other data:

Author:
Site:
Type of data:
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Uchijima (1975)

Akita, Konosu, and Chikugo, Japan

Seasonal course of standing crop (SC), crop
growth rate (CGR), and leaf area index over
growing season (May-October)

Akita
CeR ~ July - 25 gm 2 d”)
SC - September - 1250 g m 2
Konosu
CGR -- August - 19 g m2 g
SC -~ October - 1400 g m 2
Chikugo
C6R - July-August - 22 g m™2 d '
SC -~ September-October - 1600 g m

Seasonal temperature and solar radiation

Allen (1971)

Ithaca, New York

Seasonal course of daytime average, nighttime
minimum, and nighttime maximum C(J2 concentration
(July-December 1962 and January-June 1964)

baytime average -- late winter - 339 ppm CO2

2
Nocturnal CO2 concentration as a function of a

Daytime average - late summer - 291 ppm CO

temperature-wind speed parameter

bDuncan et al. (1967)

pavis, California

Biweekly measurements of dry matter preduction
from 30 d after planting to maturity, at three
densities
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Seasonal high: 7,000 plants/acre -- 10 August -~ 31 g m'2 d"]
20,000 plants/acre —- 31 July - 32 g m 2 d_)

56,000 plants/acre -- 18 July - 39 g m?q

i

Seasonal low: 7,000 plants/acre -— 5 July - 5 g m’2 d_]
20,000 plants/acre —— 5 July - 14 gm 2 d |
56,000 plants/acre -- 25 August - 20 g m % d |

Authors: Kamiyama and Horie (1975)

Site: Morioka, Japan

Type of data: Weekly measurements of net assimilation rate

(NAR}) and relative growth rate (RGR) over growing
seasons for 1967 to 1870

Seasonal high: NAR —- mid-July 1967 - 0.23 g dw dm > LA d
RGR -- Jate August 1970 - 28% d”'

Seasonal low: NAR -- early October 1968 - 0.03 g dw dm 2 LA d
RGR —- early October 1968 - 4% d '

Note: Values reported here are absolute highs and lows;

-1

~1

seasonal values varied from year to year

Other data: Seasonal temperature over growing season
Author: Kanada (1975)

Site: Sapporo, Japan

Type of data: Time course of net assimilation rate (NAR),

crop growth rate (CGR), and leaf area index over
12-week growth period (average for 5 years)
Seasonal high: NAR -- 4.5 weeks before silking

9 g dwdm® LA d
CGR — 1.5 weeks before silking
20 g mZd]
Seasonal low: NAR -- 4.5 weeks after silking
 4gdwdm i iad’)
CGR -- 4.5 week; af?er silking



Author:
Site:
Type of data:

Seasonal high:

Seasonal low:

Other data:

Author:
Site:
Type of data:

Seasonal high:

Seasonal low:

Note:
Other data:
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Snyder {1974)

tEast Lansing, Michigan

Net assimilation rate (NAR) and relative growth
rate (RGR) for 113 d after emergence (planted
on 18 May)

NAR -- 0-15d - 5.25 mg dw cm
RGR -- 0-15 d - 19.5%

NAR -- 71-92 d - 0.78 mg dw cm_
RGR -- 71-92 d - 1.4%

Seasonal radiation, daylight hours, and

2 -1

LA d
2 aq’!

temperature; seasonal leaf area, total and root
biomass on a leaf area and per plant basis

Uchijima (1970)
Tokyo, Japan

Ten-day interval measurements of net CO, fixation

2
(Pn), downward flux (Ph), and soil flux (Ps)

during the growing season of 1966

Pn -~ 20 August - -8.90 mg 002 cm_2 d*]

Ph —- 20 August - -7.07 mg (O, cm 2 g7

2 -1

Ps -- 20 August - 1.83 mg co, cm © d
Pn -- 26 July - -4.98 mg co, em2 ¢!
Ph -= 26 July - ~4.13 mg CO, cm 2 d '
Ps -~ 9 August - 0.82 mg CO, cm 2 d”)

2
Daily values are for daylight hours only

Diurnal pattern of 002 concentration above and
within corn canopy for 1966 growing season
(diurnal extremes of 245 ppm CO2 at midday and
350 ppm CO2 at 1900 h on 8 Augqust);

‘seasonal' short-wave radiation above crop



Author:
Sites:
Type of data:

Seasonal high:

Authors:
Site:
Type of data:

Seasonal high:

Seasonal low:
Note:

Other data:
Authors:
Sites:

Type of data:
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Uchijima (1975)

