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INTRODUCTION

The model explained here is in a preliminary stage and
is subject to improvement. Ameliorations will surely result
from dialogue with the field scientists for whom the model
was built (scientists of the FAO/CNRS project “Parcours Sud
de la Tunisie” in Gabgs). Because of the distance between
Gabes and Logan, good communication between personnel
was difficult during the author’s stay in Logan.

Because of close association with the Desert Biome
modelling team and the availability of data, this first version
model based on dry matter (and not on the chemical
constituents of dry matter) was able tobe built in a relatively
short time (Fig. 1).

We hope that this attempt at a simplified model will be
useful to others working with simple data (dry matter) from
the field.

OBJECTIVES

The most important objective of this model was the
prediction of primary production for one or two years in one
given type of production.

It was proposed at first to use the general existing model
used in the Desert Biome. Two reasons militated against this
proposal: (1) the lack of detailed Tunisian data for the
chemical composition of plants; and (2) the goal of having an
easily modified simple program which could be used with the
available data.

In fact, the first attempt at simplification of the existing
model, in order to simulate primary production for total dry
matter only, was abandoned because of the inability to adopt
several features of the model (e.g., ratio of protein carbon to
total carbon, etc.). It was necessary to add “parallel”
subroutines to the existing model. Once accomplished, it was
easier to build a new model which fits more closely to the
objectives and data.

GENERAL CHARACTERISTICS

This model was patterned after the “Multi-purpose Desert
Biome Model” and shares its principal characteristics, the
three most notable being: (1) modular structure; (2)
submodels differing in degree of sophistication; and (3)
ability to specify state variables at execution time, etc.

Whenever possible the general structural design and
processes used in the Desert Biome models were preserved,
and for this reason detailed descriptions of items explained in

\/ Photosynthetic Dead organic
A organs material
(type 1)

Other types Dead org-anic
of organs material
(type 2)

the 1973 modelling report (Goodall, 1973) and other Desert
Biome reports are limited. In fact, processes come from the
different existing version levels, including Version IV of the
plant submodel (Valentine, 1974).

Submodels related to the plants and soil are given here as
examples. Due to the lack of time and the lack of data for
animals and other processes, we prefer to add this at a later
time.

Figure 1. Simplified diagram for the dry matter model. Each valve is controlled by one or more parameters, including

exogenous data, soil conditions, etc.
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SHORT DESCRIPTION OF THE PROGRAM

MAIN PROGRAM

At this stage of development, the state variables are the dry
weight of each organ of each plant species and of each type of
dead organic material.

The time step is one day, although the subroutine SOWAT
and one part of the main program can run for lesser time
increments.

The most important role of the main program is the calling
of the subroutines, which can be modified if necessary
(Fig. 2).

STEPS IN THE OPERATION OF THE PROGRAM

1. Read parameters and initial data with the help of the
subroutines.

2. The subroutines will determine the conditions for
vegetation in the current day (date, season, rain, soil
condition, etc.)

3. For each species, the subroutines will determine the
phenological stage, the net daily increment of dry
matter, allocation of this increment among the photo-
synthetic organs, transfers between organs, and the
death of each organ.

4, Subroutines will be called to determine the transfer of
dead organic material. A sink can simulate the loss to
the ecosystem or the decomposition which is not included
in this version.

5. Increments (whether negative or positive) are “tested to
ensure that none of them would cause state variables to
become negative where this constraint is appropriate
(which is true of most state variables in ecological
systems). If some of the negative increments are ‘too
large’ in this sense, all increments are scaled down in
such proportion as the most limiting constraint requires,
the increments are applied to all state variables, and the
subroutines are called again for recalculation of
increments. These increments are then multiplied by the
complement of the proportion already applied to the
state variables, and the test of their magnitude is
repeated. The process continues until a set of incre-
ments can be applied in toto. Briefly, this is equivalent to
dividing the time unit over which the difference
equations approximate the underlying differentials into
arbitrary portions such that the constraints can be met.”
(Goodall, 1973, pp. 2.1.3.1.-17 and 18.)

6. The main program fills a storage array with all state
variables.

7. Subroutines are called to plot specified variables and the
program terminates. A listing of the program appears
in Appendix 1.

SUBROUTINES
(in alphabetical order)

DATE -- Computes the date (day, month, year) from the date
of the initial day, and the number of days after the initial day.

DEGREE -- Deals with the soil temperatures. The processes
proposed by Griffin et al. (1974) are used in this model. The
differential equation describes soil temperature, T, as a
function of depth, z, and time t:
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& Bz[o

9

=3

]

[=F]

Z

where T is the thermal diffusivity (generally a function of
time and depth), which is equal to thermal conductivity at
the specific heat.

DLIGHT -- Computes the number of daylight hours in the
current day and the fraction of the total number of daylight
hours in one vear in the current day. This fraction is used in
subroutine EVAPO.

1f
A = 730+ 274- 10°-RLAT + 793- 10~° (RLAT)*
B = 342-10°' 4+ 78-10"*RLAT + 10°': (RLAT)®
_ i J7EOBS
Z = 2rme 365 )
DAPHOT = Number of daylight hours the first day of the
calendar year (January 1, I = 1; December 31, I = 365 or
366).
_ A+ B +sin (Z)
where

RLAT is latitude in degrees.
DALITE is for the first day of the calendar year the
portion of illumination relative to the illumination
occurring in an entire year.

DMDM (provisional version) -- Computes, with given rates,
the translocations between the different types of dead organic
material. To simulate the losses, it is possible to create an
“artificial” compartment of dead material which is a “sink.”
For each season (IS) a rate of daily transfer, RTLI
(IS, LD, LR), is given between the different compartments of
dead material. The amount transferred to the receptor
compartment (LR) is proportional to the amount of dry
matter in the donor compartment (LD).

Under these conditions the daily variation (DCLIT) in
dry matter for compartment p is equal to
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Read in parameters and
other data including those
read in by subroutine

Translocation between type
of dead material, including
a sink (DMDM)

Loop for each day

Test decrement and adjust
state variable if necessary

Determine death for each
organ (DMDT)

Fill storage array (FILLTX)

Subroutines to determine
date, season, Julian day
(DATE, JULES, NJMOIS,
SEASON)

Translocation between
organs (DMTR)

Print report if necessary
(REPORT)

Subroutine to determine
exogenous condition (rain,
temperature. daylight
hours) (DMEXO. DLIGHT)

Subroutine to compute net
daily increment of dry
matter for the species

(DMPHOT)

Plot required variables
(PREPAR, PLOT)

Call subroutines to
determine soil conditions
(evaporation, water,
temperature, salinity)
(EDAPH-EVAPO,
DEGREE, SOWAT)

Subroutine to determine
phenological stage
(DMPHEN)

Loop to adjust, if necessary,
decrement of state variables

!

Loop for each species

D

Figure 2. Simplified flow chart of FORTRAN IV program for the plant and soil model.
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DCLIT (p) = death are read in, for each organ of each species in each
phenological stage.

NLIT NLIT DMEXO -- Reads in the exogenous data (rain, temperature

5 z and total daily irradiation) and provides this data

CLIT (i)-RTLI (IS, i,p) CLIT(P)—RTLI(IS,p,i)

§ o= o each day. For the rain, the dates (and the amount of
g 4 water in millimeters) are used, for the days where rain
i+p ifp
occurs, For the temperature, the dates of change of
\/ \/ temperature are read in, and the temperature is assumed to
be the same between successive changes.
received lost

by compartment p

where

CLIT (p) = quantity of organic matter in compartment p
at the beginning of the daily time step.

NLIT = total number of compartments containing dead
organic matter.

DMDT -- Deals with the death of the living material and
lists the class of dead organic material to which the new
dead organic material will be transferred. For each organ
(J) of each species (I) a mortality rate (DRATE) is calculated
depending on phenological status. The subroutine contains
two parts:

1. Dormancy stage: where the rate of death is an exponen-
tial function of the time since the beginning of the
dormancy (cf. provisional version IV of the Desert Biome
model), It is possible to give different parameters for
each organ of each species.

DRATE = a + b- ect
where

a, b, ¢ = parameters provided for each organ of each
species.

t = time in days since the onset of dormancy.

The amount of material passing into a dead status for
organ | of species I, for one day, is now equal to

DDMSP (1,]) = DMSP (1,]) - DRATE

where

DMSP (I, ]) = the quantity of dry matter in organ I of
species ] at the beginning of the daily time step.

This function has been made exponential in form in order
to eventually cause a total disappearance of biomass of

the organ concerned -

2. Phenological states other than dormancy: the rates of

DMPHEN -- Determines the phenological stage for each
species. This version is based on the provisional Version IV
of the Desert Biome model. The possibilities are:

1. A jump from germination (or leafing-out) to vegetative
stage is possible if X is greater than a coefficient which is
an exponential function of the moisture in the soil.
For the annual species, X is the ratio of the total dry
matter in this species to the dry matter in seeds of this
species; for other species X is the ratio of the dry matter
in new shoots of this species to the total dry matter in
this species. The duration of germination is not allowed
to exceed a specified value.

A threshold value (CRATLO) is calculated in the
following manner:

CRATLO = a + b &&W

where

w is the water potential (WATER [LSOIL]) of a given
horizon LSOIL with

LSOIL = LCOUCH (ISP)

a, b, ¢ are parameters provided for each species (respec-
tively, PARPH1 [ISP], PARPHZ2 [ISP], PARPH3
[ISP]).

The species will change its phenological state if

X > CRATLO

x - ltotaldry matter gontamed in a species ¢ .l
dry matter in grains of same species

X = dry matter contained in the shoots
total dry matter for the species

for perennials

Moreover, the germination period cannot be more than a
given time (NDGERM).

2. A jump from vegetative to fruiting stage occurs if the

soil moisture and temperature are above the given
thresholds, and if the value of daylight hours is between
two thresholds; i.e.,
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Soil temperature by horizon (LCOUCH [ISP]) above a
threshold (THTPVG [ISP]),

Water potential of a given horizon (LCOUCH [ISP])
above a threshold (THWTVG [ISP]),

Daily illumination between two values (PHOVMN
[ISP] and PHOVMX[ISP]).

3. A jump from vegetative to dormant stage occurs when
either the soil moisture or soil temperature falls below a
specified threshold.

Water potential of a given horizon (LCOUCH [ISP])
below a threshold (THTPVD [ISP]).

Temperature of a given horizon (LCOUCH [ISP]) below
a threshold (THTPVD[ISP]).

4. Testfor return from fruiting stage to vegetative stage: the
fruiting stage is finished if X is greater than a one-
parameter function of the soil moisture, where X is the
ratio of the dry matter accumulated in fruits to the
total dry matter in the species. The duration of the
fruiting stage is not allowed to exceed a specified
value.

A threshold value CRATFT (ISP) is calculated for each
species in the following manner:

CRATFT (ISP) = a + bW
where

w is the water potential (WATER[LSOIL]) of a given
horizon LSOIL with:

LSOIL = LCOUCH (ISP)

a, b, ¢ are parameters provided for each species (respec-
tively, PARPH4 [ISP], PARPH5 [ISP], PARPHG [ISP]).

There will be transfer from fruiting to a vegetative stage if
a quantity X is above CRATFT (ISP).

where

X = DMNEW (ISP) _ year’s addition to dry matter; organs
DMT (ISP)  total dry matter of the species

The fruiting period (IPFRUT [ISP]) cannot be above
a given threshold (NDFRUT [ISP]).

5. Jump from dormant to germination (or leafing-out)
stage begins if temperature and soil moisture are above
given thresholds and if the number of daylight hours is
between two given thresholds; i.e.,

Temperature (SOILTE [LLSOIL]) in a given horizon of
LSOIL (with LSOIL = LCOUCH) above a threshold
(THTPLO [ISP)),

Water potential (WATER [LSOIL]) in a given horizon
(LSOIL), above a threshold (THWTLO [ISP]),

Daily illumination between two values (PHOTMN[ISP])
and (PHOTMX [ISP]).

DMPHOT -- This subroutine computes for each species
(each day) a total daily increment for the dry matter. This
increment is proportional to the biomass of photosynthetic
organs. The rate is determined from a maximum rate which
is depressed when air temperature, the soil moisture, or the
radiation is not optimum.

The actual rate, LIGHTF, of radiation is given thus:

DAYRAD

LIGHTF = ¥{T.TTE (15P) + DAYARAD

where
DAYRAD is total daily radiation in cal/m? of leaf area.

The actual rate, TEMPF of the temperature (here is equal
to ambient), is calculated in two different ways
depending on whether the temperature is above or below
a given threshold TEMPUM (ISP).

If the temperature (TLEAF) > TEMPUM (ISP), the
function is linear:

TEMPUT (ISP) — TLEAF
TEMPUT (ISP)— TEMPUM (ISP)

TEMPF =
where
TEMPUT and TEMPUM are parameters.
If TLEAF < TEMPUM (ISP) one has a sigmoid function.

1
1 + CCPS (ISP) -e(— RRPS x TLEAF)

TEMPF =

where
CCPS and RRPS are the parameters.

The actual rate, PMSF, of soil moisture is obtained as
follows:

If soil moisture in a given layer for each species LAYCH
(ISP) is above a given threshold WMAC (ISP)
PMSF = 1.

If this soil moisture is below a given threshold WMIN
(ISP), PMSF = 0.



If the soil moisture, WBID, is between these two thres-
holds, PMSF is a linear function of soil moisture.

WBID — WMIN (ISP)

PMSE'= " <5 MAX (159) — W (15P)

The daily increment of dry matter per g of dry photo-
synthetic material is then given by:

PSRATE = DDMMAX (ISP). LIGHTF. TEMPF. PMSF
where

DDMMAX (ISP) is the maximum possible (ideal con-
ditions) daily increment per g of photosynthetic dry
matter.

DMTR -- There are two parts in this subroutine:

1. One to allocate the total net daily increment of dry
matter to the photosynthetic organs.

2.  One tosimulate the translocation of dry matter between
organs. This translocation is assumed to be proportional
to the amount of dry material present in the donor
compartment at the beginning of the day. This sub-
routine provides also the amount of new dry matter
accumulated during the germination, leafing-out, or
fruiting stage.

EDAPH -- In this version only those subroutines dealing
with soil processes are called:

DEGREE for the soil temperature
EVAPO for the evapotranspiration and evaporation
SOWAT for the water movements in the soil

EVAPO -- To compute evaporation and evapotranspiration
with the model proposed by Griffin et al. (1974).

FILLTX -- This subroutine deals with the storage of the
state variables for the plotting of results at the need of the
simulation.

INVDAT -- Computes the number of days (+ 1) after the
initial day from the current date (day, month, year).

JULES -- Computes the number of days after the first of
January of the current year (in Julian days) from the current

date (day, month, year).

NJMOIS -- For a given year computes the number of days in
one month.

PLOT -- Plots the results at the end of the simulation,

PREPAR -- Prepares the data for the subroutine PLOT from
the storage array which is in the subroutine FILLTX.

Auxiliary Submodels

REPORT -- To write a report of the principal variables, if
this report is required.

SEASON -- To determine the season on the basis of the
Julian day.

SOWAT -- This subroutine predicts soil water content and
potential as a function of time and depth, and also the salt
content (Gritfin et al., 1974; Hanks et al., 1969; Jurinak and
Griffin, 1972; Nimah and Hanks, 1973). The differences
between this model and the model proposed by Griffin et al.
(1974) involve only the input/output statements.

The theoretical aspects of the model can be described by
the following relations.

The model performs the solution of the general equation
in one-dimensional flows with an extraction term for
roots, A (z):

98 _ 3 K(ﬁ)_a_H]+A{z)
at_ﬁ[ 9z
with

_ [Hroot + (PRES x z) — h (z)s(z)] x RDF (z) x K (8)
A@) .

where
68 = water content by volume
t = time
z = depth
K = hydraulic conductivity
H = hydraulic head at the surface (z = o)

PRES = R, + 1

R, = flow coefficient

h(z) = pressure at depth z

S(z) = osmotic pressure at depth z

BDF(Z) = fraction of roots active in the layer of soil 9 z.

This subroutine permits equally the description of a
process for salt:

) _ 0 de. d(qc
~£10Q + Oc] =—AD(V,0058 — Eiﬂ—)-Jr s
where

QQ = local concentration (positive or negative) of solute in
the absorbent phase (meq/cm3),

C = concentration in the solution phase (meq/cm? of soil
solution).

S = a“well” or a “source” for the efflux or influx of salt
in the soil.

z = depth (positive down below).

D = coefficient (cm® sec”' combining diffusion and
dispersion.
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q = flux in volume of solution (cm® em™ sec™) and V is
the average speed of capillary flow.

We note, however, that the use of this model poses some

problems since it presumes the soil has certain characteristics
identical throughout the profile.

INPUT ORGANIZATION

Remark: Columns 61 to 80 are for explanations and are not
read, except in some specified cases. An example
of input/output is given in Appendix 2.

CARDS READ BY MAIN PROGRAM
ComMENTS AND TABLE HEADINGS

Any comments which are to be associated with the output
may be printed out before the rest of the output by inserting
cards bearing the comment information at the beginning of
the input deck. These cards should finish with a blank card,
or be replaced by a blank card if no comments are needed.
The blank ending the comments is followed by a single card
providing a heading (STATE(20)) for tabular output. (The
80 columns are read in for this card.)

InsTRUCTION CARDS

One card with the starting date (IND, INM, INY) of the run
and the date of the last day of the run (ILD, ILM, ILY) are
read in (615) format. The components of the dates are given
in the following order: day, month, year.

One card with the number of species (NSP), the number of
types of dead organic material (NLIT), the number of
horizons (NHOR) in (12I5) format.

One card (or two) with the number of organs (NORG(I)) for
each species in (1215) format.

One card (or two) for each species, containing the function
(IFUN(L,])) of each organ J of species I, in (12I5) format.
Provisional classification: 1=seed, 2=fruit, 3=photosyn-
thetic organs, 4 =root, 5=stem.

One card (or two) with the life forms (LIF(I)) of each species
I, in (1215) format. Provisional classification: 1=annual,
2=shrub, 3=perennial herbaceous.

One card (or two) with the name (NAMSP(I)) of each
species, in (10A8) format. (Explanations in columns 61 to 80
are not possible.)

One card (or more) for each species, containing the name
(NAMORG(L,])) of each organ ] of species I, in (10A8)
format. (Explanations in columns 61 to 80 are not possible.)

One card with the name (NAMLIT(I)) of each type of dead
material in (10A8) format. (Explanations in columns 61 to

80 are not possible.)

One card (or more) for each species, containing the dry
weight (DMSP(L,])) in g/ha of each organ ] of species I, in
(6F10.0) format.

One card (or two) with the dry weight (CLIT(I)) of each
type of dead organic material, in (6F10.0) format.

CARDS READ IN THE SUBROUTINES
SusrouTINE REPORT (ENTRY INDMRP)

One card, serving as a check on the proper order of the cards,
which reads in a character string, in (20A4) format. Here-
after this will be called a read-check card.

One card with the number (NREP) of tabulated reports
required, including the report for the initial day in (12I5)
format.

One card for each report, containing the date (ID=(day),
IM=(month), IY=year)) of the required report, in (3I5)
format.

SusrouTiNe DMEXO (ENTRY INDMEX)
One read-check card.
One card with the number of days (NDR) with rain, and the
number of days (NDT) where the temperature changes
(including the initial day) in (12I5) format.
One card for each day of rain containing the date (day,

month, year) when the rain occurs and the amount of rain
(in mm), in (315, F10.0) format.

One card for each day of temperature change, containing
the date of the change and the new temperature (in degrees
centigrade), in (315, F10.0) format.

SusrouTiNE DMPHEN (ENTRY INDMPN)

One read-check card.

One card (or two) with the phenological stage (IPHENO(I))



of each species, in (12I5) format. 1=germination,
2=leafing-out, 3=vegetative stage, 4=fruiting stage,
5=dormancy.

One card for each species, in (12I5) format, containing the
following:

The maximum number of days (NDGERM(I)) for the
germination.

The maximum number of days (NDFRUT(I)) for the
fruiting stage.

If the species is in germination, the number of days
(IPGERM(I)) since the beginning of this stage (0 if not).

If the species is in the fruiting stage the number of days
(IPFRUT(I)) since the beginning of this stage (0 if not).

One card (or two) for each species specifying the horizon
(LCOUCH(I)) whose water content and temperature are
used as an environmental trigger, in (12I5) format.

A group of three cards for each species containing
parameters used in this subroutine, in (6F10.0) format:

Firstcard: PARPH1(I), PARPH2(I), PARPH3(I).
PARPH4(I), PARPH5(I), PARPH6(I).
Second card: THTPVG(I), THWTVG(l), PHOVMX(I),

PHOVMN(I), THRTVG(I), THTPVD(I).

Thirdcard: THWTVD(I), THRTVD(I), THTPLO(I),

THWTLO(I), PHOTMN(I), PHOTMX(I).

The meaning of these parameters is given in the
comments of the program.

SusrouTinNe DMPHOT (ENTRY INDMFO)

One read-check card.

Two cards for each species containing parameters used in
this subroutine, in (6F10.0) format:

Firstcard: ~ KMLITE(I), CCPS(I), RRPS(I), TEMPUT(I),

TEMPUM(I), DDMMAZX(I).
Second card: WMIN(I), WMAX(I).

The meaning of these parameters is given in the
comments of the program.

One card (or two) for each species, specifying the horizon
whose water content (LAYCH(I)) is used as an environmen-
tal trigger, in (1215) format.

SuerouTiNE DMTR (ENTRY INDMTR)

One read-check card.

Auxiliary Submodels

One card ( or two) for each species I, containing the rate of
transfer of the daily increment of dry matter for each organ
J. (RTPH(L]J)), in (6F10.0) format.

One card (or two) for each species I, and each donor organ
JD, specifying the rate of transfer from the donor organ JD
to the receptor organs JR (including the donor organ itself)
during the germination (RTGR(L]JD,JR)), in (6F10.0)
format.

A similar group of cards for the leafing-out stage
(RTLO(I,]JD,JR)): for the vegetative stage (RTVG(I,]D,
JR)); for the fruiting stage (RTFR(L,JD,JR)).

SusrouTinge DMDT (ENTRY INDMDT)
One read-check card.

One card (or more) for each species I, specifying the number
of days (WTIME(I)) since the beginning of dormancy if
species | is in the dormant stage at the start of the simulation
(0 if not), in (6F10.0) format.

One card for each species I, containing pointers (LREP(L,])),
which indicates the type of dead organic material to which
the dead organic material of the organ “]” will be transferred,
in (6F'10.0) format.

One card for each organ ] of each species I (organs nested
inside species), containing the three parameters (PDDT1(L,])
PDDTZ(L,]), PDDT3(1,])) in the exponential function which
computes the rate of death during dormancy.

One card (or more) for each species J, giving the rate of death
(PDT(L,].K)) of each organ K during germination (I = 1).

Asimilar group of cards for: the leafing-out stage (I = 2); the
vegetative stage (I = 3); the fruiting stage (I = 4),

SusrouTiNE DMDM (ENTRY INDMDM)
One read-check card
One card (or two) for each season i and each donor type JD
of dead organic material (donor type nested in season)
giving the rates of transfer RTLI(I,]D,JR) for the season I
from the donor compartment JD to the receptor

compartment JR (including the donor compartment itself)
in (6F10.0) format.

Susroutine DLIGHT (ENTRY INDMDL)

One read-check card.

One card to read in the latitude (RLAT, in degrees) of the
site, in (6F10.0) format,
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SusrouTine EDAPH (ENTRY INDMED)
One read-check card.

One card with the depth in centimeters, of the bottom of each
soil horizon in (6F10.0) format.

SusrouTine EVAPO (ENTRY INDMEV)

One read-check card.

One card to read in the number of temperature thresholds
plus one (NT), used to compute evaporation in (12I5)
format.

One card to read the (NT-1) temperature threshold values
(TARTUF(I)), in °C, in (6F10.0) format.

One card to read NT values for FACTOR (I), the parameter
used to compute the evaporation, in (6F10.0) format.

SusrouTiINE SOWAT (ENTRY INDMWT)
One read-check card.

One card with the parameters MM, NB, ND, in (12I5)
format.

One card with the parameters ALAMBA, CB, CONQ,
CUMT, DETT, DELW, in (6F10.0) format.

One card with the parameters DELX, DIFA, DIFB, DIFO,
SYSTD, in (6F10.0) format.

One card with the parameters HDRY, HWET, HLOW
HHI, RRES, SOCON, in (6F10.0) format.

One card with the parameters SOURCE, TAA, TIME, TT,
in (6F10.0) format.

One group of cards with the value of D(i) in (6E10.0)
format.

One group of cards with the value of P(I) in (6E10.0)
format.

One card (or two) with the value of W(i) in (6F10.0)
format.

One card (or two) with the value of WATL(i) in (6F10.0)

format.

One card (or two) with the value of WATH(I) in (6F10.0)
format,

One card (or two) with the value of RDF(I) in (6F10.0)
format,

10

One card (or two) with the value of SE(i) in (6F10.0)

format.

One card assigning a value to the logical variable IWRITE,
n (L5) format.

SusrouTiNg FILLTX (ENTRY INFILL)
One read-check card.
SusrouTINE PREPAR
One read-check card.

One card with KSUP=1, if the tables of the superposed
symbols in diagrams are required (=0 if not) in (12I5)
format.

For one required diagram:

One card for each variable containing the following, in
(3I5, 11A4) format: (see comments in PREPAR) IGEN,
INDI, IND2, LEG(11).

One card with nothing in columns 1 to 5.
To terminate:

One card with 100 (or more) in columns 1 to 5.
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APPENDIX 1

Procram LisTING

Auxiliary Submodels

Storage and time requirements (after compilation and
storage of the program) on a Burroughs 6700 for a
simulation of 36 days: process time, 0.38 min; virtual

memory, 5.78 kwords-mins.
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1203 CALL S0wAT

1202 EfuyuTay,

1205 Gu T 2u

1206 S0 ETIME®2a.=REPET

i2ur IFCETINFALEL0.0) GO T0 82

1208 CALL EVAFU

1209 EUREEVAP

1210 S0 Tn sl

1211 AU ETIMES28.

1212 Al CALL Samal

1213 &2 CONTINUF

1218 1u0G CONTINUE

1215 RETURN

1216  Cotovarttbet bt totst sttt ostststbastebsstestsretssbtasstsrttnsitonstrents
1217 ENTHY INUMED

1218 READ(LEC,2222) (CHECACI)#[u]s20)

1219 wnlTECIMP2223) CORELRUT)a[al,20)

1220 2472 FUHMAT(2UAS)

1221 2¢23 FURMATCIAS204A4)

lze2 Cl FORCE RAINFALL INTENSITY (Ma/HnUR),

1223 READILECS 1) FURCE

1226 CasansansREAD IHE UEPTH UF THE w7104 F FACH HURJZON.

1225 WEADCLECH LY CUEPTHEID ¢ LulaNKi)

1226 C--.-..-.1HL FUIRST mURLZUA (VEWY SALL) 1§ A TneURETICAL LATER FOK
1227 Tut InTERFACE SUIL=ATHOSPHERE. TWt 'DEPIW' OF THe BOTTUM UF
1228 : EAUH nURIZOA 1S CUNYERTED IN UEPTHs JLLI)sCUMPATIBLE AlTH THE
122y C TSUMAT' SUSHOUTINE wHICH ASSUMLS [HAT THE nulTUM UF AN HORIZON
1230 C 1 IS HALF=4AY HETAEE DOUI) AND UOCTel)s (EF 1T 15 SECESSARY
1231 C ADU AN EXTRA HURIZON SELON THe TRUL WUHLZUNS Tu FIT WlTH SUNAT.
1232 NHURT shrOR=]

1233 vuliyeg.

1234 Ny SOU [®2sNANAL

1235 500 BuCIIBEREPTHOI=LI=UBiI=1))a2aanidil=1)

1236 NOCNHURD 80EFTHONIURY

1237 RETURN

1238 1 FORMATCEP10.0)

1239 EnD

Subroutine EVAPO

1280  Lasmessssssessstssstenessastatsnspunatnnnnavnnr tesesaarans
1241 SUBROUT Lat EVAPD

1242 CUMHUON /EHAIN/ [EHAL4,FUKCE

1243 COMNON 7L¥TP/ ETS+EVAP,FACTONCa) s TRITUL LadanT

1248 COMMON ZEXIL/ DARALING TORT e HARANT» UAYRAUDALLTES TRAIN

1245 CUHHDN 7 INOU/ LECH Ind,y IPU

1248 COMMUR /HCRECK/ CRECA(20)

1247 COMMUN /¥EG/ T15PaNSPsTANUAL ¢ [SAKEs NASEEQe NOPHIT S

1228 1 NORGL 20D L IF (2005 IPHENOCZU) o IPHFNNT20) 0 LEUNEZUS 1V
1249 2 UHSPL2Us LOD s UUHSP (205 10) s DMTL20) 2 DUNERLZUDIFHEATE

1230 NOGEH e KLU NUVEG 4IF HaNUuOR s TCOVER

1251 CosUANAILSRAIN 1IN Cn

1252 DARAICSDAKAIN/ 104
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1206
1267
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IR I P
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Cl TanTurCL] Iw JEGREE Ce=(wT=1) TAHESHULDS USED T4 CALCULATE EVIP
Le TaRTur ami Bl
HEaptebge 1) NI

nllani=1
REAJUILECs )4 TARTUFLL) s LmlaNT 1)
TARTUM NI I mTARTUF(ATL)
KEADILECH 21 0HAUTURLLsLalanT)
weTunh

I FuRMATCLZES)

2 FUHMALLBE 10,0
Lao

Subroutine FILLTX

120w
1290
1291
1gvz
1293
12va
12vs
12446
1297
12vd
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1300
13u1
1302
13u3
1304
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1306
1307
1308
1309
1310
1311
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1314
1315
1316
1317
1318
1319
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1334
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1363
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1369
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TR AP P e A . . waes T
X TrlS SUBRUUTIAE UEALS nlTH Tre HE STalE VARIABLES.
Coamwm s santaassaasaretonstosstonstesstsiatauatosssinerasstadoniansining
COMMIN FURTUM/ Dnids [9Ma INYa THAY JULDAY S TCOs TCHL1CY2 150 THIS» JUURSS
1 NUAY, LPURT
Cusaiin ZLX0/ HARAINS [UAYsDAPHT s JATRAU,DALETE S THAIN
CuMAin AP LU TXE500 vy
Cutnin /LML LECPIHP . LPY
Cumdiin /nAS/ RLpR2iR3 KarRSsRas K/ aKAs KO K10 K11sKi2oR13anL0mKIS
cuMMnn JLITTER/ CLITUIODsDCLITOIU)aNLIT
CuMmiln /RCHECKS CHECA(20)
COMMiN /5UILF  mATERUIUISOILTECLID), HHIR
CuMAnh /VLG/ TSP NSPsANUAL, [SHRAaNNSEEU» NUPHUT Y
NOHGL2UD s LLF (2000 [PHLNGC20) s TPHENNCZ0) 2 IFUNCZ0510),
2 UMSPL20, 100 s UNMSP (205 10)»UMTI20) s UMNENCZO) s PHSATES
NUGEH» AULU» NIVEG, NOF RanUp0Rs TCOVER
CiMMiln #naT/ whTARSELOD sruNNF, SALNTY(10)2CORSETIMERETOUTS
1 AHgu Tl
Ve TEST IF Inp FLRST 0AY
IF CTUAY.EUa1) GU Tu 2u
TFUHDAY, LEL100) Wl Tu 22
FLUAYELQAY
FADAY®iHIAY
FLABS®FIUAY/LFRDAY/LUDe)
[AUS=F [AD3
IFULABS,al.100) ladS=iud
Gd Tu 19
22 TauS=lUAT
19 IFLIASS,LT,2) RETURY
Gu To 21
2u Tabsal
21 4=
CovaannestRT MATTER FOR EACH SPECIES
no 23 I=lsusp
kel
23 Tx(hs LAHSIAUMTLLY

STURAGH

Conygun

MATTER FUR LACH UxGAN OF EACH SPLCIES
0L 26 l=lansP
tHEDERURSLT)
pu 26 Jala i8I
raRel

26 THUKs LARSIEOMSP(Laa)
n2aK

CavurasnaDEAU HATERIAL
w24 dslenilr
KuK+]

23 TxCRsIABS)IRCLITCL)
LELLS

adATES

025 Ialennux
KaKel

29 [x(KsIlAB3)anATERCL)
£4mR

CurpraansSUlL IEMPERATURE
00 27 1alesyOn
Kenel

27 Ta(K,iAdS)=SUILTECT)

LITTS

vesRALN

KERs]

TALKs LAHSImDARA TN

et

Covyanens TEHPERATURELALR)
KeKel
TR(Kelado)m foAY
K7RK

v e PHLNOLOGY

u 29 LrlsNSK
LLLEa)

28 Talke LAAS)m[PHENUCL)
LELHS

Covnannnanhlins
Bu 29 LaliNHOR
Kanel

29 TrlkslAda)enATABS(L)
RETURN
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ENTRY pafILL
ALAUILECH2222) (UHECALL) s [=1520)
ARITEQINF12223) (CHEVA(L)s1m1,20)

2ep2 FURMATL2048)
278 FURMAICLKs20AG)

Caspnnnnalil LLLAK THE STURAGLE AHKATY,
I EUIEIPET
(i 19y JE1,100

1od Txtleddrd,
HETURN
[T}
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Subroutine INVDAT
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1381
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1333
1384
13485
1386
L7
1388
1349
1390
Livl
1392
1393
1394
1395
1396
L3v7
1394
1399
Laun
1401
1au2
ia03
lava
laus
lave
lavT
1aus
La0y
Lalo
lall
1812
JERE]

Cesaspennansanrinntnttbddiannnppuneretnngtnn
SUBRNUTIHE [NVOAD (1ius I%4 o INYs [0AYTCOTCHIICT)

L COMPUTE THe CURHENT UAT(IUAT) WiTH THE DATE(LFU,TCHaICT) i

(reescsssssmmsecnsanessseosemstsaaTanmemma

sanlHIS=UUNNT VARTABLE

selNu min]Tlal UAY CINPUT)
ssslan = 0 MONTH  (IwPuT)
s INY = . TEAH CINpUTY

we [UAYSLURRLNT UAYs CUUNTING FRus TAE INITIAL VAY{1HCLULEDIUUTPUT
wunICUSTHE DATE  WLTALN THE CURHLAT SUNTHLINFUTI
wevalUNEIHE HONTH ALTHIN THE CURMENT YEARCIHFUT)
wesICY® inE CUHHERT TEARCINPUTY
TRCINTWLT 19000 INYRINT#I900
o= InL
Inm [nH
Treiny
TuAY=l
IFUTUWNEIRD) wl TU Lo
IFCImeNESICH) GO Tu 10
TFCIYamEICY) GO Tu iy
Re Tuan
10 TuAYsluare)
Tusturl
CaLL AJHUISCINeITends [d]l2)
TFCINeLE-NJY su 10 1)
Tusiat]
Tusl
IFUI4eLEsL2) GU U 11
IREFRRS]
Inml
lusi
G T 1L
Exu

Subroutine JULES

lala
1als
lale
La17
laiy
a1y
1420
1a21
1az22
Luz3
1a2a
1425
Laze
Laz7
Laen

straarana e

ot aaaesaauenrtocasaessdnatadsbbantadsosaatopeernsindes

SUBKUUT fnE JULES
Catisane cesasaeas
CUMPUTE THE "JULTAN DAT' ki IHF CuMHENT DAY 'JUAY
Cobasatasastnsssaadstassnensansepersnasnautnnnbosntonisn

LR FUATURZ FUs Luds 1H0 0 TORY 2 sULDAY o [CDs IEM s 1CT o LS [0S, JUURS

1 NaAT

JuLbarsn

FEYTEES

G010 1=K

CALL dMulSCL,LCTrJutnds IHIS)

10 JULUATEIULUAT ¢ JUURS

JuLDATaJULYATSICY

RETush

Fuu

srummettdbinaathesns
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Pepatetn eviee

ererdrasanedy

Subroutine NJMOIS

Laey
1830

P T T L L LT P T P

Cotatasanausartssotosdsnsanntabbontats
SubRUUT ik NJMOTSCMOLSs TAN, JUNRS 1B13)
Covusnrss CALCULE LE NUMBRE UE JnuWs Dt 4nlS=(tHE MOIS DT L' AANEE IaN.
DIHENS IO WIUURCLZ)
DATA HJOUR/3140s 310305310300 310 31030531, 30,317
Iulsab
JUURSENJUUH(HILS)
[FCUuuRS Lo 1ula 102
Lol anmlan
ASAMOUCANI A, )
IFCX)10as 1080103
104 Juukss2y
Inlssl
Gy Ty iue
Lol JuurssZs
ln2 RETURN
co IRISELPFEHRUARY IS 29 DAYS,
ENU

IRTo=d IN OTHER CAME.