Sapporo, Morioka, and Tanashi, Japan
Seasonal course of crop growth rate (CGR),
standing crop (SC), and leaf area index over
growing season {June-September)

Sapporo
CGR ~-- August - 21 g m 247
SC -- October - 1700 ¢ m e
Morioka
C6R -~ August - 31 g m ° '
SC -~ September - 1200 g m”2
Tanashi ,
CGR -- July-August - 35 ¢ mZaq”
SC -~ August - 1400 g m 2

Vietor, Ariyanayagam, and Musgrave (1974)
E114s Hollow, New York

Apparent photosynthetic rates measured at
various developmenta) stages after
emergence (in May) for a variety of leaf
positions and strains

2 LA h

77 d after emergence - 65.5 mg CO, dm
2

117 d after emergence - 33.7 mg CO, dm “ LA h

Yalues reported here are plant means
Canopy photosynthetic rate as a function of
irradiance, plant age, and strain

De Wit, Brouwer, and Penning de Vries (1970),
and de Wit et al. (1978)

Ames, lowa; Davis, California; Flevoland and
Wageningen, The Netherlands

Standing crop of corn shoots over growing
season (May-October)

1

-1



Seasonal high:

Note:

Other data:
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Davis

20 October - 12,752-20,619 kg shoot ha
Ames

17 September - 13,258-22,813 kg shoot ha”!
Flevoland

11-13 September - 12,012-17,095 kg shoot ha
Wageningen

21 September - 20,910-21,630 kg shoot ha
Standing crop varied with planting density at

1

1

1

Ames and Davis, with year at Flevoland, and with
variety at Wageningen
Seasonal leaf area index (de Wit et al. 1978);

environmental effects on gas exchange

3.4 Barley Field

Authors:
Site:
Type of data:

Seasonal high:

Biscoe, Scott, and Monteith (1975)
Nottingham, England

Weekly measurements of C0, uptake,

2
net €O, fixation, gross photosynthesis, dark

respirgtion, and light respiration (10 May to
26 July 1972); weekly measurements of total crop
respiration, fixed carbon, and standing crop
(10 May to 26 July 1972); weekly measurements of
standing crop by tissue type (24 April to
26 July); weekly measurements of root weight and
root respiration; weekly measurements of 002
release from the soil (17 May to 19 July 1972), and
soil microorganism respiration (10 May to
26 July 1972)
Standing crop

July - 1605 g C m
Net photosynthesis

31 May to 7 June - 202 g €O, m2 week |

2

Total respiration

12-19 July - 200 g CO m 2 week |

2



Seasonal low:

Other data:

Authors:
Site:
Type of data:

Authors:
Site:
Type of data:

Seasonal high:

Seasonal low:

Other data:
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Standing crop
10-17 May - 341 g C m-2
Net photosynthesis
19-26 July - 26 g CO
Total Respiration
24-31 May - 100 g €O m 2

2
Weekly solar radiation and temperature

-2 -1
5 m - week

week~1

hourly rates of net co, fixation
(14-21 June 1972); CO
solar radiation

> fixation as a function of

Biscoe, Gallagher, et al. (1975h)

Nottingham, England

Two-day interval measuremenis of green area

index (20 June to

20 July), dry weight {21 Jdune

to 2 August), and diurnal variation in photosynthesis,
by plant part (30 June and 14 July).

Fukai, Koh, and Kumura (1976)

Tokyo, Japan

Seasonal net photosynthesis (Pn), dark
respiration (Rd) during the night, standing crop
($C), and crop growth rate (December-May 1968-69,
1969-70)

Pn —- 4 May 1970 - 35.5 g dwm 2 d '

2 -1

Rd -~ 23 April 1970 - 5.97 g dwm * d

SC —- 10 June 1970 - 1100 g 2

Pn - 5 December 1969 - 0.75 g dw m ° q”!
Rd - 9 February 1969 - 0.18 g dw n?aq
SC -- November - 0.0 ¢ m~2

Seasonal leaf area index, organ weight as a percentage
of total dry weight, solar radiation,

temperature; seasonal changes in the relationship
between net photosynthesis and solar energy



Authors:
Site:
Type of data:

Seasonal high:

Seasonal low:

Other data:
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Monteith, Szeic, and Yabuki (1964)

Harpenden, Hertfordshire, England

Weekly measurements of dry weight assimilation
(June-July 1963); 15-d interval measurements of
average CO2 flux from cropped and fallow soil
(June-August 1963)

Assimilation

mid-June - 34 g €O, m* 4"
Soil flux
Cropped -- early July - 10.5 g CO, meq
Fallow -- late July - 9.5 g €O, m? g
Assimilation
Early June - 7 g €O, m g’
Soil flux
Cropped -- late August - 4.5 g (O, m? 4
Fallow - late August - 5.5 g co, m2 47