Subroutine PLOT

laay
1848
1449
1ab0
1451
1452
1453
1s5a
1a55
1856
1457
1458
1459
1a60
1861
1862
1363
1068
18065
laes
1867
laod
1469
1a70
art
1a72
1a73
1474
1475
1476
1477
1a78
1a79
1300
laol
lan2
1863
1482
1485
14o6
1487

Cetnbasrbbissatiaubat st sastasnsssatatsotaerssstannanuitatttisgn avur
SUMRINUTINE  PLUTCXMAX ) KMINa N IND» XPAS,KUPTRCHUIHSRSUP)
€ KxXXXX WARNIWG.es LN PPLUT', 'INDY WOl THE DAY OF THE INITIAL UATE.
coMsnb Zikou/s LEC IHP, TPU
© COMMON /UIAGR/ TVECC10s 100)SLERULONIL)
CuMMaN /AEAD/ TITREC20)
DIHENS1DN GRAPH(535103)s T( 30 STHEOLLIO )P XVALIE)
NIMENSTux TABEL(4»10)
KuPT= 1.PAS vt GRAPHIOUES
s & 2, Uil GRAPHIWUE GENFRALsDANS Ct CAS KCHUIHEZ.
# 2 3, UN GRAPHIWUE PAR VAVIARLE,
* ® o4, M GRAPAIGUE Pax VAMIARLE & UN GENERAL.
KCHULAm 1, HAXe ET MIN, POUR CHAUE GHAPHIOUE.
. = 2, MEME dax, ET [N, PUUR TOUS LES GHAPHIWULS.
€1 xauP WAHITE THE SUPEHPOSKFU aTHRULS IN DIAGHAMS(®Q wul)
DATA YAXuS/'1'/
DATA SYMOBULZ'A's'B'a'C's 02 F!
ATUTRTPY T TR TS TT
arety
YHAXSIVEC(L,1}
YHINEIVEC(L, 1)
no o120 K5LsIND
bDu 120 I=l KV
YHAXSAHARL(TVEC: [sK) e YHAR)
120 YHINSAKINLETVECCLARD 2 YRIND
1ve0
c RLANK Trik GRAFM
209 HLANCE' '
Ny 30 121,53
U 30 Jeie103
20 GHAPHUL.dym® *
¢ SET UP Y=AXLS
no 50 Ises52
IF (HUDCI=245) skls U) GO T a0
GRAPHL L, 1 )mYAXLS
GRAPHU L 103)=vAxLS
G0 Tn 50
GRAPH([.1)m"4"
GRAPHC L2 103)mte!
50 CONMTINUE
[4 SET uP x=Ax1S
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atety
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1490
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1843
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Laws
Lays
Las?
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Lavy
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1575
1574
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1501
1502
1503
1568
1585
1566
1507
1588
1509
15v0
15%1
1592
15v3
15v0
15v5
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By 70 Jeds102
IF (Huu(a=2,10)
GRARHELad) =t
GHAPHIS I d)e =t
Gu Tu 70
AU GRAFH(1sJjmier
GRAPH(S4sd)m !
70 CONTINUE
XplValLXHAX=XHIN) /10040
Yulval rMax=YMINI /5040
b T (2uss221.220s220)0.%0RT
220 1valvel
Gu TNLalea?)saCHUTK
a1 YMIHSETVEC(IVa1)
YuAXSaTYEL(IV,1)
oAy RYAEL DN
THAXSEARARICTVECUTV A RYM) s YHAKS)
B4 YHIHSSAMINI(TVRECUIVARYH) o YHINS)
YUIVS={TnAXS=THIKS) /30
YHIPaTH[4S
TULVPEFLIYS
Wi oAz
a2 YulveEyuly
TALERTH] ¢
al Uy 2uh K31, [N
TOLI=IVELCTVIRD
x=K
XakayrFAS
JmE STLX=RALH)/RUIN
Ta2=(Y(la=vHiF)/TOLve
PFCrAPHL L J)=oLANCI21Us 201,210
10 RRLTEALMPI 2162 s RsRARACTS 212 STABALOTIV)
FURRAI (1 A2 14rFbavel0K, ALe utsul)
211 CUNTINUE
205 GHAPHUTs ) esTHBULCIV)
G0 T 2uf
221 IFLASUP LW, 0) ufl TU 223
ARITECLAP, 4}
5 FOHMAIL' ', 'SYMBULES SUFLHPISFS UANS LE LkAPHIWUE SUIVANT(UARANCIEN
1o HBHIUVEAUD '/ 1Ko 100 RS Jiuk amast )y
LCuuslan
Ny 216 KLmalalu
0 236 MLR= a4
276 TABELAHLASRLH) ®
425 vu 2u2 RRis Mg
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A=XexXFAS
a 203 1=lany
203 vilimIvELiIsR)
JE2. SR RHINIARUDY
204 LelaNY
[e5a= TIL)=YHIN)/TUIY
TF(RSur, Ly, u) ul TU 213
IFUGHAPALUL J)=dLANC ) 212521 3s212
212 [Cuunl=liunyTel
TAHELU 1S LCOUNT ) =R
TAHELS 20 LCUUNT ImX
TABELUSs LCNUNT JRURAPHC L, J)
TABEL & LCOUNT I mSTHBULAL)
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el mWITECEHP 2330 COTABELOLanLu)  TAdELI2 kLM s TAHELCSaKLHD s TABELCRaKLN
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293 FORMAICTA IOt IIarSa0s1XaAla mtaltalyy
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HU 23y SuH=lsly
b 235 MLAslea
235 TAMELUMLArKLH) =°
€13 CunTINUE
208 GHAPH(IaJd)BSTHOULIL)
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IFCICUUNIIP3T 2300237
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ARITE B In0IHH
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DU 173 TRS=LanY
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Subroutine PREPAR
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1597
1598
1599
Lovo
1601

16u2
1603
i
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1608
1607
1sun
16uy
1610
let
1812
1811
lela
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SUMHUUT [RE PREPAR

Cotananvanarannes

PRLPAKE THE DATA Fow PLAT %
P T P T TR E R R PET P PP RS
30 VAKIABLES FOK 1 0LAGHANM.

T INUICATE THE ExD UF THE LIST OF THE VARLIABLES Fur .
IHE CUKKUh| UTAGHAM. (=1 EMRTY CARO AFTER THE GROUP
UF VARIABLES FOR | Ul&uHA®Ms ) .
CasanenasdGbsls 1HE SIATE VARIABLE RESUIRED 15 THE TOTAL URY HATTER .
£ Filh THE SPECIES 'iNDLY, .
CanpusnnslbNmes THE STATE VARLARLE REJUIRED IS THE DRY MATTER FOR THE o
T SPECLES 'InOL' anD THE NRGAN "I1nu2'. .
Covuenasalubamds Tre STATE VARLARLE REWUIRED IS THE OKY RATTEK FOR THE «
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VARLAALE REUUIRED IS THE RAINM FOH THE DAY,
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WARITECIMFS 167 ) IDATS TLALIE T EURS SUKAL RUNUF s HRUUT s CHF » CUNS
14R0 DELTRUETT
60 To 162
1a8 IF (TIME+UELT=ETIME) 102164189
lay DELTELTIME=TIME
60 Tu 16
182 CONTINUE
MATERLIIEA(1)/101T
AATARS( 1amul1)e(OUCEI /L) el
SALNTT(1)a5001)
0y 10U0 =gk
AATERCID=HCID /1007,
MATABSCI)ma( L) e (4DUCI+1I=00CL=1))/2,0%100
SALHTTCL  )asutl}
1Un0 CONTINUE
HATERUKRIEHI{RK )/ LOLT .
AATABSCRA )Rk} o LOOQUCRRI=DDIRDIDIA L1004
SALNIT(KR)mSULKR)
ETUUT=50HAS 10,
Ces sane tras
1T FURMAT (11E11.1)
Lol FORMAL 14Xs13,8(L1244)0747)
666 FORMATULLs "PRUFONDEUR EAUCFRACT.) PRTENTIEL  EXT. MAC,
1 WUANI. SEL TEWPs nil. Hili, ')
168 FURMATOLASTELL.8)
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@

Eastassmebitatasasataannn

betsessassnnine

CUNCs SEL

179 Fokual (1194 WATER POTENTIAL COMDUCTIVLTY UlFFUSIVITY
1celd UEPTH WELEPTH H=DLPTA RUF=UEFTH SE=UEPTH)
172 FOKRMAT (534 HORY HAET ch sYsTy
189 FONMAD (bBH DELX nELT GRAVY Lanu DELW
1 TinE)
16l FORMAT (obh B cunt ThA HLUd HHI
1 RHES)
LR8 FORMAT (4Xs'UAT's 3% "CUHs HOURS' 22X, "ET TeaX,'EUR s
® ' CUR, HAAS, HUNDFF HRunT cuns'y
270 FORMAL CLIE12.4)
Zaa FOHMATC SN ALAHEA SUURCE Dity ulta DIFu
1 SUCUN}
RETURN

Lot st b sossnsnotesptottrststsststset b bt btsrtssttssttasieitoboottsntistes
ENTRY InuMwT
HEABLLECH»2222) (CHECRCIDslmls20)
WRITELIMF,2223) (CHECACI),Im1,20)
2¢72 FURMAT(Zuka)
€223 FURMATC1R.20A8)
ANB0.,94T ATHOSPHEREs 1017 CH UF WATER.
LOG(BASE 10} OF(= WATER POTENTIAL IN HILLIBAKS)
READCLEC#502) MMsNH»HD
READ(LECS501) ALAMHAsCHsCUNGsCURTOFTTr0kLH,
1 UELKeULFA, UIFRs0IFOa5YSTY
READ(LEC501) HURYsHAETsHLAN S HHT s RRES S SALON,
1 SOURGERTARITIHESTT
pUI) 15 THE WATER CUNDUCTIVITY.
HEAD(LECs503) (D(I)slalshi)
CovprsansP(l) IS READ IN L4 UANS,
HEAD{LEC»503) (FLi)elalsND)
KanHoK =1
KKSHHUR
REAQILEC501)¢n
READ(LEC501)¢wATL
READ(LEC,501)CHATH
REAUILECS 501 ) (HOF
READ(LEC+501)(SE
READ(LEC»504) IWRITE
501 FORMAI(SF10,0)
302 FORMAT(1Z15)
503 FORMATIAE10,0)
504 FURMATL LS)
Coma e
Ul 51U [eLsN0
510 DI mUCElesYSTY
GRAVYSOELX
AFDUE= . 9Ud
LL®HH
D0 4 Ls1skR
4 SECI)I®(SECI) o102 alI)/nATHT))
P{L)EP(1)a],0E403
T{l)mua0
DU 90U (22,80
TOL)mvELReT(I=1)
gun PCIIeP(1)e1017.
SHAXE 3504
CHFLX20.0
DELT=UETI
Tu=l,0=T1
Tdb=1.0=TAR
00 14 I=lsKK
SS(L)=SELD)
SUCEImSEC DY e L)
1a Yolrencl)
PITRDU
OO 15 Imden
15 PITanCI)e(0OIeL)=0DL]=1))/20eF1]
1F CIMRETE) WHITECIWMF,1T70)
Tasu(l)
CovavsendBETUNG THIS PULINT DULD IS THE DIFFUSIVITY
nE1ImluCl)e(FL2)=PLLI)I*CH
JE(R{LI=1C1) ) /DELN*1a0
ACLIRCPCUe1)=PCII )0 LALL)=TEII)/0ELN+P L)
GELImH(1)
CULYmUELA/(PLI#1)=PLJY)
§F CLIARTIE) MRITECIMP 2783 TUL e PULY Ty el 0aCC1 0200010 aWtidpnlLde
#  RUFLL)sSECL)
DU 3 laZikn
TwsD(1)
DCI)EUCTIs(PLLI=FLL=1))aCheDCT=1)
Ju(wtE)=TL1)}/UELR*140
HOL mEPEae1)=H LI e (Al =TI 1 /0ELmeF L)
CULImOELR/(PLIsL)=FLI))

C1)elEaKK)
CI)slmlaKK)
CLdelm1aKK)
C1delmloKK)
CI)elmloKKD
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2267 [IR SLLIS#]

2268 IF CIARITE) MRITECIMF,27a)TCI)ePOL) s THaDC1)aCOIdoDOlIIaNCIaHLTDs
2269 o KUFUI)PSECD)

2zi0 3 CONTINUE

227 NEIRKel

2gi2 Y 2 Lanswp

2273 Tr=O(L)

2274 NI Rl L) #CPCII=FCI=1)deCdenit=])

2275 2 IF CIARITE)WRITECIMP»278)TCL3,PLIYeTAsDET)

22t Cotesasansanvarrisstannddidntunarbantesbbddatiadtndususnosrcotasenaunaynis
22ir IF ¢ NOT.{WRITE) 60 TD 11

2278 Al IELINP21B0)

2219 AHITECIHP 3 168 UELXs DL TToGHAVY, CONGsNELW, TINF

2280 nRITECLAP 2 1B1)

224l WAITECLHF S 166) TTaCUMI » TARsHLUN I HH LS RRES

WRITECINFLLT2)

MRITECIMF » 166 )HDRY s HHET#CH,SYSTD

HRITECIRP»S05) (1o 1m1sRK)
FORMATCINALLE WATLL'sI2') "))

WRITECIHF2506) (AATLCT)sln) RK)

FORMATCLIASLLELLLS)

WHITECINP pSO7)0Lnlmle kKD
FORMATOIX#LLC' WATHC*sI2') ')

ARLTECIMFa508) (WATHOD) s [m1pKK)

WHITECIHF s 284)

ARITECTHP» 274 ) ALANDAS SUURCESDTFOsUIFA,DIF B1SUCON

KCKs1

HRUOT®=6(2)

HETURN

END
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APPENDIX 2

Input/OuTtPUT EXAMPLE

An example of each form of output is given: (1)
parameters for the soil; (2) report for the initial day
(November 11, 1971 -- day 1); (3) report for a day with rain
(November 18, 1971 -- day 9); (4) report for a day without
rain (December 1, 1971 -- day 22); (5) two examples of

diagrams.

Input Example

Auxiliary Submodels

1 adpansasasaiananananey
2 . G A B E 5§ .
3 > 2222 S e T .
4 ¢ KH=52 .
5 teseststotsssatasunsnas
L3 (FRANCOIS RUMANL = LNGAN»s AVRIL 1974)
T Cbcl EST UN  ESSAL sPUUK AJUSTER LFS PARAUETRES.
A
9 GARES KM 524 STEPPE A RANTHERIUM SUAVEULFNS
10 10 11 1971 15 12 1971

11 4 ] 4

12 3 2 3 ?

13 3 5 i

14 3 8

15 3 5 “4

16 4

17 2 2 ' 1

is RANTHsSaPLANTsAs Ay LIGNEANNULLLE

19 POUSSES TIGES RACINES

20 PUUSSES RACINED

21 PUUSSES TIGES RACINES

2?2 FEUILLESRACINES

23 PeA,S, LITIERt RAC.HMORTPULTS

24 31000« 1173000, 904337,

25 23000, 122262,

26 39000, 58000, 83681,

27 17000, 13940,

28 27080, 84000, 1126822, e
29 FNTREE TNUMKP

30 4

31 10 11 1971

3z 18 11 1971

33 1 12 1971

34 15 12 1971

35 FNTREE INDMEX

36 33 21

3r i8 11 1971 30,0

38 29 11 1y7l 9.0

39 13 12 1971 840

40 24 1 1972 Tal

a1 2 2 1972 240

4z 29 2 1972 440

43 2 3 1972 240

L] 16 3 1972 9.0

a5 21 3 lyr2 940

a6 29 3 1972 2.0

a7 [ 4 1972 5.0

a8 11 4 1972 4040

49 19 4 1372 1940

50 21 4 1972 SV

51 8 5 197¢ 1640

52 8 7T 1972 7«0

53 5 9 1972 Tel

54 5 10 1972 65.1

55 i5 10 1972 4.5

56 25 10 1972 1a1

57 25 11 1912 hab

58 5 12 197¢ 2344

59 ?5 12 1972 15.8

60 15 1 1973 Sel

61 2?5 1 1973 7.6

62 5 2 1973 3.7

63 15 2 1973 Tab

64 25 2 1973 Led

65 5 3 1973 3.7

66 15 3 1973 6.4

67 25 3 1973 31.5

68 15 4 1973 25

69 2?5 4 1973 245

7o 10 11 1971 11,1

71 15 12 19714 1u,2

T2 15 1 197< Bal

T3 15 2 1972 11.9

T4 15 31972 14.4

75 15 4 1972 15.6

76 15 5 197¢ 16.8

77 15 6 1972 2448

7s 15 T o172 2643

79 15 B 1972 261

80 15 9 1972 2d4eb

a1 15 10 1974 2ual

82 15 11 1974 13.1

DATES VEPs/ARR. MN
NB/SP,LITsHOR, MN
NB. ORG. /5P, MN
RANTH./FONCT, URG«MN
PLANT/FONCT, ORGsMN
LIGNE</FONCT, DRGa«MN
ANNUE . /FONCT, ORGsMN

LIFCID) HN
NAMSP(I) MN
NAHDRG(1s#) MN
NAMURG(2s%) MN
NAMURG(3,#) MN
NAMORG(4a%) MN
NAMLITCL) MN
RANTH,. MS=G/HA MN
PLANT . MSaG/HA MN

Lle DIVe HMS=G/HA MN
ANNUELLES MS=G/HA MN

CLIT (L) MS=G/HA MN
SORTIES RESUL.INDMRP
DATE INDMRP
DATE INDMRP
DATE INDMRP
DATE INDMRP
NDRsNDTC INDMEX
PLUIE INDMEX
PLUIE INDMEX
PLULE INDMEX
PLUIE INDMEX
PLULE INDHEX
PLUIE INDMEX
PLUIE INDMEX
PLUIE INDHEX
PLUIE INDMEX
PLUIE INDHMEX
PLUIE INDMEX
PLUIE INDMEX
PLUIE INDMEX
PLUIE INDMEX
PLUIE INDMEX
PLUIE INDMEX
PLUIE INDHEX

PLUIE/DATE AP.INDMEX
PLJULIE/DATE AP+ INDMEX
PLUIE/DATE AP.INDMEX
FLUIE/DATE AP.INDMEX
PLUIE/DATE APsINDMEX
PLUIE/DATE APs INDMEX
PLUIE/DATE AP, INDMEX
PLUIE/DATE AP, INDMEX
PLUIE/DATE AP, INDMEX
PLUIE/DATE AP.INDMEX
PLULE/DATE AP INDMEX
PLUIE/DATE AP« INDMEX
PLUIE/DATE AP.INDMEX
PLJUIE/DATE AP.INDMEX
PLUIE/DATE APsINDMEX
PLULE/DATE AP INDMEX

TEMPERATURE INDMEX
TEMPERATURE INOMEX
TEMPERATURE INDMEX
TEMPERATURE INDMEX
TEMPERATURE INDMEX
TEHPERATURE INDMEX
TEHPERATURE INDMEX
TEMPERATURE INOMEX
TEMPERATURE INDMEX
TEHPERATURE INDMEX
TEMPERATURE INDMEX
TEMPERATURE INDMEX
TEMPERATURE INDMEX
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a3

85
be
ar
LT
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
1u2
143
144
145
186
147
144
149
150
151
152
153
154
155
156
157
158
159
160
1ol
162
163
164
165
166
167
168
169
170
171
172
173
174
175
174
177
178
179
180
181
182
183

15 12 197¢
15 1 19873
15 2 19/s
15 3 1973
15 4 1973
15 5 1973
15 6 973
15 7 1973
FNTREE INDMFN
3 3 ] 5
15 15 v 0
15 15 V 4]
15 15 ) 0
10 10 u 0
& 3 3 2
0.0 140
70 =11.0
=1140 0s95
0.0 1e0
7.0 =110
=11.0 0408
De0 1«0
740 110
=1140 N,0%
0.0 140
7e0 =110
“11.0 0,05
ENTREE INDHFU
75 125.
=30, =5,
75. 125.
=30, =5,
75 125,
=30, =5,
75 125,
=30, =5.
3 3 3 2
FNTREE INDMIR
140 040
1.0 0s0
1.0 0.0
1.0 0+0
1.00 0,00
3,02 [
V.01 0,01
De95 0.05
0.01 Ue99
1,00 0,00
0.02 Ue94
0,01 Us01
1,00 0.00
2.00 100
1,00 0.00
0,02 094
D.01 0.01
1.00 0.00
0,01 0.99
1.00 0.00
0.02 0,94
0.01 0.01
1,00 000
4a00 1.00
Da98 0,01
0,00 1,00
0,00 0,00
099 0.01
.00 1.V0
0.98 0401
0,00 1.00
.00 0,00
0.99 1s01
0.00 1,00
0.90 0,05
.00 1.00
2.00 V.00
0.95 0.05
0,00 1.00
0.90 005
J.00 1.00
0,00 N.00
0,99 0,01
0,00 1400
FNTREE INDMUT
0.0 0.0
2 1 3
2 3
b 1 3
2 3
U0 veltlt
940 Ja0111
040 Jsullil
0.0 va0111
0.0 U1l
Ue0 Vs0111
040 Ua0111
00 00111
040 ve0111
J.0 Usu1lg
0.000 0s000
0.000 0,000
0.000 0.000

1V 0
Bal
91
1Ued
L4su
2uel
24.ab
288

Jauo
U,02
v, 98

0,00
v,ue
V.98

V.00
U, 02
0,98

Y00
0,02
U,98

Ueul
0,00
1,00

u. 01
0,00
1,00

U,05
u,uo
1,00

U,u5
0.00
1,00

040

0001
0.001
0s001
0.001
0001
0s0U1
Qs0U1
0001

V.01

v,.01
0s000

0000

22

Ve
18.0
=12.y
0.0
18.0
=120
00
180
=120
0.0
18.0
=12.0

35,
33
35,

3%,

1540

10,
10,4

U8
9.0
1340
008
5+0
13.0
0sU8
3.0
13.0
0aUB
5.0
1340

005

005

0e05

TEMPERATURE
TEMPERATURE
TEAPEHRATURE
TEMPERATURE
TEMPERATURF
TEMPERATURE
TEMPERATURE
TEMPERATURE

PHENOL s /5P
NUGERM2esaSP1
NDGERM# s oo 5P
NDGERMr o2 a5P3
NUGLERM#ssaSP0
LCUUCH(#*)
SP1
SP1
SP1
SP?
SP2
SP?
SP3
SP13
5P3
5Pa
5Pa
SPa

SP1

5Pl

SPe

SP2

5P3

5P3

5Pq

SPa
LATCH (=)

RTPH/SP 1

RTPH/SP 2

R1PH/SP 3

RTPH/SP a

RTGR=SP1/POU,
RTGR=SP1/TIGF
RTGR=SP1/RAC,
RTGR=SF2/P0U.
RTGR=S5P2/RAC,
RTGR=5P3/P0V.
RTGR=SP3/TIGE
RTGR=SP3/RAC,
RTuUH=SPa/FEUL
RTGR=SP&/RAC,
RTILU=§P1/POU,
RTLO®SPL/TIGE
RTLO=SP1/RAC,
RTLO=SP2/PNU,
RTLU=SP2/RAC,
RTLO=SP3/POV.
RTLO=SP3/TIGE
RTLO=SP3/RAC,
RTLO=SPa/FEUT
RTLU=SP4/RAC,
RTVG=SP1/POU,
RTVG=SP1/TIGE
RTVG=SP1/RAC,
RTVG=SP2/P0U,
RTVG=SP2/RAC,
RTVGE=SP3/POU,
RTVG=SP3/TIGE
RTVG=5P3/RAC,
RTVG=SP4/FEU,
RTVG=SP4,/TIGE
RTFR=SP1/POU,
RTFR=SP1/TIGE
RTFR=SP1/RAC,
RTFR=SP2/P0U,
RTFR=SP2/RAC,
RTFR=5P3/P0U,
KRTFR=S§P3/TIGE
RTFR=SP3/RAC,
RTFR=SPa/FEU,
RTFR=SP4/RAC,

WYIMELI)

LREP/SP1

LREP/SP2

LREP/S5P3

LREP/SP4

PUDT1=3/(1s1)
PDOT1=3/(1,2)
POUTI=3/(1:3)
POOTL=3/(2s1)
POUTL=3 (2:2)
PODTL=3 (3s1)
PDDTL=3 (3:,2)
PDLTLI=3 (3:3)
POUTL=3 (4:1)
POOTI=3 (4,2)
POTCLlalen) GR
POT(1»204) GR
PDT(1s3s¢) GR

INDMEX
INDMEX
INDMEX
INDHMEX
INDMEX
INDMEX
INOMEX
INDMEX

INDMPN
INDMPN
INDMPN
INDHPN
INDMPN
INDMPN
[NOMPN
INDMPN
INUMPN
INDMPN
INDHEN
INDHPN
INDMPN
INOMPHN
INDMPN
INDHPN
INOMPN
INDOMPN

INDHFD
INDHMFO
INDMFD
INDMFO
INDMFD
INDHFO
InDMFO
INDHFO
INDHFD

INDMTR
[NDMTR
INDHMTR
INDHMTR
INDMTR
INDHTR
INDHTR
INDHTR
INDMTR
INDMTR
INDHMTR
INDMTR
INDHTR
INDHTR
INDMTR
INDMTR
INDMTR
INDMTR
INDMTR
INDMTR
INDMTR
INDMTR
INDMTR
INDMTR
INDMTR
INDMTR
INDMTR
INDMTR
INDHMTR
INDMTR
INDMTR
INDMTR
INDHTR
INDMTR
INDMTR
INDMTR
INDHTR
INDMTR
INDMTR
INDMTR
INDHTR
INDMTR
INDMTR
INDMTR

INDHDT
1NDMDT
INOMDT
INDHDT
INOMDT
INDMDT
INDHOT
INDHDT
INDMDT
INDMDT
INDMDT
INDMOT
INDHDT
INDMDT
InDHDT
INDHODT
INDHDT
INOMDT



164
185
1846
167
%1

18y
190
191
192
193
194
195
196
197
1¥8
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
23r
238
239
240
20t
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
203
264
265
266
267
264
269
270
271
272
273
274
275
276
2rr
278
219
280
281
2u?
2u3

23 Auxiliary Submodels
0.000 0,000 POTC1s4s%) GR INDMOT
0.000 0.000 0000 PDIC(2s1s%) Ln INOMDT
0.000 0.000 PUT(2s2s#) LN INDMOT
0,000 0s0U0 0000 PUT(2s3s4) LN INDMOT
0,000 0,000 POIC2stsa) L0 InpMOT
0,001 Vs 0001 00,0001 PUTC3s108) VG INDMDT
0,9001 V0001 PUT(3,254) VG INDMDT
(VR Je 0001 0,0001 PUT(3s3se) Va INDMOT
0,0001 V0001 PUT(3s4s#) Vg INDMDT
0.001 0,007 0.001 POTC(aslsw) FR INDMOT
04001 0,001 POT(4,202) FR INDMDT
0,001 Ne0U2 0e001 POTC4,3s4) FR INDHOT
0.002 0,002 POTCA4stas) FR INDMDT
FNTREE INDMUM
04999 0.001 04000 0.000 RTLIC1s1o®)PASINDMOM
0sd00 0.999 0,400 0005 HTLICLs2,#)LTTINDHOM
0,0000 Us0000 0.999 0001 RTLIC1e3s#)RM INDMOM
0.0 040 0.0 1.0 RTLIC1#8s%)PUTINDMOM
0.999 0,001 U.000 0000 HTLI(2»1,#)PASINDHOM
0,0000 Ue9999 0.0000 01,0001 RTLIC2s2,#)LTTINDMDH
0,0000 V.0000 04,9999 0,0001 RTLIC2#3s#)RM INDMDM
0e0 0+0 0.0 1.0 RTLIC2245#)PUTINOMDN
0.999 0,001 0,000 0+0UY RILIC3s1pn)PASINDMDM
0,000 Us9999 0.0000 0.0001 RTLIC3s2,%)LT1TINDHDNM
0,0000 Ve 000D 0.¥999 0,0001 RTLIC3e3s#)RM INDMDM
0.0 00 0.0 1.0 RTLIC3s4s#)PulINDMOMH
04999 0001 0000 0:000 RTLICArlan)PASINDMOM
0.00v 0.995 0,u00 0s00U5 RTLICa»2,#)LTTINDMOM
0,0000 V40000 0.999 0.091 RTILIC4s3p#)RH INDMDM
0.0 U0 0.0 1.0 RTLICGe a4, x)PYTINDHDM
FNTREE INDMUL
42.000 RLAT (DEGRE) INDMDL
FNTREE INUMED
S FORCE INDHED
0,05 4040 10040 12040 DEPTH(*) INDHED
ENTHEE INUMEV
q NT INDMEV
0s0 4.5 1060 TARTUF(I) INDHEY
0.0 0,05 01 0.5 FACTURCI) INDMEV
FNTREE INDHUG
, 12, 10, 9. Be BEGTEM(#) InDMDG
0+3 03 043 0.3 cv (%) INDHDG
Jeb 3.6 3.6 3.6 CONDUC( ) INDMDG
24, DTINME INDMDG
ENTREE INDMAT
99 2 54 MHsNBsND INDMWT
140 140 0,05 28,0 0.0028 0s01ALAMBAL sss INDMHT
Teb 0,001 140 Us 01 0ol DELX#ane INDMWT
30000, 0.0 =16000. 0.0 1,05 Qe lHORY s 40 INDMWT
00 1.0 0s0 1.0 SOURCE» s s INDMWT
LAUOE=UB +1U0DE=07 «150E=u7 ,200E=07 +280E=07 +3B0E=07DC 1) A D( 6) INDMWT
VG20E=07 +7UOE=07 +960E=07 ,130E=U6 «1T70E=06 +230E=060C 7) A p{12) INDHNWT
+120E=06 +A40E~06 +600E=06 LBLOE=0U6 «110L=0S +150E=050(13) A D(18) INDMHWT
\210E=05 .290E=05 3B0t=05 ,540E°05 +720E=0% 990E=050(19) A D(24) INDMNWT
L1G0E=08 o 190E=04 +250E=v4 ,350E=04 «4B0E=04 s 650E™040C25) A D(30) INDMNHT
LQDOE=04 o120E=03 +170E=03 ,230E=03 +320E=03 4 440E°03D(31) A D(36) INDMNT
+5B0E=03 +TUPE=03 LH60E=03 L100E=02 +120E=02 +150E=02D(3T) A D(42) INDMWT
J1BOE=02 «220E=02 4260L=U2 ,320E°U2 +3B0E=02 460E=020(43) A D(4B8) INDHMNT
WS60E=02 +660E=02 .B00L=02 ,980E=02 +120E=01 ,120E=V1D(49) A DCS&) INDMWT
“.A20E+03 =.5U0E+03 =4200E403 =,100E+03 =4800E+02 ®400E+02P( 1) A PL 6) INDMWT
°,50E+02 “+100E+402 =¢100E402 =,900E+01 =+750E¢01 =4650E*01PL T) A P(12) INDMMT
=, 550F+01 =s450E+01 =e350E+01 =,280E401 =,270E¢01 =,180E+01P(13) A P(18) INDMWT
® 180401 =a1V0E4+0] =sBO0E400 =,77SE+U0 =o750E+00 =o725E400P(19) A P(24) INOMWT
e, 700E+00 =s67/5E+00 =¢650E400 =,625E+U0 =ab600E400 = 575E+00P(25) A P(30) INDMWT
. 550F+00 =¢525E£400 =s500L+00 =,475E400 =+450E+00 =,425E¢00P(31) A P(36) INDMAWT
*.300E+00 =e375E+00 =+350E£400 =,325E+00 =+300E+00 =.275E400P(37) A P(42) INOMNT
=, 250E+00 =2225E400 =,200L4U00 =,17SE+00 =a150E+00 =, 1256+00P(43) A P(48) INDHWT
L100E+00 =4750E=01 =4500E=01 =,250E=01 =+000E+00 +.100E*0TP(49) A P(54) INDHWT
0.065 0.065 0063 0063 W INDHNT
0,030 04030 04050 0050 WATLCESTIME) INDHWT
0:520 V.520 0+520 0520 WATHCESTIME)  INDMWT
040 045 0.5 0.0 ROF (ESTIME) INpMAT
0.00 0.65 U,.50 0+50 SE(M=MMHO/CHM) INDMWT
TRUF IWRITE INDMHT
ENTREE INFILL
ENTREE PKEPAR
1 KSuP PREPAR
2 2 Me5, TIGES (G/HA) RANTHERIUM PREPAR
2 1 3 MaS5. RACINES (G/HA) RANTHERIUM PREPAR
1 MsSe TUTALE (G/HA) RANTHERTUM PREPAR
PREPAR
2 2 3 MaSs RACINLS (G/HA) PLANTAGD PREPAR
1 2 MeSe TUTALE (G/MA) PLANTAGO PREPAR
2 3 ¢ MeS. TIGES (G/HA) AUTRES LIGNEUX PREPAR
2 3 3 MeS, RACINES (G/HA) AUTRES LIGNEUX PREPAR
1 3 MySe TUTALE (G/HA) AUTRES LIGNEUX PREPAR
PREPAR
2 1 1 MeS5, PUUSSES (G/HA) RANTHERIUM PREPAR
2 ] I MeS. PUUSSES (G/HA) PLANTAGU PREPAR
2 3 1 Ms5, POUSSES (G/HA) AUTRES LIGNEUX PREPAR
2 L] 1 MaS. FEUILLESCG/HA)D ANNUELLES PREPAR
2 4 2 MuSe RACINES (G/HA) ANNUELLES PREPAR
1 a MeSs TUTALE (G/HA) ANNUELLES PREPAR
PREPAR
3 1 MaSe (G/HA) PARTIE AEHIENNE SECHE PREPAR
3 2 MsS, (G/HA) LITIFRE PREPAR
3 3 MeSe (G/HA) RACINES MURTES PREPAR
PREPAR
5 2 TEMPERATURE UE L'HORIZON 2 DU SUL/4.05=40. LM PREPAR
5 3 TEMPERATUKE DE L'HOKIZO% 3 UU SUL/40=100 CM PREPAR
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Output Example