Soil 002 flux related to soil temperature and

soil moisture

3.5 Soybean Field

Authors:
Site:
Type of data:

Seasonal high:

Boon-Long, Egli, and Leggett (1983)
Lexington, Kentucky
Periodic measurements of photosynthesis of last
fully expanded leaves over a 55 d reproductive
period after planting on 31 May 1978 and 30 May
1979
1978

75 d after planting - 25 mg CO, dm 2 LA h7)
1979

88 d after planting - 48-50 mg CO, dm ° LA h

-1



Seasonal low:

Other data:

Authors:
Site:
Type of data:

Seasonal high:

Authors:
Site:
Type of data:

Seasonal high:

Note:

Authors:

Site:
Type of data:

Seasonal high:
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1978
111 d after planting - 0-7 mg CO, TEETE N
1979
103-109 d after planting - O mg CO, dm 2 LA h~)

2
Seasonal leaf nitrogen and protein; relationship

between 002 uptake and soluble protein

Curry, Baker, and Streeter (1975)

Wooster, Ohio

Periodic measurements of standing crop over a
117 d period following emergence in June 1972
100-117 d - 900 g m 2

Ford, Shibles, and Green (1983)
Ames, lowa ‘

Biweekly measurements of standing crop from
31 July to 9 September for 1979 and 1980
1979 - 0.89-0.91 kg m 2

1980 -~ 1.09-1.19 kg m 2

Values varied with varieties differing in the

rate of photosynthesis

Havelka et al. (1984) and Ackerson, Havelka, and
Boyle (1984)

Newark, Delaware

Periodic measurements of photosynthesis at
control (321 uL CO2 L-]) and enriched

(1232 uL co, L™y co,
beginning 40 d after planting in mid-June 1982

levels over an 80-d period,

Control CO2
60 d after planting - 1 mg co, meLAs
High CO
2 2 -1

62 d after planting - 1.4 mg CO, m_

2 LA s



5%

Seasonal low: Control CO2

115 d after planting ~ 0.2 mg co, m? LA s
High CO
2 24
115 d after planting - 0.25 mg CO2 m "~ LA s
Other data: Seasonal trends in leaf conductance, chlorophyll,

protein, protease, abscisic acid, carbohydrates,
and dry weight

Authors: Ingram et al. (1981)
Site: Quincy, Florida
Type of data: Weekly measurements of net photosynthesis (Pn),

dark respiration (Rd), and soil CO2 efflux (SCER) for
August-October 1979.

Seasonal high: Pn  -- early September - 60 mg co, dn™% 7!
Rd -~ early September - 11 mg CO5 dm 2 p7!
-1

SCER -- late August - 8 mg co, dm ¢ h

Seasonal low: Pn  -- late October - 5 mg co, dm ™% 7!
Rd - late October - 2 mg €O, dn ™2 h™'
SCER - mid-October - 2 mg CO, dm 2 h™'
Other data: Effects of protection from defoliating insects:

seasonal leaf area index, leaf weight, specific
leaf weight, and midday 1ight interception;
canopy photosynthesis light response curves over

time
Authors: Kamiyama and Horie (197%)
Site: Kumamoto, Japan

Type of data: Weekly estimates of net assimilation rate (NAR)
and relative growth rate (RGR) over growing
seasons (May-October) of 1967 to 1970
Seasonal high: NAR -- late May and early August 1967
0.18 g dw dm™> LA d !

RGR -- mid-August 1969 - 22% ¢!



Seasonal low:

Note:

Other data:

Author:

Site:
Type of data:

Seasonal high:

Seasonal low:

Authors:
Site:
Type of data:

57
NAR -~ late June 1970 - 0.04 g dw dm > LA d”'
RGR -- late October 1967 - 8% d '
Values reported here are absolute highs and lows;
seasonal values varied from year to year
Seasonal temperature over growing season

Kanada (197%)

Tanashi, Japan

Time course of net assimilation rate (NAR),

crop growth rate (CGR), and leaf area index over
12 week growth period (average for 5 years)

NAR

1.5 weeks before top-most leaf expansion
2 1

6 g dw dm < LA d
CGR
1.5 weeks after top-most leaf expansion
10gmn2g”
NAR
4.5 weeks after: top-most leaf expansion
1 g dw dm™% LA ¢
CGR
4.5 weeks before top-most leaf expansion
2 g m g

Secor, Shibles, and Stewart (1983)