CECI EST U

ENTRLE I
ENTREE I
ENTREE 1
ENTREE I
ENTREE I
ENTREE I
ENTREE I
ENTREE I
ENTREE 1
ENTREE 1
ENTREE I
ENTREE I
WATER
0,
2+ 1000E£=01
«2000E=01
+3000E=01
+4000E=01
«5000E=01
2 6000E=01
s 7000E=01
+8000L=01
+9000E=01
+1000E#00
«1100E+00
s 1200E+00
2« 1300E+00
«1400E+00
+1500E+00
2+ 1600E+00
s 1700E+00
« 1800E+00
+1900E+00
2 2000E+00
+2100E+00
2 2200E+00
«2300E+00
»2400E+00
+2500£+00
+2600E+00
»2700E+00
+2800E+00
+2900E+00
+3000E+00
+3100E+00
+3200E400
+3300E+00
2 3400E+00
+3500E+00
s 3600E+00
+3700E+00
2 3B00L+00
»3900E+00
+8000E+00
2 4100E+00
2 8200E+00
+4300E+00
s 4400L+00
2 4500E+00
s A600E+00
+8700E+00
s 4B00E+00
+4900L400
+5000E400
2 5100E+00
+5200L+00
+5300E+00
VELX
«TH00E+O1
17

2b4 7 TEMPERATURE (AIK)
285 3 PLULE (HM)
286
287 4 2 POTENTIEL LAU(AAR)I=HOR.2(0e05 A 4040 LM)
268 4 3 POTENTIEL bAUCHAR)=uOF.3(a)s & 100 CM)
289
290 9 EAU TUTALE (MM) DANS L'A0RTZON 27403240, CH
291 9 3 EAU TUTALE (MM) DANS L'MURILON 3/40=100 CM
292
293 3 1 PHENOLOGIE UE L'ESPECE 1(HAWTHERLIUM SUAV.)
294 8 2 PHENOLOGIE O L'ESPECE 2{PLANTAGU ALH.)
295 4 3 PHENOLOWIE DE L'ESPECE 3(AYTRES LIGYEUX)
296 ] 4 PHENOLOGIE UE L'ESPECE 4 (pNNUELLES)
297
298 100 FIn
299 LAST CARD
seaswseseasaanessanas
. G A B8 E S .
. [EZ XIS R E K 3
. AM=52 .
sEseeBEsetBtsaanan bt
(FRANCUIS RUMANE = LOGAN» AVRIL 1974)
N ESSAI »POUR AJUSTEH LES PANAMETRES.
NDMRP
NOMEX
NUMPN
NOMFD
NUMTR
NUMOT
NUMOM
NLMDL
NUMED
NUMEV
NumDG
NDOMHT
PUTENTIAL CUNDUCTIVITY UIFFUSIVITY cen DEPTH W=DEPTH H=DEPTH
=, 8200E+06 «B8000E=09 «2492E=03 +1093€=05 O, +6500E°01 =.2085E+05
= 50B85E+06 «1000E=08 +5607E=03 «1093E=05 +1000E+00 +6500E=01 =.20B85E+05
=a2034E+06 »1500E=p8 «1018E=02 «10U93E=05 «T990E+02 +6300E=01 =,2268E+05
=s101TE+06 «2000E=08 01227E%02 «1093F=0% «1200E+03 06300E=01 =.226BE%05
=sB8136E£+05 +2B00E=08 «1279E=02
=, 406BE+05 +3800E=08 +1433E=02
=3 2543E405 +5200E=08 s1513E=p2
s 162TE+05 .7000E=08 JAS77E=02
=y 1017E+05 +9600E=08 2 1635E=02
s 9153E+00 +1300E=07 s 16aAE=02
=, 7628E+04 «1700E=07 e167aE=02
= 6611E4U4 +2300E=07 « 169RE=02
=, 5594E+04 +3200E=07 «1730E=02
«45TTE#04 «4800E=0T s1775E=02
=3 3560E+04 +6000E=0T7 «1836E=02
=:284BE+04 +8100E=07 +1B9aE=02
=,2237E+04 +1100E=06 19616202
=s1831E+04 s1500E=06 s2022E=02
=s1024E+04 +2100E=06 +2107E=02
=, 1017E#04 +2900E=06 $2225E=02
=,B8136E+03 «3B00E=06 +2303E=02
= TAB2E+V3 «5400E=06 12316E=02
=, 7628E+0L3 «7200E=06 +2335E=02
=4 7373E+L3 +9900E=06 #2360E=02
= T119E+03 «1400E=05 «2395£=02
=s6865E403 «1900E=05 s 2444E~02
=, 6611E403 «2500E=05 1 2507E=02
=.6356E+03 «3500E°05 «2596E02
=s6102E+03 2 4800E=05 «2T1RE=02
=,5848E403 +6500E=05 2+ 2884E=02
=:5594E+03 s 9000E=05 +3112E°02
=,5339E+03 «1200E=04 s 341BE=NZ
=.50B5E403 «1700E=04 +3850E=02
= 4B831E+03 +2300E=04 4435E=02
= ASTTE+0] 2 3200E=04 «5248E=02
- 4322E403 24400E=04 0 6367E=02
= 4068E+03 25800E=04 2 78a1€E%02
=4 3814403 «7TO00E=04 0 9621E702
=3 3560E+03 <BO6O0E=04 e11H1E=01
=+ 3305E+03 .1000E=03 «14356=01
=s3051E+U3 «1200E=03 «17A0E=0L
®s?TYTE+03 «1500E=03 «2122g=01
=,2543E+03 2+ 1800E=U3 s2579€=01
=4 2288E+03 2 2200€E=03 «3139€=01
=, 2034E+03 2 2600E=03 «3800E=01
=3 1780E+V3 «3200£=03 s 8513E=01
»s1526E203 «3800£=03 «5579E=01
=s1271E+03 «46N0E=03 w6749E=01
=, 1017E+03 «5600E=03 +8173E=01
ey ThRBE4V2 s 6600E=03 2 9BS1E=01
=y SNBSE+02 «BONOE=03 « 1 14BE+00
225436402 «9800E=03 «143BE+00
0e «1200E=02 «1743F+00
+1017E410 s 1200E=02 «1220£+07
nETT GRAVY CUNQ DELA TIME
«P800E=02 +7T6U0E+01 +5000E=01 ,100VE=01 0.
CumT TAA ALUwW HHI KRES

PREPAR
PREPAR
PREPAR
PREPAR
PREPAR
PREPAR
PREPAR
PREPAR
PREPAR
PREPAR
PHREPAR
PREPAR
PREPAR
PREPAR
PREPAR

ROF=DEPTH

0
+3000E+00
+5000E+00

Qs

SE=DEPTH

0
«5200E+02
«412TE*02
«412TE*02
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+10DUVE+01  «2800E+02 4LO00E+01 =4100VE+05 0. «1050E+01
HORY HWET cH SYsTn
=4, 3000E+05 0 +1000E+01  +1000E+00
WATLC 1) HATLC 2) WATLC 3) WATLC 4) HATLC
+300E=01 +30VE=01 «S00E=01 «500E=01
WATHC 1) WATH( 2) WATH( 3) WATHL 4) HATH(
+520L+00 +520E+00L +520E+00 +520E+00
ALAMBA SNURCE vIFD ULFA nifFR SUCUN
21000E+01 0. «1000E=0L +1UDOE=U2 S1UN0E+OL +1000L+00
ENVREE INFTLL
GABES KM 52« STEPPE A RANTHEWIUM SUAVEOLENS
PROFONDLUR EAU(FRACT.) PUTENTIEL EXTs HAC. CUNCo SEL WUANT. SEL TEMPe MILs HORs
0, . +STO00E=01 =+3000E+05 Ve O Je «1110E+02
+1000E+00 ,64TSE=01 =+2108E+05 0. «5202F*U?2  .336HE+0L < 1100E+02
+T990E+02 ,6300E=01 =.2268E+05 0, «A12TF*02 L2600E401 «911BE+01
21200E+03 ,6304E=01 =42264E+05 0. SAL2TE+D2 W2A02E%0L
DAY CUMe HOURS ET EDR ClMe THANS RUNUFF HRUUT CHF
1 224006402 =u611BE=02 =ouBYAE=02 0. Vs =.1600E+05 =.9908E=02
GABES XM 52+ STEPPE A RANTHERIUM SUAVEULENS
JUUR® 10 MOIS= 11 ANNEE 1971 JOURS SIMULESS 0
PLUIECHHM) TEMP<(AIR) DAPHOT DAYRAU DALITE TRAIN
0 S111E#02 «991E+01 .275E403 ,222E=02 0.
MaS5e/0RGs MeSa/5Ps PHENOLOGIE LIGHTF TEHPF PMSF PSRATE
RANTH: S, 2108337, k] [ O 04 0.
POUSSES 31000,
TIGES 1173000,
RACINES 904337,
PLANT s A 145262, 3 0. 0 0. 0.
POUSSES 23000,
RACINES 122262,
As LIGNE 210681, 3 0 O 0, 0
PDUSSES 39000,
TIGES 88000,
RACINES 83681,
ANNUELLE 30940, b 0s 0s Us (1]
FEUILLES 17000,
RACINES 13940,
MATERILL MOUKRT
PoAsSe 27080,
LITIERE 84000
RAC,MDRT 112422,
PUITS 0s
ETAT WYURIQUE DU SUL
HORIZON PUTFNTIEL({BARS) EAU TUTALE PF
i =29.50 0,03 4,47
2 =20.72 25.87 4,32
3 =22.30 37.77 4,435
L} =22.26 12.64 4.35
ETe=,6118E=02 EVAP==,4BY94E=02CH/HEURE
GABES KM 52+ STEPPE A RANTHERIUM SUAVEULENS
PHOFONDEUR EAUCFRACT.) PUTENTIEL EXI. RAC. CONCs SEL GQUANT, SEL TEMP. MILe HOR.
0 s5200E+00 Oe Os s Ve «1110E#02
+1000E+00 ,7506E=01 =+1319E+05 0. «5128F+02 +3B40E+01 +1110E+02
+T990E402 ,6300E=01 =.2268E+05 0. vB127F+02 +2600E+01 +9858E+01
o+1200E+03 ,6304E=01 =<2264E+05 0. 24127F+02 42602E+401
DAY CUMs HOURS ET EOR CuMsTRANS, RUNUFF HROOT CwF
9 «1000E+01 0o +S5000E+U0 0, «2606E400 =41600E405 «4D1BE+00
GABES KM 52+ STEPPE A RANTHERLUM SUAVEOLENS
PHROFONDEUR EAUCFRACT.) PUTENTIEL ExXT. RAC, COMNU. SEL WUANT, SEL TEMP. HMILs HORe
0 W 1T79BE+00 = 1432E+04 0, O 0 s +1110E+02
+1000E+00 L.B8596E=01 =.9564E+404 0. «SUG0F*02 LH43HYE+01  +1110E+02
TOVOE#02  ,6300E=01 =.2268E405 0. CQL2TE+02  L26U0E+UL  9B58E+01
«1200E403 ,6304E=01 =.22608E+05 0. ~4l27F+02 W 26U2E+01
DAy CUMs HOURS ET EUR ClMa TRANS . RUNUFF HROOT CWF
9 +10UAE+DL  Os «S000E+00 0, «H833FE400 =41600E+05 «B3IT5E400
GABES KM 52+ STEPPE A RANTHERIUM SUAVEULENS
PROFONDEUK EAYCFRACT.) PUTENTIEL EXT, RAC. ¢cONC. SEL  QUANT, SEL TEMP. MIL. HOR.
04 25200E+00 0. U Je V. «1110E#02
«1000E+00  ,9730E=01 =4BOHOE+V4 U, WGYYRF+U2  JARG3E+01 S 1110E+02
«T990E+02 ,6300E=01 =a226BE+05 0. W412FF+02  ,2KJ0E+01  +9854E+01
12006403 ,6304E=01 =.2264E+05 0. s4127F+02 L 2KU2E+0Y
DAY CUMs HOURS kT EUR CuMaTHANS, RUNUFF HRUUT CWF
9 «100nE+D1 0. $5000L+00 0, JATZHE+00 =4 1600E+05 «1290E+01

Auxiliary Submodels

CUMS
=+9906L"02

PHSATE

0.

0.

O

0s

CUHS
WAT3I9EC00

CUMS
$8357E+00

CUMS
«8527E+00
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GAHES KM 52+ STEFPE A RANTHERIUM SUAVEULENS
PROFONDEUR EANCFRACT.) PUTENTIEL EXT, RAC, CONC. SEL  WUANT. SEL TEMP. MILe HORs
0a +H155E+00 =+2656E403 0. Qe v «1110E+02
+1000L+00 LIOB7E+00 =.6T44E+04 U, D4Y44F+02  W5374E401  «1110E¢02
WT990E+02  ,6300E=01 =02268F+05 Us 4127E402  <2600E+401 +9B58E+0!
«1200E+03  ,6304E=01 =2264E+05 U, 241277402 L2602E401
DAY CUM« HOURS ET EUR CuMs THANS . RUNDFF HRUOT CHF CUMS
9 +1000E+01 0O «5000E+00 U +4aY9E400 "+ 1600E+05 +1745€401 «4550E 400
GABES WM 52 STEPPE A RANTHERIUH SUAVEULENS
PROFONDEUK EAUCFRACTe) PUTENTIEL EXT, RAC. CUNC, SEL QUANT. SEL TEMP. MILe HOR.
Oe J4B52E400 =.HBGUE+0Z 0, Qe U «1110E#02
+1000E+00 ,1211E40U =+5484E+04 U, JO892F+02  25923E401  .1110E+02
JT990E+02 ,6300E=01 =+2268E405 V. WH127F+02  W26U0E+01 < 9H58E+0)
+1200E+03 ,6304E=01 =+2264E+0> 0. SBL27F+02 2 2602E+01
DAY CUMs HOURS ET EUR CUMs TRANS . RUMUFF HRUUT CHF CUMS
L +10UAE+D1 O s5000L400 0. «4925E"0]1 =.1600E+05 2 2240E401 W4951E+00
WABES KM 52+ STEPPE A RANTHERIUM SUAVEDLENS
PHOFONDEUR EAN(FRACT<) PUTENTIEL EXT, RAC, CONCs StL WUANT. SEL TEMP. HILe HOR.
0. .5200E+00 O« [\ Ns . +1110E+02
+L0UOE+00 ,1323E+00 =+4345E+404 0. SABU9F+0L2  «6A1AE+01 +1110E¢02
oT990L+02 L6300E=01 =e2268E¢05 0. WA12TE+U2 2 2600E+01 +9B58E+01
+1200E+03  ,6304E=01 =+2264E+05 0. s4127TE+02  42602E401
DAY CUMs HOURS ET EUR CuHMs TRANS . RUNOFF HRUOT CWF CUMS
9 +1000E+01 O« +5000E400 O, +5260E400 =.1600E+05 «?60BE«01 +8ATAE 00
GABES KM 52 STEPPE A RANTHERIUM SUAVEOLENS
PROFONDEUR EAUCFRACT.) PUTENTIEL EXT. RAC. CONCs SEL WwUANT, SEL TEMP« HIL.s HOR.
0. «57U0E=01 =43000E+05 U, 0s . «1110Ee02
L1000E400 L1311E+00 =a4469E+04 = 16B1E=05 +4854F402 .6361E+01 +1110E+02
#T9Y0DE+02  ,6300E=01 =<2268E+05 0. SBL27E+02 +2600E401 +9858E+01
2 1200E+03  ,6305E=01 =«2264E+05 0, SB127E+D2  J2602E+01
DAY CUMs HDURS ET EUR CUM. THANS . RUNOFF HROOT CWF CUMS
9 JABONE+02 =597 3E=02 =.477RE=V? =,1230E=02 0. *«16V0E+05 26396401 =, 4723E°01
GABES KM 52, STEPPE A RANTHERIUM SUAVEULENS
JUUR= 18 MULSe 11 ANNEE 1971 JDUHS SIMULESs 8
PLUIECHM) TEMP.(AIR) DAPHUT DAYRAD DALITE THAIN
«300E*02 +111E+02 o<96BE+01 +275k+03 .217E=U2 +600t+01
MeS+/0RGs MaSe/SPa PHENNLUGIE LIGHTF TEMPF PHSF PSRATE PHSATE
RANTH.S. 2109435 k) 7B6E400 .956E#00 <3IUBE400 4116E=01 +33BE+03
POUSSES 28946,
TIGES 11748468,
RACINES 9N6020.
PLANT A, 147285, 3 J7TBBE#0D  o956E+00 230BE400 +L16E=01 +269E+03
POUSSES 23272,
RALINES 120013,
A+ L1GNE 214015, E JTBOES00  L9S6E+00 <30BE+00 +116E=01 +425E+03
POUSSES 36416,
TIGES 90957,
RACINES 86641,
ANNUELLE 27750 5 JTH6E400 +956E+00 +)100E+01 +376E=01 0o
FEUILLES 15249,
RACINES 12504,
MATERLIEL MOKRT
PoheSe 30629,
LITIERE TB286.
HAC o MNRT 118824,
PULTS 190364
ETAT HYDRIWUE DU SOL
HORIZON PUIFNTIEL(BARS) EAU TUTALE PF
1 =29,50 0,03 4.87
2 =439 52436 .64
3 =22.30 37.77 4,35
4 =22.26 12,64 4,135
ETe=,5973E=02 EVAPe=s47T78E=02CM/HEURE
GABES KM 52. STEPPE A RANTHERIUM SUAVEODLENS
PROFUNDLUR LAUCFRACTe) PUTENTIEL EXT. RAC. CONC. SEL  WUANT. SEL TEMP. MILs HOR.
Qe J5700E=01 =+3000E40% V. Us Uy «1110E+02
+10U0E+00 L1333E+00 =«4246E+04 =4 1794E=05 +8046FE*02 +6458E401 «1110E+02
«7990E+02 .6302E=01 =+2266E+05 0. 2Q12TE+U2  #26V1E+01  «1052E+02
+1200E+03 ,6306E=01 =«2262E+05 0, SH12TF+02 +26U2E+01
DAY CUM. HUOURS ET EUR CUMe THANS. RUNUFF HROOT CwF CUMS
2 J2U00E+02 =oeS5BULE=02 = 4b41E=02 =,1757E=02 U, “«1600E+05 «PT28E+01 =.6491E°01



27 Auxiliary Submodels

GABES KM 52, STEPPE A RANTHERIUM SUAVLULENS

JUUR® 1 MOIS= 12 ANNEE L1971 JUURS SIMuLESs 21

PLULECHHM) TEMP4(AIR) UDAPHUT DAYRAU DALITE THAIN
0. «111E402 +94UE+UL 2 275E+403  ,211E=u2 .
MeSe/ORGS MuSa/SP. PHENULUGIF  LIGHTF TLMPF PHSF PSRATE PHSATE

RANTH.S. 2110833, i STHOE40D  +956E+00  +309E+00 +116E=01 <3U3E+03
POUSSES 25699,
TIGES 1176517,
RACINES 908417,

PLANT A, 150626, 3 JTOOE+U0  4950E+00 <309E+00 +116E=01 .275E+03
POUSSES 23723,
RACINES 126902,

As LIGNE 218944, 3 JTH6E400  2956E400 IUIEF00  L116E=01 381E+03
POUSSES 32583,
TIGES 95335,
RACINES 91026,

ANNUELLE 22805, 5 JTH6E400  o956E+00 L1V0E+01 2376E=01 0.
FEUILLES 12530,
RACINES 10275,

MATERIEL MORT

PohsSa 49172,
LITIERE 52787
RAC  MOKT 151504
PUITS 117818

ETAT HYDRIQUE Ou SOL

HORIZON FUTENTIEL(HARS) EAU TUTALE PF
1 =29,50 V.03 G.47
2 =a,17 53,24 3.62
3 =22.29 37.78 4,35

4 =22.25 12,64 4,35
ETe=,5801E=02 EVAPu=,4841E=02CH/HEURE

GABES KM 52+ STEPPE A RANTHERIUM SUAVEOLENS
PRDFONDEUR EAUCFRACT,) PUTENTIEL EX)s RAC, C€ONC. SEL  WUANT, SEL TEMP. MILe HOR.