‘Ames, lowa

Periodic measurements of apparent
photosynthesis (AP) and dark respiration
(Rd) for leaflets at nodes 12 and 15
over a 50 d period after planting on

25 May 1979



Seasonal high:

Seasonal low:

Other data:

Authors:
Site:
Type of data:

Seasonal high:

Seasonal Tow:
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Nede 12
AP -- 87 d after planting
1.9 wmol CO, an s
Rd -~ 85 d after planting
0.26 umol €O, em LA s
Node 15
AP -~ 84 d after planting
2.6 umol CO, an? LA s
Rd -- 84 d after planting
0.36 umol CO
Node 12
AP -- 109 d after p]qnting
0.2 wmol CO, em 2 LA s
Rd -- 107 d after planting

0.1 wmol €O, m A s

-1

-1

-2 -1
2 cm LA s

-1

1

Node 15
AP -- 107 d after planting
0.4 wmol €O, em? LAs
Rd -- 106 d after planting
-2 -1
LA s

0.18 umol CO2 cm
Seasonal changes in leaflet area, specific leaf
weight, pod dry weight, diffusive resistance,
chlorophylil, protein, and RuBPCase

Seddigh and Jolliff (1984)
Corvallis, Oregon

Diurnal patterns of €0, exchange on three sampling

dates during the summeis of 1981 and 1982 and

the effect of night temperature on those patterns
(controls are reported here)

1981 -~ 30 July - 17.7 umol CO, m
1982 - 29 July - 21.7 umo] CO2 m s i
1981 -~ 27 August - 11.9 umol CO2 m2 LA i]

1982 - 27 August - 9.4 umol CO, m° LA s

2
2

1
1

LA s

LA s
.



Note:

Other data:

Author:

Sites:
Type of data:

Seasonal high:

Other data:

Authors:
Site:
Type of data:

Seasonal high:

Seasonal low:
Other data:
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Values are means for hourly values and
replications

Stomatal conductance and transpiration for the
same sampling dates

Uchijima (1975)

Tokachi, Tanashi, and Kumamoto, Japan

Seasonal course of standing crop (SC), crop
growth rate ({GR), and leaf area index over the
growing season (May-October)

Tokachi
CER - August - 15 g m 2 d”'
SC -- October - 750 g m 2
Tanashi
CGR -- August - 17 gm 2 d”'
SC -~ September - 750 g G
Kumamoto

CGR - June-July - 12 gm 2 d

SC -- August - 800 g m
Seasonal temperature and solar radiation

Wittenbach et al. (1980)
Newark, Delaware

Weekly measurements of leaf photosynthesis for
10 weeks after flowering during the 1st week in
August 1978

Week 1 - 35 mg CO, dn ° LA b
Week 10 - 0 mg €O, dm 2 LA h~

2
Seasonal specific leaf weight, leaf starch, leaf

-1
1

chlorophyll, leaf protein, and leaf resistance

3.6 Cotton Field

Authors:
Site:

Gutierrez et al. (1984)

Londrina, Parana, Brazil



Type of data:

Seasonal high:

Other data:

Authors:
Site:
Type of data:

Seasonal high:

Seasonal low:

Other data:

Authors:
Site:
Type of data:

Seasonal high:

Other data:
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Measurements of dry matter standing crop
for cotton foliage, stem and root, and fruit from
November 1982 to March 1983

Foliage

January - 75 g/(4 plants)
Stem and root

January-February - 180 g/(4 plants)
Fruit

March - 200 g/(4plants)
Seasonal solar radiation, temperature, and

degree-days over growing season

Hesketh, Baker, and Duncan (1971)
Mississippi State, Mississippi

Daily measurements of cotton square, boll,
and leaf respiration over a 50-d period

Square -- 8 d - 13.5 mg €O, g'] h!
Boll --5d - 9.0 mg CO, g’] h!
Leaf -- 10d - 12.0 mg CO, g ' b
Square -- 20 d - 7.5 mg CO, g‘: h‘:
Boll -- 40 d - 1.5 mg C02 g h

Leaf -~ 30d - 2.5mg COHq ' h'

Leaf, square, and boll weight over study period

Ibrahim and Buxton (1981)

Tucson, Arizona

Periodic measurements of plant weight from
42-60 d after planting on 3 May 1975 and

14-56 d after planting on 2 May 1976

1975 -~ 60 d after planting - 32 g p]ant*]

1976 -- 56 d after planting - 32 g p]ant—]

Time course of leaf area, stem weight, and leaf
weight
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Authors: McKinion, Hesketh, and Baker (1974)

Site: Mississippi State, Mississippi

Type of data: Plant weight over a 140 d period following
emergence

Seasonal high: 140 d after emergence - 90 ¢ CH2O p]ant_]

Authors: Pegelow et al. (1877)
Site: Tuscon, Arizona
Type of data: Seasonal (July-August) measurements of

aboveground biomass

Seasonal high: 26 July - 1683 g m 2

3.7 0Oat fField

Author: Lundegardh (1927)
Site: Stockholm, Sweden
Type of data: Measurements of soil respiration and C02

concentration 4 m above and 15 cm below
the soil surface over the period 19 June to
13 September 1923
Seasonal high: Soil respiration
13 September - 0.540 g CO
CO2 concentration
Aboveground -— 4 September - 0.625 mg CO2 L

Belowground -- 13 September - 1.26 vol %

..2 ,-‘l
2 m h

1

Seasonal low: Soil respiration
24 July - 0.370 g C0, mep!
C02 concentration
Aboveground -- 24 July - 0.522 mg €0, L'
Belowground -~ 29 June - 0.39 vol %
Other data: Time course of temperature and rainfall for the

sampiing period
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Authors: McCraig and Clarke (1982)

Site: Swift Current, Saskatchewan, Canada

Seasonal high: Weekly measurements of plant tissue dry weights
for a 60 d period beginning 25 d after
seeding on 5 May 1978 and 14 May 1979

Seasonal high: 1978

Green leaf -- 65 d after seeding
2000-2100 kg ha
Seasonal high: Stem -- 65 d after seeding
4500-5000 kg ha”!
1979
Green leaf -- 52 d after seeding
1600 kg ha '
Stem -- 65 d after seeding
2400-3000 kg ha '
Note: Values varied with variety of oats
3.8 Potato Field
Authors: Moorby and Milthorpe (1975)
Site: Midlands, England and M. 1. A. , Australia
Type of data: Seasonal course of tuber standing crop
Seasonal high: Australia -- December - 55 t ha !
May - 42 t ha "
England - September - 60 t ha !
Other data: Seasonal leaf area index, daily solar

radiation, and temperature

Authors: Ng and Loomis (1984)
Sites: Aberdeen and Kimberly, Idaho
Type of data: 10-d interval measurements of leaf, stem,

tuber, and total dry weight over a
100-d period following emergence on 9 June at
Aberdeen and 24-28 May at Kimberly



Seasonal high:

Other data:

3.9 Sugar Beet

Authors:
Site:
Type of data:

Seasonal high:
Seasonal low:

Authors:
Site:
Type of data:

Seasonal high:

Other data:

Author:
Site:
Type of data:
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Aberdeen
-~ day 85 - 65 g plant)
50 g plant”

Total weight

¢

Tuber weight —- day 85

Leaf weight -- day 60 - 12.5 g p]ant_]
Kimberly

Total weight —- day 95 - 60 g plant“

Tuber weight ~- day 95 - 50 g plant~]

Leaf weight -- day 60 - 9 g plant—]

Seasonal leaf area index

Field

Brown and Rosenberg (1971)

Scottsbluff, Nebraska

Daily measurements of 002 flux over a sugar
beet field from 11 August to 10 September 1966
14 August - 400 x 1070 g €0, em 2

1 September - 168 x 107> ¢ CO. cm 2

5 cm
Fick, Williams, and Loomis (1973)
Davis, California
Periodic measurements of standing crop of
tops and storage roots for a 140-d period
following emergence on 5 June 1967
Storage roots

140 d after emergence - 650 g m 2
Tops

140 d after emergence - 1800 g m 2
Top:fibrous root dry weight ratio for 44 d

following emergence

Kanada (1975)
Sapporo, Japan

Time course of net assimilation rate (NAR), crop

growth rate (CGR), and jeaf area index over a
15-week growith period (average for 5 years)



Seasonal high:

Seasonal low:

Author:
Site:
Type of data:

Seasonal high:

Seasonal low:

Other data:

Author:
Site:
Type of data:

Seasonal high:

64

NAR -- 6 weeks after sowing
6 g dwdm® LA d

CGR -~ 9 weeks after sowing
20 g m? g

NAR -~ 18-21 weeks after sowing
1.5 g dw dn™2 LA !
CGR -~ 21 weeks after sowing

5 g m2 g’

Lundegardh (1927)
Stockholm, Sweden
Measurements of soil respiration and CO2
concentration 4.5 m and 0.25 m above soil surface
for the period 23 June to 1 October 1925
Soil respiration
13-15 July - 0.256 g CO, m2h]
CO2 concentration
4.5 m -~ 11-13 August - 0.776 mg CO2 L
0.25 m -- 11-13 August - 0.7640 mg CO2 L
So0il respiration
26-27 August - 0.148 g CO, m ~ b
CO2 concentration
4.5 m -~ 26-27 August - 0.559 mg CO, L