0s +3700E=01 =.3000E+05 0. 0 ' +1020E+02
21000E+00 ,1319E+00 =.038BE+04 =.1725E=05 .AHS2F+02 .639BE+01 1021E+02
o T990E+02 ,6303E=01 =.2265E405 0. «4127E#02 .2601E+01 +1079E+02
s1200L+03 ,630BE=01 =:2261E£+05 0. «q127€+02 .2603E+01
DAY CuMs HOURS ET E£O0R CUM. TRANS. RUNDFF HROUT CuF CUMS
36 «2000E402 =+5534E=02 =.4827E"02 <=,168YE=02 0. “.1600E£405 «2AT3E+01 =.6323E"01

GABES KM 52+ STEPPE A RANTHERIUM SUAVEDLENS
JUUR= 15 MDISm 12 ANNEE 1971 JOURS SIMULES= 35

PLUIECHMM) TEMPaCAIR) DAPHOT DAYRAD DALITE TRAIN
0. «102E402 +925E+401 2756403 ,208E=u2 0.
HeSs /0RG, MaSa/ 5P PHENDLUGIE LIGHTF TEMPF PHSF PSRATE PHSATE
RANTHS 2111869, 3 JTBOE#00D .992E+400 +309E+00 +120E=01 +279E+03
POUSSES 22992,
TIGES 1178300,
RACINES 910576,
PLANT AL 154314, 3 JTB6E400  2992E400 <309E+00 «120E=01 +291E£¢03
POUSSES 24238,
RACINES 130076,
As LIGNE £23656 3 «TBOE+U0  +99ZE+00  <IV9E400 «120E=01 +351E%03
POUSSES 209264
TIGES 99517,
RACINES 95213, i
ANNUELLE 17696 5 JTUGE+00 +992E+00 o100E+01 +390E=01 0»
FEUILLES 9433,
RACINES RO63,

MATERIEL MORT

PsAsSe 83543,
LITIERE 25270,
RAC,HOKRT 2100113,
PULITS 32573,

ETAT nYuRIQuE bu SUOL

HORIZUN PUTFNTIEL(RARS) EAu TOTALE PF
1 =29,50 0,03 4,87
2 =4,31 52,68 3.63
3 =22.27 37.79 4,135
4 =22.23 12.65 4,135

ETe=,5534E=02 EVAPe=,40alT7E=02CH/HEUKRE
ENTREE PREPAR



SYMBULES SUPELRPOSES UANS LE GRAPHIQUE SULVANT(A=ANCIEN.N=NOUVEAU)

PAS JUUK ASN*PAS JOUR ASN#PAS JOUR A=N*PAS JOUR A=N«PAS JOUR A=N*PAS JOUR ASN®PAS JNUR AEN#PAS JOUR ASNaPAS JOUR ASN*PAS JOUR AmNe

_-—_m Mo N E >

3 2« AnF® g 4, A3te }9 19, BSFw* 20 20. b=F+ 31 31, Asge 32 32, AeB# 33 33, AmB+

LABES K

«390E+

» 328E+

«266E+

204E%

s183E+

sBOGE*

MeS5e
MsSa
MeSe
MaSe
MeSe
MeSs

M 52« STEPPE A RANTHERIUM SUAVLULENS

B L T b L e il Lkttt el T T T T L L e e S

¢
¢
A
Y
F
BF OF
0o
0
£EEE
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GENERAL INTRODUCTION

Several models of photosynthesis of varying resolution
levels and to differing degrees of completion have been
prepared.

At a meeting of experimental workers and modellers held
in Logan on October 5, 1972, it appeared that there was a
general desire for two classes of models, one suitable for
plants which possess crassulacean acid metabolism and one
for other plants. Within these two divisions, two levels of
complexity were also desirable. I decided upon three levels
of complexity, resulting in a plan for a potential of six
models.

Data for plants with non-crassulacean acid metabolism
(Artemisia tridentata) came to hand immediately after the
meeting and these were used to prepare models for this class
of plant. The first and second level models have been
completed, debugged and given limited exercise. Their
outputs are presented later. The third level model is coded
and hopefully may be debugged and running also.

Data for Ambrosia dumosa have since arrived but there
will not be time to utilize them. At a suitable place in the
model descriptions it will be indicated where and how they
should be utilized.

Data for plants with crassulacean acid metabolism have
been received but the models in this area have been taken
only to a preliminary stage. At the lowest level of
complexity, a model has been coded and recorded on
Fastrand, but it lacks driving data and so cannot be
debugged at present. The second and third levels of
complexity have been taken only to the box and arrow
diagram stage. The data would permit further development
of these models, but time does not.

The data used in devloping these models were collected
and provided by M. M. Caldwell and E. De Puit (Artemisia
tridenta); S. Bamberg (Ambrosia dumosa); and 1. Ting

(crassulacean acid metabolism plants).

Symbology used for these models is as follows:

Level  Non-CAM  Stage CAM Stage
reached reached
First PHOTO1 running PHOTOZ2 coded
Second PHOTO3  running PHOTO4  planned
Third PHOTO5 running? PHOTO6  planned

SUBMODEL PHOTO1

First level of resolution, non-CAM plants,

INTRODUCTION AND SIMPLIFYING ASSUMPTIONS

This model considers photosynthesis as the net flow of
carbon from the atmospheric pool into the plant (see
PHOTO1 diagram). Respiration, the reverse direction flow,
is not considered explicitly. The only factors considered to
influence the net flow of carbon are irradiance, tempera-
ture, plant water potential, and phenological stage. The
temperature used is air temperature.

VERBAL DESCRIPTION -- WORD MODEL

The driving variables consist of experimental data on the
effects of irradiance, temperature and plant water potential
at several phenological stages on the photosynthesis of
Artemisia tridentata at Green Canyon (near Logan, Utah)
in 1971. Radiation is supplied as daily totals of
photosvnthetically active radiation (global radiation, solar
and scattered x 0.47) measured above the Natural Resources-
Biology building at Utah State University in 1971

There are two state variables, the atmospheric pool of
CO, and the photosynthate. Since the first of these is
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effectively infinite in size and since variations in CO,
concentration are not considered to influence the net flow, it
is not explicitly modelled although it is conceptually
necessary. The second state variable is contained within the
calling routine VEGET where it is called PHSATE. Hence
this subroutine effectively only calculates the rate of the net
flow of carbon, PSRATE.

There is one process, net flow of carbon, and this is
considered to be controlled by four information flows. These
are irradiance, temperature. plant water potential, and
phenological stage. The effect of each of these factors is
scaled from 0 to 1.

The last of these, phenological stage, is provided for by
supplying the driving data in sets, each set applying to one
particular phenological stage. These stages are identified by
the subscript (M) and the cyeling through the values of (m),
(8) is provided within VEGET. Thus no equation for the
effect of phenology is provided.

The effect of irradiance is provided for by an equation
which relates irradiance to rate of net photosynthesis, which
is of the Michaelis-Menton form. The effect of temperature
is obtained by interpolating linearly between data values,
using the function subroutine AINT3. The effect of plant
water potential is obtained in the same way. All three effects
are expressed on the scale 0-1.

The interaction between these three controlling factors
may be chosen from three possible alternatives. Which of
these three alternatives is actually used depends on the value
of INTER which is allotted in PHOTOSDATA,

When INTER = 1 the interaction is formed by regarding
the three effects as conductances (in the electrical analogue
sense). The overall conductance is given by taking the
reciprocal of the sum of the reciprocal conductances, or the
resistances. This overall conductance is then multiplied by
the number of factors concerned (3) and by the maximum
photosynthetic rate available in the data, expressed as g
carbon/g protein carbon.

When INTER 2 the interaction is formed by
multiplying the three conductances together, i.e., the over-
all conductance is considered to be the product of the
individual conductances. This product is then multiplied by
the maximum photosynthetic rate as before.

When INTER = 3 the interaction is obtained by selecting
the smallest of the three conductances and multiplying the
maximum rate of photosynthesis available in the data by
this. This applies the concept of limiting factors.

Since the available data are expressed in terms of rates per
hour it was convenient to make all the calculations as rates
per hour, multiplying the final rate by the photoperiod
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length in hours to obtain the daily rates. This has the
advantage that it provides for the possibility of utilizing
hourly values of irradiance, temperature and plant water
potential if or when they should become available. This is
done in other models of this series.

‘ BEGIN l‘

DIMENSIONS
DECLARATIONS
COMMON BLOCKS

DATA STATEMENTS

L

EFFECT OF
TRRADIANCE

\

EFFECT OF
TEMPERATURE
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FFFECT OF PLANT
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FORM G — FORM
INTERACTION. e
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RETURN '

FLOW DIAGRAM



Brittain

34

ALPHABETICAL LIST OF VARIABLE NAMES -- A NTPHOT =
USER-DEFINED FUNCTION FOR
INTERPOLATING VALUES FROM A PMAXI =
TABLE SUPPLIED

PMAXL =

CURV = The curvature parameter for the  photo-

synthesis irradiation curve, calories/cm?/hr.
DAPHOT = The photoperiod, hours. PMAXN =

IDAY = The current time interval.

1 = The counter for cohorts. PSRATE =

IRADF = The effect of irradiation on photosynthesis,
‘ 0-1. PWPOT =

IRRAD = The actual radiation (400-700) for the day,
cal/cm?®. PWPOTF =

IRRADM = The average radiation per hour for the day,
cal/em?. PWPX =
M = The counter for the phenological stage. PWPY =
MNPHOT = Nel photosynthesis calculated by the mini-  TDAY =
mum rule, g C/g protein C/hr. TEMPF =

MTPHOT = Net photosynthesis calculated by the multi-
plicative rule, g C/g protein C/hr. TEMPX =

NFACT = The number of [actors affecting the process.
TEMPY =
SUBMODEL PHOTO 2

Net photosynthesis calculated by the resis-
tance formula, g C/g protein C/hr.

The maximum rate of photosynthesis on the
scale 0-1.

The maximum rate of photosynthesis avail-
able in the data, mg CO;/dm leaf* (2 sides)/
hr.

The maximum photosynthetic rate g CO,/
g protein C/day.

The photosynthetic rate, g C/g protein
C/day.

The average plant water potential for the
month, bars.

The effect of plant water potential on photo-
synthesis, 0-1.

The set of X values for the PWP data, bars.
The corresponding set of Y wvalues, 0-1.
The average daytime temperature, °C.
The effect of temperature on photosyn-
thesis, 0-1.

The set of X values for the effect of tempera-
ture on photosvnthesis (DATA), °C.

The corresponding set of Y wvalues, 0-1.

First level of resolution, CAM plants.

INTRODUCTION AND SIMPLIFYING ASSUMPTIONS

In this model, only the net flow of carbon from the
atmosphere into the plant is considered, where it is regarded
as being a part of the organic acid pool. Thus it concerns
itself only with CO, fixation, which in CAM plants is a

“dark” process, and decarboxylations and subsequent
photosynthesis of released CO, are regarded as internal
rearrangements within the internal pool of carbon

compounds. If this results in loss of CO,, this loss will be
accounted for by the use of net uptake.

The net uptake of CO, is modelled as being influenced by
irradiance (which in this case means its effect on stomatal
aperture, not on photosynthesis), temperature, plant water
potential, and the size of the organic acid pool.

VERBAL DESCRIPTION -- WORD MODEL

The data from Dr. Ting arrived too late to be used.
Hopefully it will be possible to replace that being used
(which is not relevant, being carried over from PHOTO1)
with Dr. Ting’s data.

The program as it stands is to be regarded as a sketch or
illustration of an idea, which may need to be changed to fit
the data which are actually to be used. In it, the effect of
irradiation (IRADF) is read from a table of supplied data by
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the interpolation routine, AINT3. So are the effects of
temperature (TEMPF) and of plant water potential

(PWPOTF). The effect of the organic acid pool size IRADF =
(ORAGCEF) is modelled as a descending curve from the
maximum value (1) at zero pool size to minimum (0) at a  IRRAD =
pool size of 1.0 g C/g protein C(value of BBB). The curve is
a generalized Poisson density function, the parameters of IRRADM =
which may be varied to match the curve to data if it
becomes available, However, such data may be hard to M =
obtain and the curve may need to be shaped on theoretical MNFIX =
grounds. The organic acid pool is accumulated and used as a
parameter in the equation. The four factors are combined as  MTFIX =
in the other models of the series by means of a choice of
three interaction mechanisms, the resistance formula, the NpacTp =
multiplicative rule and the minimum rule.
PWPOT =
ALPHABETICAL LIST OF VARIABLE NAMES PWPOTF =
AAA = The photosynthate level at which photo-  pywpx -
synthesis is maximal. PWPY _
AINT3 = A user-defined function for interpolating pgprx -
values from a table supplied.
FXMAXL = The maximum rate of fixation available in TDAY o
data. TEMPF =
FXMAXN = The maximum rate of fixation g CO,/g
protein C/day. TEMPX =
DAPHOT = The photoperiod, hours.
I = The counter for cohorts. TEMPY =
IDAY = The current time interval. 777, "
INTER = The integer label used in VEGET to select
the interaction which is to be used: 1 =
SUBMODEL PHOTO3

Second level of resolution, non-CAM plants.

INTRODUCTION AND SIMPLIFYING
ASSUMPTIONS

This model considers influx of carbon dioxide into the leaf
as well as efflux from it, gross photosynthesis and dark
respiration (see PHOTOS3 diagram). Photorespiration is as-
sumed to be present and net photosynthesis is obtained as
the algebraic sum of gross photosynthesis and dark
respiration. The temperature used is air temperature.

VERBAL DESCRIPTION -- WORD MODEL

The driving variables consist of experimental data on the
effects of irradiance, temperature and plant water potential
at several phenological stages on the photosynthesis of
Artemisia tridentata at Green Canyon in 1971. Radiation is
supplied as daily totals of photosynthetically active
radiation (global radiation, selar and scattered x 0.47)
measured above the Natural Resources-Biology building at
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Plant water potential~ >~ N

Phenology

7t e
Wind speed /
|

Irradiance
~

Temperature ~
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resistance formula; 2 = multiplicative
rule; 3 = minimum rule.

The effect of irradiation on photosynthesis,
0-1, leaf.

The actual radiation (400-700) for the day,
cal/em?®.

The average radiation per hr for the day,
cal/em®.

The counter for the phenological stage.
Net fixation calculated by the minimum
rule, g C/g protein C/hr.,

Net fixation calculated by the multiplicative
rule, g C/g protein C/hr,

The number of factors influencing photosyn-
thesis.

The average plant water potential for the
month, bars.

The effect of plant water potential on photo-
synthesis, 0-1.

The set of X values for the PWP data, bars.
The corresponding set of Y values, 0-1.
Net fixation calculated by the resistance
formula, g C/g protein C/hr.

The average daytime temperature, °C.

The effect of temperature on photosyn-
thesis, 0-1, respiration.

The set of X values for the effect of tempera-
ture on photosynthesis (data) °C.

The corresponding set of Y values, 0-1.
An intermediate variable defined in the
context of use.
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USU in 1971. Wind speed used is that supplied by EXOGEN
as DWINAV.

There are three state variables; the atmospheric pool of
CO,, intercellular gaseous CO, and the photosynthate,
Since the first of these is effectively infinite in size, its
magnitude is not monitored but is regarded as a constant.
The third state variable is contained within the calling
routine VEGET where it is called PHSATE. It is therefore
not updated in this subroutine.

Carbon dioxide efflux and influx are both controlled by
the same information flows, internal and external CO,
concentrations, irradiance, plant water potential, wind
speed, and phenological state. These controls are all
assumed to act via the same mechanisms for efflux and
influx, the only difference being the difference of direction
of the flow. All controls are scaled from 0-1.

The effect of phenological stage is provided for by
supplying the driving data in sets, each set applying to one
particular phenological stage. These stages are identified by
the subscript (M), and the cycling through the values of (M),
(8) is provided within VEGET. Thus no equation for the
effect of phenology is provided.

The effect of irradiance is provided as a linear increase of
CO, flow as irradiance increases from 0 to 5 calories/em?®/
hr, the flow varying from 0 to 1 in this range. At levels of
irradiance above this the rate of flow is set equal to 1. This
amounts to assuming that stomatal resistance decreases
linearly with irradiance from 0 to 5 calories/cm?®/hr at
which level it is nonlimiting. This is, of course, a
simplification of the probable state of affairs and is a point
at which refinement might be introduced if the necessary
data became available.