2

.25 m -~ 11-13 August - 0.5764 mg co, L

1
1

1
1

Seasonal rainfall and air temperature

Marshall (1974)

E. Lothiam, Scotland

Weekly estimates of total dry weight (SC), Teaf
area index, relative growth rate, net
assimilation rate (NAR), and crop growth rate over
growing season

NAR -- late June - 80 g m2 week !
SC -~ September - 1000 g m



Seasonal low:

Other data:

Authors:
Site:
Type of data:

Seasonal high:

Author:
Site:
Type of data:

Seasonal high:

Seasonal low:

Other data:

65

week |
2

NAR -~ September - 10 g me
SC  -- June -0.03gm
Similar seasonal data for turnip: biweekiy
rainfall, potential evapotranspiration,
temperature, vapor pressure deficit, soil water,

and windspeed

Patefield and Austin {(1971)
Wellesbourne, U.K.

10~d interval estimates of leaf and root
standing crop for 110 d after sowing on
11 June 1969

Leaf -- 100-1710 d ~ 300 g m
Root -- 90-100 d - 1000 g m

2
2

Snyder (1974)

East Lansing, Michigan

Net assimilation rate (NAR) and relative growth
rate (RGR) for 113 d following emergence
{planted on 18 May)

NAR —- 30-50 d - 1.55 mg dw cm 2
RGR -~ 30-50 d - 27.4%

NAR ~- 92-113 d - 0.54 mg dw cm ™2
RGR -- 71-113 d - 1.4%

Seasonal radiation, daylight hours, temperature,

LA ¢!

Wi

leaf area, total and root biomass on a per plant
and per leaf area basis

3.10 Sorghum Field

Authors:
Site:
Type of data:

Arkin, Vanderlip, and Ritchie (1976)
Manhattan, Kansas

3-d interval estimates of standing crop over a
120-d period following emergence in 1965 and
1966
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Seasonal high: 1965 -- 100-105 d - 150 g p]ant—l

1966 - 100 d - 130 g plant”’
Other data: Seasonal temperature
Authors: Garrity, Sullivan, and Watts (1984)
Site: Tryon, Nebraska
Type of data: Periodic measurements of apparent canpopy

photosynthesis over the period July to September
1978 for unstressed and water-stressed
conditions

Seasonal high: Unstressed

Late July - 1.025 mg CO, m? s

-1

Water stressed

Late July - 0.95 mg CO me s

Seasonal Jow: Unstressed ‘
Late August - 0.55 myg CO2 m~2 s~]
Water stressed
late August - 0.30 mg CO, me s
Other data: Seasonal soil water, leaf water potential,

stomatal resistance, leaf area index, and

evapotranspiration

3.117 Alfalfa fField

Authors: Baldocchi, Verma, and Rosenberg (1981)
Site: Mead, Nebraska
Type of data: Seasonal canopy CO2 flux and concentration for

June to September 1978

Seasonal high: CO2 concentration

Mid-June - 320 ppm

CO2 flux

Mid-June - 3.6 x 10°°

kg m s



67

Seasonal low: C02 concentration
Late July - 290 ppm

€0, flux
2 -6, -2 _-1
Early August - 0.7 x 10 " kgm ° s
Other data: Leaf area index and dry matter changes after

cutting; diurnal patterns of €O, fliux, sensible

2
and lateni heat fluxes, and net radiation on

selected dates during the growing season

Authors: Delaney, Dobrenz, and Poole (1974)
Site: Juscon, Arizona
Type of data: Monthly measurements of apparent photosynthesis

(AP) measured at low and high light intensity,
and dark respiration (Rd) (June-October)
Seasonal high: AP

Low light - June - 13.25 mg CO, dm 2 LA h~
High 1ight -- June - 28.5 mg CO, dm™ LA h7!
Rd -~ October -- § mg CO, dm > LA h'
Seasonal low: AP
Low 1ight -- late July - 9.0 mg CO, dm 2 1A h!
High Tight -- early July - 18 mg CO, dm 2 tan’?
Rd -~ August - 2.1 mg co, TEETE B
Other data: Seasonal temperature, specific leaf weight, and
leaf area index
3.12 Miscellaneous Fields
Authors: Bull and Glaszion (1975)
Sites: Sugar cane fields in Austra]ia; Guyana, Hawaii,

and South Africa

Type of data: Seasonal course of total dry matter (TDM) and
crop growth rate (CGR) for 24 months following
planting



Seasonal high:

Authors:
Site:
Type of data:

Seasonal high:

Seasonal low:
Other data:

Authors:
Site:
Type of data:

Seasonal high:
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Australia

TOM -- 12 months after planting - 50 t ha !

CGR -- 4 months after planting - 24 g m2 g
Guyana

TOM -- 20 months after planting - 40 t ha !

CGR -- 7 months after planting - 26 g m?d”
Hawaii

TDM -- 21 months after planting - 75 t ha

CGR -- 7 months after planting - 27 g m? g
South Africa

CGR -- 5 months after planting - 18 g m? g

Jones et al. (1982)

Peanut field in Gainesville, Florida
Weekly measurements of 002 exchange rate for 10
weeks after planting, 22-23 May 1979

11 weeks after planting - 46 mg CO, dm 2 h!

19 weeks after planting - 18 mg CO, dm ™2 7!
Seasonal changes in leaf area index, specific
leaf weight, fraction of light interception, and

photosynthetic efficiency

Monteith, Szeic, and Yabuki (1964)

Kale field in Harpenden, Hertfordshire, England
Weekly measurements of dry weight assimilation
(August-September 1963); 15-d interval average
002 flux from cropped (May-September 1961 and
June-September 1963) and fallow {(June-September
1963) soil

Assimilation

Mid-August - 30 g CO, m2a”
Soil flux
Cropped -- late June 1961 - 11 g €O meg’

2
late September 1963 - 9 g €O, m2 d

-1
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Seasonal high: Fallow -- late September 1961 - 9 g C02 m_2 d~]
Seasonal low: Assimilation

Mid-September - 2 g (O, m g

Soil flux

Cropped - May 1961 - 5 g C0, m 2!

Fallow -- August 1963 - 6 g co, m? g
Authors: Monteith, Szeic, and Yabuki (1964)
Site: Bean field in Harpenden, Hertfordshire, England
Type of data: Week ly measurements of dry weight assimilation

(June-July 1961); 15-d interval average 002
flux from soil between rows of beans
{May-September 1961)

Seasonal high: Assimilation

Mid-June - 29 g CO, m 2
Soil flux
Early August - 8 g CO, m? g
Seasonal low: Assimilation
Late July - 10 g Co, m? g’
Soil flux
May and late August - 6.5 g CO, m? g
Authors: Monteith, Szeic, and Yabuki (1964)
Site: Grass field in Harpenden, Hertfordshire, England
Type of data: Weekly measurements of dry weight assimilation

before and after cutting on 31 May 1961
(April-August 1961); 15-d interval average
CO2 flux from cropped and fallow soil
(April-August 1961)

Seasonal high: Assimilation

Mid-April - 50 g CO, m2 g

Soil flux
Cropped -- late August - 12 g CO, m2 g’
Fallow -- late June - 6.5 g CO m2 g7

2



Seasonal low:

Authors:
Site:
Type of data:

Seasonal high:

Seasonal Tow:
Other data:

Author:
Site:
Type of data:

Seasonal high:

Seasonal low:
Other data:

10

Assimilation

Mid-August - 11 g €O, w a7

Soil flux
Cropped —- early July - 7.5 g CO, m2q!
Fallow -- early July - 5.5 g €O, me g

Monteith, Szeic, and Yabuki (1964)
Bare soil in Harpenden, Hertfordshire, England

15-d interval average CO2 flux from bare soil

(October 1960 to September 1961)

June - 6.7 g CO, m?a’!
2

November - 1.5 g CO, m? 47

d
CO2 flux from bare soil as a function of mean
soil temperature

Smart (1974)

Grapevine capopies in Griffith, N.S.W., Australia

Hourly, daily, and monthly measurements of
photosynthesis at irreqular intervals

1 February 1969 - 1.812 x 10-6 kg CO2 m‘2 s‘]
17 December 1968 - 0.892 x 107° kg €O, m > 5™
Leaf area index and light parameters

3.13 General Agricultural Region

Author:
Site:
Type of data:

Seasonal high:

Seasonal low:
Other data:

Enoch (1977)
Coastal Plain, vicinity of Tel-Aviv, Israel
Monthly measurements of diurnal mean CO2
concentration (Ociober 1973 to September 1974)
October - 365 vpm

~ 335 vpm
Diurnal patterns of CO

July

2 concentration
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Authors: Verma and Rosenberg (1976)
Site: Vicinity of Mead, Nebraska