The effect of wind speed is handled as a linear increase of
flow of carbon dioxide from 0.01 to 1 as the wind speed
increases from 1 km/hr to 20 km/hr. Below 1 km/hr, wind
speed is considered to be without effect but this does not
prevent passage of CO, as would be implied by use of the
factor 0. Instead, the factor 0.01 is employed as an estimate
of the rate of passage of CO, to or from the bulk air by
diffusion alone. Between wind speeds of 20 km/hr and 40
km/hr no change in rate of CO, passage occurs, but above
this speed, a step function is employed to reduce passage of
CO, drastically, simulating stomatal closure. The use of the
factor 0.000001 simulates cuticular diffusion under these
conditions.

Since no data are available for the effect of plant water
potential on carbon dioxide efflux and influx, a simple linear
relationship is assumed, with a negative slope from the value
of 1 at 0 plant water potential to 0 at plant water potential
of -30 bars,

The effects of external and internal concentrations of
gaseous CO, are handled by calculating the differential and
using the Ohm’s law analogy, the resistance used being the
reciprocal of the effect of irradiation, which is equivalent to
stomatal aperture.

Dark respiration is regarded as being controlled by
irradiance (photorespiration), temperature, plant water
potential, photosynthate level, and phenological status.
Phenological status is handled by the method already
deseribed.

Photorespiration has been assumed to be related to
irradiance by a Michaelis-Menton curve, plateauing at 30
calories/cm?®/hr and reaching half the maximum rate at 6
calories/cm?®/hr.

The effects of temperature and of plant water potential
are documented in the data provided by Caldwell and
DePuit, Use is therefore made of the interpolation routine to
read suitable values for these factors from the data.

The effect of photosynthate level on dark respiration has
also been assumed to follow Michaelis-Menton kinetics with
a maximum rate at 1.0 g C/g protein C and half the
maximum rate at 0.02 g C/g protein C.

Photosynthesis is controlled in this model by irradiance,
temperature, plant water potential, phenology, intercell-
ular gaseous CO, concentration, and level of photosynthate.

The effect of irradiance is a hyperbolic curve with half the
maximum rate being reached at 10.0 calories/cm*® for
phenological stages 1 and 3 to 8, 16.6 calories /cm?® at
phenological stage 2 (data of Caldwell and De Puit).

The effects of temperature and of plant water potential
are read from data tables by means of the interpolation
routine,

The effect of photosynthate level is modelled as a curve
which falls from 1 at 0 photosynthate, to 0 at a
photosynthate level of 1.0 g C/g protein carbon, following
the curve of a generalized Poisson density function.

The effect of internal CO, concentration is handled as a
hyperbolic function with half the maximum rate being
reached at 6 x 107 g C/g protein C.

In all cases, the interaction between the various
controlling factors may be chosen (by means of the value
allotted to INTER in PHOTOSDATA) from the resistance
rule, the multiplicative rule or the minimum rule. Reference
should be made to the documentation of PHOTOI for
details.



The relationship between net and gross photosynthesis has

been

handled

in the following way. The data for

photosynthesis are always for net photosynthesis. However,
data for dark respiration are also available. Therefore, gross
photosynthesis has been calculated as net photosynthesis
plus dark respiration for the duration of the photoperiod.
The net photosynthetic rate which is provided as final
output is then calculated as the gross photosynthesis minus
the dark respiration for the whole 24 hr.

ALPHABETICAL LIST OF VARIABLE NAMES

AAA

AINT3

BBB

CCC

The photosynthate level at which photosyn-
thesis is maximal.

A user-defined function for interpolating
values from a table supplied.

The level of photosynthate in the leaves at
which photosynthesis is reduced to zero.
See DDD

C

BEGIN )

‘ RETURN '

Y

DIMENSIONS
DECLARATIONS
COMMON BLOCKS

CALCULATE NET
PHOTOSYNTHLESIS

DATA STATEMENTS

CALCULATE GROSS
PHOTOSYNTHESIS

CALCULATE
MOVEMENT OF
CARBON DIOXIDE
INTO THE LEAF

CALCULATE
RESPIRATION

CALCULATE
MOVEMENT OF
CARBON DIOXIDE
OUT OF THE LEAY

UPTAKLE THE
INTERNAL CARBON
DIOXIDE,
CONCENTRATION
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CO2IRT

CO20RT

CURV

DAPHOT
DCO2

DCO2F

DDD

1
1CO2PF

IDAY
INCO2

INCO2C

INTER

IRADF

IRADIF

IRADOF

IRRAD

IRRADM

M
MNCO2I

MNCO20

MNPHOT

MTPHOT

MNRESP
MTCO21I

MTCO20

MTRESP

NEWPHL

NFACTI

NFACTO

I

I
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Rate of movement of CO, into leaf, g C/g
protein C/hr.

Rate of movement of CO, out of the leaf, g
C/g protein C/hr.

The curvature parameter for the photo-
synthesis/irradiation curve.

The photoperiod, hours.

The differential CO, concentration inside/
outside the leaf.

The effect of CO, differential on movement
of CO, into or out of the leaf.

Shape parameters for the curve of photo-
synthesis/photosynthate.

The counter for cohorts.

The effect of internal CO, concentration on
photosynthesis, 0-1.

The current time interval.

Amount of CO, inside the leaf air spaces, g
C/g protein C.

Concentration of CO, in leaf intercellular
spaces. g C/ml.

The integer label used in VEGET to select
the interaction which is to be used: 1 = resis-
tance formula; 2 = multiplicative rule; 3 =
minimum rule.

The effect of irradiation on photosynthesis,
0-1.

Effect of irradiation on rate of movement of
CQO; into the leaf.

The effect of irradiation on movement of
CO, out of the leaf.

The actual radiation (400-700) for the day,
cal/em?,

The average radiation per hour for the day,
cal/em?,

The counter for the phenological stage.
Rate of movement of CO, into leaf calcu-
lated using the minimum rule.

Rate of movement of CO, out of leaf calcu-
lated using the minimum rule.

Net photosynthesis calculated by the mini-
mum rule, g C/g protein C/hr.

Net photosynthesis calculated by the multi-
plicative rule, g C/g protein C/hr.
Respiration calculated by the minimum rule.
Rate of movement of CO, into leaf calcu-
lated using the multiplicative rule.

Rate of movement of CO, out of leaf calcu-
lated using the multiplicative rule.
Respiration calculated by the multiplica-
tive rule.

New photosynthate in the leaf, g C/g
protein C.

The number of factors influencing move-
ment of CO, into a leaf.

The number of factors affecting movement
of CO; out of the leaf.
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NFACTP

NFACTR

ouTCco2
PMAXI

PMAXL

PMAXN
PSATPF
PSAIRF
PSRATE
PWPIF
PWPOT
PWPOTF
PWPRF
PWPX
PWPY

RMAXI
RMAXL
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The number of factors influencing photo- ~RMAXN =
synthesis.
The number of factors influencing res- RSCO2I =
piration.
The external air CO; concentration, g/mg. RESCO20 =
The maximum rate of photosynthesis on the
scale 0-1. RSPHOT =
The maximum rate of photosynthesis avail-
able in the data, mg CO,/dm? leaf (2 RSRATE =
sides/hr. RSRESP =
The maximum photosynthetic rate g CO,/g
protein C/day. TDAY =
The effect of concentration of photosynthate =~ TEMPEF =
in the leaf on photosynthesis, 0-1.
The effect of photosynthate level on res- TEMPRF =
piration. TEMPRX =
The photosynthetic rate, g C/g protein ~ TEMPRY =
C/day.
Effect of plant water potential on rate of TEMPX =
movement of CO, into the leaf.
The average plant water potential for the =~ TEMPY =
month, bars. WINDAV =
The effect of plant water potential on
photosynthesis, 0-1. WINDIF =
The effect of plant water potential on res-
piration_ WINDOF =
The set of X values for the PWP data, bars.
The corresponding set of Y values, 0-1. ZZZ =
Maximum rate of respiration, 0-1.
Maximum rate of respiration in the data,
mg CO,/mg leaf/hr.

SUBMODEL PHOTO5

Third level of resolution, non-CAM plants.

INTRODUCTION AND SIMPLIFYING ASSUMPTIONS

This model is developed from PHOTO 3 and is similar
to it in many respects. However, the temperature of the
photosynthetic organs is here simulated and, by the means
of an internal loop, the simulation is run on an hourly basis.
A by-product of the simulation of photosynthetic organ
temperature is the estimation of transpiration rate. This
might be of use elsewhere in the model.

VERBAL DESCRIPTION -- WORD MODEL

The driving variables consist of experimental data on the
effects of irradiance, temperature and plant water potential
at several phenological stages, on the photosynthesis of
Artemisia tridentata at Green Canyon in 1971. Radiation is
supplied as hourly totals of global radiation (solar and
scattered) measured above the Natural Resources-Biology

Trradiance ~ \
~

Plant water potential« > < N

Irradiance
Temperature <~
——
Pl valel ential — ———=
Plant water potential ’__ﬁ/ibD(]

-
Phenology = /

Maximum rate of respiration, g C/g protein
C/day.

Rate of movement of CO, into the leaf
calculated by the resistance formula.

Rate of movement of CO, out of the leaf
calculated by the resistance formula.

Net photosynthesis calculated by the resis-
tance formula, g C/g protein C/hr.

Dark respiration rate, g C/g protein C/day.
Respiration calculated by the resistance
formula.

The average daytime temperature, °C.
The effect of temperature on photosynthesis,
0-1.

The effect of temperature on respiration.
The data table of X values.

The data table of Y values for the effect of
temperature on respiration,

The set of X values for the effect of tempera-
ture on photosynthesis (data), °C.

The corresponding set of Y values, 0-1.
The average wind velocity for the day,
km/hr.

Effect of wind on rate of movement of CO,
into the leaf.

The effect of wind on movement of CO, out
of the leaf.

An intermediate variable defined in the
context of use.
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building at USU in 1971. These data are stored in
PHOTOSDATA and ready by this subroutine. Wind speed
is that supplied by EXOGEN as DWINAV.

Data for emissivity of the leaf and of its surroundings,
average leal thickness and leaf area index are needed, as is
the volumetric soil moisture. Since these are not
immediately available, estimates of them have been made so
that progress can be made, but attention should be given to
these.

BECIN RETURN )

IDIMENSTONS
DECLARATIONS
COMMON BLOCKS

CALCULATE NET
PHOTOSYNTHESIS

D030 CALCULATE
CROSS
PHOTOSYNTHESIS

DATA STATEMENTS

l

READ IRRADIANCE
DATA

DO HO30 ] = 116

CALCULATE
RESPIRATION

CALCULATE
TRANSPIRATION

y

UPDATE THIE
INTERNAL CARBON
DIOXIDE
CONCENTRATION

DO Y3l ) = 1.16

CALCULATE

9031 CALCULATL

LEAF
TEMPERATURE

MOVEMENT OF
CARBON DIOXIDE
OUT OF THE LEAF

FLOW DIAGRAM
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Auxiliary Submodels

In order to calculate leaf or other photosynthetic organ
temperatures it is necessary to know, among other things,
the evaporative heat loss. This makes it necessary to first
calculate transpiration. This is done here by means of
Thornwaite’s equation for evapotranspiration. Depending
on the value of the evapotranspiration so calculated, a set of
values for the parameters in an arctangent function are
caleulated and used to predict transpiration. The arctangent
function itself is contained in the function subroutine
ATANF.

The program then proceeds to the calculation of leaf
temperature. The temperature of the photosynthetic organ
TORG is initially set equal to air temperature. A loop is then
entered in which first the initial heat content of the organ is
calculated. Then the evaporati e heat loss, the sensible heat
loss, the long wave-length radiation from the leaf, and the
radiation input are summed to obtain the heat gain of the
organ. The heat content is obtained from the initial heat
content plus the heat gain. Thence the temperature of the
organ can be obtained from the heat content, the specific
heat and the thickness of the organ. This loop is repeated for
the 16 hr of the maximum photoperiod. The organ
temperature so obtained is used elsewhere in the model in
place of TDAY which is used in PHOTO1 and PHOTO3.

Although the effect of irradiance on photosynthesis is
essentially the same in this model as in PHOTO3, in this case
it is calculated from the hourly data for irradiation in
another DO LOOP incremented for each of the 16 hr of the
maximum photoperiod, which should improve the resolu-
tion of this section of the model significantly. Included in
this DO LOOP is the calculation of new photosynthate,
which is utilized as a modifying factor of the rate of
photosynthesis. This should thus vary in its effect during the
photoperiod in a realistic manner.

The remaining functions are identical with those used in
PHOTO3, to which reference may be made.

" ALPHABETICAL LIST OF VARIABLE NAMES

AAA = The photosynthate level at which photosyn-
thesis is maximal.

AINT3 = A user-defined function for interpolating
values from a table supplied.

ALAI = The leaf area index for the area being
considered.

BBB = The level of photosynthate in the leaves at
which photosynthesis is reduced to zero.

BLRES = Boundary layer resistance, sec/cm.

cCcc = See DDD

CO2IRI = Rate of movement of CO, into leaf, g C/g
protein C/hr.

CO20RT = Rate of movement of CO, out of the leaf,

g C/g protein C/hr.
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CURV = The curvature parameter for the photo- IRADOF
synthesis/irradiation curve.
CCURV = The curvature parameter for the curve re- IRRAD
lating CO, concentration to photsynthetic
rate, g C/g protein C. IRRADA
DAPHOT = The photoperiod, hours.
DCO2 = The differential CO, concentration inside/ IRRADI
outside the leaf.
DCO2F = The effect of CQ,; differential on movement IRRADM
of CO, into or out of the leaf.
DDD = Shape parameters for the curve of photo- [ WR
synthesis/photosynthate. M
DPHS = Daily photosynthesis g C/g protein C/day. MNCO2I
DPL = Diffusion path length, mm.
EHL = Evaporative heat loss, calories. MNCO20
EMISL = The emmissivity of the leaf (=1.0).
EMISW = Emissivity of the surroundings of the leaf - MNPHOT
assumed = 1.0,
EVAPT = Evapotranspiration, mm. MTPHOT
HCORG = The heat content of the photosynthetic
organs, calories. MNRESP
HCORGI = The initial heat content of the organ, MTCO2I
calories.
HGORG = The heat gain of the photosynthetic organs,  MNCO20
calories.
HPHS = Hourly photosynthesis g C/g protein C/hr.  MTRESP
I = The counter for cohorts.
ICO2PF = The effect of internal CO, concentration on  NEWPHIL
photosynthesis, 0-1.
IDAY = The current time interval, NFACII
INCO2 = Amount of CO, inside the leaf air spaces,
g C/g protein C. NFACTO
INCO2C = Concentration of CO, in leal intercellular
spaces, g C/ml. NFACTP
INTER = The integer label used in VEGET to select
the interaction which is to be used: 1 = NFACTR
resistance formula:; 2 = multiplicative rule;
3 = minimum rule. OTCN
IRADF = The effect of irradiation on photosynthesis,
0-1. OUTCO2
IRADIF = Effect of irradiation on rate of movement of

CO, into the leaf.

The effect of irradiation on movement of
CO, out of the leaf.

The actual radiation (400-700) for the day,
cal/cm?,

The irradiance absorbed by the photosyn-
thetic organs.

The irradiance incident on photosynthetic
organs, cal/em?.

The average radiation per hour for the day,
cal/cm?.

Long-wave radiation from the leaf, calories.
The counter for the phenological stage.
Rate of movement of CO, into leaf calcu-
lated using the minimum rule.

Rate of the movement of CO; out of leaf
calculated using the minimum rule.

Net photosynthesis calculated by the mini-
mum rule, g C/g protein C/hr.

Net photosynthesis calculated by the multi-
plicative rule, g C/g protein C/hr.
Respiration calculated by the minimum rule.
Rate of movement of CO, into leaf calcu-
lated using the multiplicative rule.

Rate of movement of CO, out of leaf calcu-
lated using the multiplicative rule.
Respiration calculated by the multiplicative
rule.

New photosynthate in the leaf, g C/g protein
C.

The number of factors influencing move-
ment of CO, into a leaf.

The number of factors affecting movement
of CO, out of a leaf.

The number of factors influencing photo-
synthesis.

The number of factors influencing respira-
tion.

The thickness of the photosynthetic organ,
mimn.

The external air CO, concentration, g/ml.

SUBMODELS PHOTO4 AND PHOTO6

Levels 2 and 3, CAM plants.

At this stage there is no point in presenting more than the  distinction between PHOTO4 which should run on a daily
box and arrow diagram which was planned for use in these  time step and PHOTO6 with an hourly time step. The
models. The general outline which is present in PHOTO3  variable names used in PHOTOZ2 will be found applicable,
and PHOTO5 will be applicable, and it is expected that it  although no doubt others will also be needed.

may be found advantageous, as in those models, to make a
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INTRODUCTION

A number of approach efforts have been made to
develop mathematical models to compute the net fixation of
CO, by plants from meteorological parameters and to
predict their productivity (e.g., DeWitt, 1965; Cunningham
and Balding, 1972: Brittain, 1974; De Puit, 1973). One
basic requirement for the realization of such models is a
detailed knowledge of the functional relationships between
the photosvnthetic efficiency of a plant and the external
conditions characteristic to its particular habitat. Special
attention must be paid to the responses of the different
morphological types, considering the variability of their
physiological state and their capacity for regulative
adaptations (Mooney and Shropshire, 1968; Bjorkman,
1968). With the more sophisticated models which have been
proposed recently, large gaps in our knowledge about the
influence of important internal and external factors on the
CO, exchange of plants have become apparent (Lommen et
al., 1971; Hall, 1971). Therefore, during our work on
productivity of desert plants and the development of a

model on net photosynthesis under desert conditions, we
focused our interest on a functional analysis of the
photosynthetic responses of the plants in their natural
habitat.