Type of data: Measurements of CO? concentration (24-h

average) and €GO, flux (net daily) during the

2
periods September 1972 to January 1973 and June

to December 1973

Seasonal high: Concentration -- October - 340 ppm

Flux - July - 19 g m2 g
Seasonal low: Concentration -- August - 328 ppm

Flux -~ October - 3 g m? g
Note: Seasonal values are based on regression curves
Other data: Seasonal solar radiation, wind speed, air

temperature; diurnal patterns of C02 flux and

concentration

4. CONCLUDING REMARKS

The ten crops for which available models are described are far
from an exhaustive coverage of the world's important crops. Important
crops that are not covered here inciude oats, sugar cane, manioc,
tomatoes, and sunflower. However, the crops included constitute the
bulk of terrestrial human food sources. Wheat alone accounts for 20%
of the worlds calorie consumption; potatoes account for over half of
the annual tonnage of all starchy roots and tubers, and soybeans are by
far the major pulse crop.

The models reviewed here also represent seven of the world's ten
largest crops (with respect to area planted in 1982-1983); only oats
(7), peanuts (8), and rye (9) are excluded (U.S. Department of
Agriculture 1983). Further, the models represent croplands that
involve at least 63% of the world's surface area covered by intensively
farmed arable land, rice paddies, and other irrigated land (at least
74% if the last category is excluded, see Hummel and Reck 1979). If
only those lands covered by large contiquous fields are considered, the
proportion of the world's agricultural land area represented by crops
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for which models are reviewed here is probably even greater.
Therefore, the systems included should account for the bulk of the
agricultural effects on the seasonal pattern of terrestrial CO2
fluxes.

The objectives of agricultural modeling projects differ for the
most part from those of projects dealing with natural, unmanaged
ecosystems. Processes which the conventional ecosystem modeler might
consider critical to a complete representation of a natural system may
appear unimportant or immaterial to the crop modeler; the converse is
also true. A notable example of the former case is the virtual absence
of any consideration of litter and soil organic matter decomposition in
the agricultural models. Natural ecosystem models frequently involve
some representation of decomposition (see King and DeAngelis 1985}; our
review here indicates that agroecosystem models rarely do. Certainly
not all ecosystem models deal with decomposition; in this respect,
agroecosystem crop models resemble the production models of natural
systems. However, the absence of decomposition processes may limit the
application of existing agroecosystem models to the problem of modeling
seasonal CO2 dynamics on a regional scale. The crop models only
operate over the growing season, sometimes for only a portion of that,
while 602 fluxes from the terrestrial biosphere to the atmosphere
during the nongrowing season, as a result of decomposition, are
presumably an important part of the seasonal behavior of the global
carbon cycle. Even during the growing season, evolution of 002
during decomposition affects the net biosphere-atmosphere fluxes.
Consequently, existing crop models are not directly applicable to the
objective of a regionally aggregated global carbon model.

There is nothing that inherently precludes consideration of
decomposition in agricultural models. In fact, it is somewhat
surprising that modelers of soil organic matter have not made more
intensive use of agricultural systems. An exploration of seasonal
decomposition in agroecosystems is called for. With this information a
more complete model of agroecosystems, at least with respect to
seasonal CO2 dynamics, will be possible. 1In the absence of this
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development, it should be relatively easy to adapt the decomposition
routines from conventional ecosystem models for use in conjunction with
existing crop models. The adapted models will have to incorporate the
effects of such things as tillage, fertilization, and irrigation. Many
of the crop models deal admirably with the processes of seasonal 802
assimilation, live plant respiration, and carbon storage. An
integrated coupling of crop model and decomposition model would go a
long way toward fostering the application of agroecosystem models to
the study of the global carbon cycle.

On a global, annual, or long-term scale, the impact of
agroecosystems on the global carbon cycle 1is probabiy significant. On
a regional and seasonal scale, these systems are likely to be even more
influential. <Consequently, a thorough understanding of the global
carbon cycle will require consideration of agroecosystem influences.
Furthermore, interests in the role land-use changes play in the
increase in atmospheric CO2 and the resulting impact on agricultural
productivity arques for considering the influence agroecosystems have
on the global carbon cycle. 7This consideration will perforce involve
modeling. The development of regionally aggregated multidimensional
global carbon models is relatively recent. Too great a preoccupation
with agroecosystems at this stage may hinder rather than promote
progress. However, an expanded exploration and medeling of seasonal
carbon dynamics in agroecosystems will benefit both the growing
appreciation for agroecosystems as ecological systems in themselves
(see Lowrance, Stinner, and House 1984) and will benefit our
understanding of their role in global biogeochemical cycles.
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