The photosynthesis modeling committee of the Desert
Biome recommended during its meeting (July 30, 1973),
that emphasis should be given to an empirical model which
is based on data which can be taken in the field and on data
which are already present at this time. Consequently the
following model follows the approach of Cunningham and
Balding (1972) and Brittain (1974). The main stress was laid
upon derivation of the input functions for the photosynthesis
submodel from actual field data. Because of the short time
period available for this work, Hammada scoparia was
chosen as the test plant. We had access to a considerable
amount of information on this species from previous work. *
However, all programs were made so general that they can
also be used for any other test plant.

THE MODEL

The model should calculate rates of net photosynthesis
(NP) taking the meteorological factors, light (L), tempera-
ture (TEMP), water vapor concentration difference
between leaf and air (WD), the water stress in the plant
(WS), and the phenological stage of leaf development (DAY)
into account as input variables. The changes in the
photosynthetically active organs of the plants with time
(aging, phenology) have to be defined separately by the
phenology and translocation submodel. The water stress in
the plant is handled as an independent input variable until
it is possible to connect this value to the soil and atmospheric
conditions. Whenever possible, water stress is handled as a
time function connected to the phenological stage of the
plant.

The general form of the model is:
NP = (NPMAX)*F (L, TEMP, WD, WS, DAY)

The maximal rate of net photosynthesis (NPMAX) is
defined to be the rate of CO, uptake at light saturation,
optimal temperature and humidity conditions but at the
water stress and phenological condition typical for the time
of the vear.

*The field experiments were carried out in Avdat, Israel,
1971, by U. Buschbom, M. Evenari, L. Kappen, O. L.
Lange, and E. D. Schultze. The methods used are de-
scribed by Koch, Lange and Schultze (1971), Schultze,
Lange and Lembke (1972) and Schultze (1972).

The effect of the different environmental factors F
(L. TEMP,WD ,WS,DAY) is scaled from 0-1. In the first
approach the different factors are connected multiplica-
tively. It is subject to further sensitivity analysis and
empirical tests to show if other and different connections of
these factors will be more useful for prediction of gas
exchange under certain conditions.

The light factor (FL) determines the increase on NP with
increasing light intensity from 0 to 120 Klux. This increase
is due to stomatal opening as well as to increasing rate of
biochemical CO, uptake.

The temperature factor (FT) describes the optimum curve
of NP at light saturation and optimal air humidity. This
temperature factor also includes a stomatal and a
biochemical effect.

The effect of the water vapor difference between the leaf
and the air on CO, uptake (FW) works through stomatal
reaction.

The water stress factor (FS) reduces NP through stomatal
closure and also through an effect on mesophyll resistance.

All these processes change with time, aging and
phenology. Therefore, they are expressed as a function of
DAY.

A general flow diagram of the photosynthesis model is
drawn in Figure 1. The model should finally operate on two
different possible levels of resolution: (1) the greatest
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Figure 1. Flow diagram of the photosynthesis model.
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refinement of the effect of environmental factors is obtained
by separating the effects on stomatal and mesophyll
resistance: (2) another level of refinement is obtained by
calculating the influence of the environment on the gas
exchange process as a whole. In the second case TEMP and
WD can be handled separately or as a combined
environmental stress factor. The decision as to which
pathway is taken for a given species at a given site depends
on the experimental data available. As long as mesophyll
and stomatal resistance are not being measured separately,
the accuracy of the predicted result is the same in both levels
of resolution.

Since not all information on stomatal and mesophyll
resistance can be worked up in the time available. most
emphasis was placed on finding a mathematical resolution
for the second level of refinement, taking TEMP and WD
into account separately.

THE FUNCTION (FT) OF THE EFFECT OF
TEMPERATURE ON NP

ThE TEMPERATURE RESPONSE OF NET PHOTOSYNTHESIS

Input-Experiments measuring rates of CO, uptake at
light saturation and at a high air humidity (WD
almost 0) at varying temperatures during differ-
ent times of the year.

Figure 2 shows a temperature response curve of net
photosynthesis for H. scoparia in spring (March 28).
Temperature optimum is at 28.6 C, the upper compensation
point is at 46.3 C. The experimental data are not complete
for a range of temperatures below the optimum of CO,
uptake to the lower compensation point. This is because of
the experimental difficulty of lowering temperatures in a
cuvette in the field under desert conditions and in full
sunlight to below the ambient air temperature. An
important fact is that the temperature dependence of NP
does not remain constant but changes throughout the year,

—16.5

—30.0
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TEMP
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This is demonstrated in Figure 3. It shows the same kind of
response curve for July 19. The temperature optimum
shifted up 10.7 C to 39.3 C. At the same time the upper
compensation point shifted up 12.1 C to 58.4 C. Later in the
season the temperature dependence of NP shifted back again
to a range of lower temperatures (Fig. 4, September 22).
The temperature optimum is at 30.5 C and the upper
compensation point is 50.8 C. Maximal shift in the
temperature optimum during the year was 13.6 C, taking
the lowest spring value as a basis.

Figures 2-4 show that it is probably necessary for a model
of NP to take the shift of the temperature curve into account
as an adaptive feature of the plant to its environment. If all
the experimental data of the year are plotted together to
obtain a general temperature response curve for this species
(without taking the shift in the temperature optimum and
the temperature compensation point into account) and if
these data points are fitted by a polvnomial equation, the
resulting B? is .70, This further suggests that the data of
temperature-dependent NP are distributed on the tempera-
ture axis with enough scatter so that the application of a
general temperature function for that species and that year
is not useful,

15,04

15 20 25 0 a5 @ 45 50 55 60 65
TEMP

Figures2.3 and4. Percent photosynthesis (NP) of H. scoparia (unwatered) as related to leaf temperature (TEMP) on March
28,1971 (Fig. 2), July 19, 1971 (Fig. 3) and September 22, 1971 (Fig. 4). Fitted curve based on a polynomial equation (e): points
of measurement (o). Optimum of the polynomial curve is 100% .



THE PrROCEDURE TO CALCULATE THE
TeMPERATURE RESPoNSE OF NP

It would be most desirable to apply a type of
mathematical function which represents the process
involved (Cunningham and Balding, 1972). The curve
should show a variable optimum which originates from low
temperatures assymptotically (dNP/dT, very small) and
which drops to negative rates of gas exchange at high
temperatures. Such a temperature function would provide
the opportunity to extrapolate to a certain degree beyond
the limits of experimental data, which would be
advantageous for any predicting purpose. In this work we
did not succeed in finding and applying a suitable
non-polynomial function to the process of temperature-
dependent net photosynthesis. Only polynomial equations
were used, leaving this problem open for further
photosynthesis modeling work. In applying polynomial

Species name FT = f{temp)

'

temp = TEMP — shift

DAY ‘T
Set of variables: Shift = TEMP of
NP/TEMP N NPMAX — reference
NP = [(TEMP) TEMP of NPMAX =
f(DAY)
ANP/dTEMP = 0 NP*NPMAX-1 =

f(TEMP)* NPMAX-1

A 4

TEMP of optimal NP
NPMAX at optimal
TEMP

Figure 5. Flow diagram of the procedure to calculate the
temperature effect on NP,

Auxiliary Submodels

equations, it is essentially necessary to plot the function with
the data points, This is because at a high R* the least square
fit might not represent the biological process one wants to
simulate and predict.

Figure 5 shows the flow diagram of the procedure to
calculate the temperature response of NP used in the model:

1. Each set of data of one temperature experiment on a
certain DAY is fitted with a third-degree polynomial
(for 13 different temperature experiments, each having
8 to 16 measurements of temperature-dependent NP,
the R? of the curve fit is .92 to .99).

2. The temperature optimum of each curve is the point at
which the first derivative is zero. An iteration program
determines the upper compensation point of NP.

3. Each parameter of the polynomial equations is divided
by the maximal rate of NP at optimum temperature, so
that the curves are scaled from 0 to 1.

4. The temperature of optimum NP versus time of year is
fitted with a polvnomial equation (R* = .65). This
curve is shown in Figure 6.

5. Each value of temperature-dependent NP is shifted
along the temperature axis to such a degree that all
the optima of NP are the same and equal to the lowest
temperature optimum as a reference (28.5).

6. One three-degree polynomial equation is fitted through
all the shifted experimental data (for H. scoparia, R* of
this equation is .86). Although this equation gives a high
R?, it was forced through some set-points to represent
a biologically meaningful curve of predictive value. A
four-degree polynomial equation should be considered
instead. Figure 7 shows the measured values of the
different temperature experiments being shifted to a
common reference point and a polynomial equation
fitted to these data. From the R® values of the curve fit,
including the shift of the temperature curves compared
to the R® before the shift, it is obvious that the shift of
the temperature curves is significant. From Figure 7
it is obvious that the shape of the temperature response
curve in the range from 10 C below the NP-optimum to
the upper compensation point changes only to a small
degree so that the temperature response is characterized
with sufficient accuracy by a general equation and by
the shift of the optimum. Major deviations from this
general function will occur at temperatures of more
than 15 C below the optimum, since the slope through-
out this part of the curve will change with the value
of the optimum. This deviation will be smallest if the
temperature curves are not shifted to the lowest
optimum as reference but to an average value of
optimal temperature. For the purpose of this model, the
range of temperature-dependent NP from 10 C below
the optimum down to the lower compensation point
was extrapolated linearly to a rate of NP of 0 at -5 C.
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Figure 6. Change of the temperature optimum of net
photosynthesis (TEMP OPT) with the time of year (DAY) for
H. scoparia (unwatered).
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Figure 7. The measured values of percent net photosynthe-
sis (NP) being shifted on the temperature axis to such a degree
thatall the optima of the single temperature curves of NP are
the same and equal to the lowest temperature optimum as a
reference as related to leal temperature (TEMP) for H.
scoparia (unwatered). Fitted curve based on a polynomial
equation (@); points of measuremert (0). Optimum of the
polynomial curve is 100 %.

THE FUNCTION TO OBTAIN THE EFFECT OF
TEMPERATURE ON NP (FT) IN THE MODEL

MO0y 1
PROC OPTIONSCMALND)
ON ENDFILE(SYSIN) STOP)
ToR
GET LIST(OAY,»TEMPYJ
TEMPOPT®Y4422297+0AY* (0421694154047 (0e0025184B5°0AY%04000006494))4
PUT SkIp DATACTEMPOPT))
SHIFTsTENPOPT = 27,343
TEMPIT®TEMP = SHIFT)
IF TEWPIT » 1940 THEN
Efsitunt-lanobzs?‘rE*Pl1'(20-159~0:{"Ftr-(-oaﬂzalzavT[NPx7-o.qc||111))1
L
FACTOR=A*08=TEMPIT)
TENPFACTORaFACTUR/ 1000
PUT SKIP DATACOAY#TEMPSTEMPFACTORsSHIN T
G0 To Tops
END wOCL)

The change of the temperature optimum during the
seasons was observed not only on H. scoparia but also on
several other plant species (Lange et al., in preparation). It

was observed on watered and non-watered plants of the same
species. Figures 6 and 7 contain the values of watered and
non-watered plants. It is obvious that there is no difference in
temperature response due to water stress (for H. scoparia to a
range of -86 bars). Furthermore, the watered plant was
growing and producing new photosynthesizing organs
throughout the year, which means that the change in the
temperature optimum is not connected with a certain
phenological stage. This response is probably an adaptive
mechanism to the temperature, climate and the photoperiod
of the habitat. This response, therefore, needs to be
correlated to the EXOGEN submodel.

THE FUNCTION OF THE EFFECT OF WATER VAPOR
DIFFERENCE BETWEEN LEAF AND AIR ON NP (FW)

THE Responske oF NP o Cuances in WD

Input-Experiments measuring rates of CO, uptake at
light saturation and at a constant temperature at
varying WD during different times of the year.

In a number of plant species WD has a direct and
reversible effect on the stomatal diffusion resistance (Lange
et al., 1971; Schultze et al., 1972). Figure 8 shows a linear
decrease of NP at increasing WD for H. scoparia in the
spring (April 28) at good soil water conditions (maximal
water potential of the plant in the morning, -13 bars;
minimal Wp during the day, -31 bars). As the dry season
proceeds this effect becomes more and more pronounced as
shown in Figure 9 (June 2: w max of the plant in the
morning, -41 bars; W min, -67 bars). An increasingly
negative slope of the WD-dependent NP curve is obvious.

TuE ProOCEDURE TO CALCULATE THE WD REsPonse oF NP

Figure 10 shows a flow diagram of the procedure to
calculate the WD response of NP used in the model:

1. Eachsetof data of a humidity experiment on a certain
DAY is fitted with a linear regression (for 13 different
humidity experiments, each having 3-6 measurements
of WD-dependent NP, the R* of the curve fit is .92
to .99).

9. The parameters of the equation are divided by the value

of the y-axis intercept (NPMAX at WID=0), so that
the regression lines are scaled from 0 to 1. It was tried to
fit a time-dependent regression through the values of
the slope of the WD-dependent NP (slope = {(DAY)).
For any polynomial equation, R* remained very low
(linear regression:R* = .02, second-degree polynomial
regression: R? = .08, third-degree polynomial regres-
sion: R® = .11). This shows that there is no simple time
function to calculate the seasonal change of the slope of
the NP/WD experiments with sufficient accuracy.



From laboratory experiments it was obvious that the
WD effect on the stomatal diffusion resistance is
affected by water stress. Therefore, the slope of the
NP/WD experiments is correlated to the minimal daily
water potential of the plant during the day at that
time of the year. Figure 11 shows this regression and
the data points (R* = .77) for H. scoparia. The closing
reaction of the stomata increases at increasing WD with
decreasing water potential in the plant to a maximum
value at about -65 bars. With a further decrease of
water potential the reaction becomes smaller again,
because of the overruling effect of internal water
stress on the gas exchange process.

4, The change of the minimal daily water potential of the
plants during the seasons is certainly dependent on the
conditions in the atmosphere and in the soil. As a
preliminary approach, a third-degree polynomial
equation was fitted through the annual change of the
daily minimal water potential of H. scoparia (R* =
.92). Figure 12 shows a plot of this regression. It is
obvious that the extremes are not covered by this regres-
sion (e.g., day 229), which certainly will cause an
increased error in the overall photosynthesis model.

At large values of WD the stomata are expected to be
closed, not allowing a positive uptake of CO,. The
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Figures 8 and 9. Relative rate of net photosynthesis (NP)
scaled from 0 - 1 as related to the water vapor concentration
difference between leaf and air (WD) for H. scoparia
(unwatered) at a low water stress of ¥, -31.5 bar(Fig. 8) and
at a high water stress of ¥ P -67 bar (Fig. 9).
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experimental data do not show if the linear NP/WD
relationship is valid under very dry air conditions (WD
greater than 30 mgH,0/1), and it is very possible that in this
range of WD the rate of CO, uptake does not decrease with
the same slope. This effect was not taken into account in the
first model test. This means, that at large WD the reduction
of NP is probably overestimated with the linear regression.

Species name FW = —(dNP/dWD)
= *WD + 1
l Y

dNP/WD = f(WSmin)

i

Minimal daily water
potential

DAY

:

Set of variables:

NP/WD WSmin = f(DAY)
NP*NPMAX-1 =
NP = [(WD) i

f(WD) * NPMAX-1

WD = 0, NP=NPMAX

Figure 10. Flow diagram of the procedure to calculate the
WD effect on NP.
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Figure 11. The change in net photosynthesis per 1
mgHgO/1 increase of water vapor difference between leaf
and air (ANP/ AWD) as related to the minimal pressure
potential in H. scoparia (unwatered) during the day (w p
min).
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This overestimatation of the humidity effect became
obvious during the first model tests. An example is given in
Figure 13, where the observed values of NP show a
one-peaked daily course of CO, uptake whereas the
predicted NP has a pronounced depression during noon and
afterncon. The difference is caused by the linearly
extrapolated humidity effect.

For selected days the change of CO, uptake with WD at
low air humidity was plotted from the daily course of NP
and from the deviation between predicted and observed
values (Fig. 14). In this case the decrease of NP with WD
changes the slope at about 30 mg H,O/1. Stomata did not
close as rapidly as had been assumed from the first
experiments. In this range of stomatal closure, plant internal
control mechanisms (i.e. the mesophyll internal CO,
concentration) counterbalance the humidity-induced clos-
ing response.
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Figure 12. Change of the minimal pressure potential in H.
scoparia (unwatered) during the day (_min) versus the time
p
of year (DAY).
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Figure 13. The daily course of net photosynthesis of H.
scoparia (unwatered) on June 25, 1971. x-axis: rate of net
photosynthesis per gram dry weight and hour (NP). y-axis:
time of day in 1/10 of the hour (TIME). Predicted values (e);
measured values (0).

For the purpose of this model, the deviation between the
linear regression and the observed change of NP with WD
was corrected for the first part of the year until July 16
(DAY 197) with a correction function of the type Y =
A/X+B, where A and B are time-dependent parameters. In
future applications of the model this correction should be
included into a single humidity function. For this purpose,
however, humidity experiments need to be carried out at
very dry air conditions.

The effect of the applied correction according to Figure
14 is shown in Figure 15 for the same day as was presented
in Figure 13. In this figure the observed and predicted
values of WD match perfectly.
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Figure 14. Percent net photosynthesis of H. scoparia
(unwatered) as related to WD (mgHq0/1) plotted from the
daily course of NP (half hourly means) for the time of light
saturation of COg uptake on June 8-12, 1971. Linear NP-WD
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Figure 15. The daily course of net photosynthesis of H.
scoparia (unwatered) on June 25, 1971, but calculated with
the additional WD correction. x-axis: rate of net photo-
synthesis per gram dry weight and hour (NP). y-axis: time
of day in 1/10 of the hour (TIME). Predicted values (e);
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THE FUNCTION (FW) TO OBTAIN THE EFFECT
OF WD ON NP IN THE MODEL

Original Function Used-In the future, a similar function
should be used after changing the equation of statement 8 to
the non-linear relationship at high values of WD.

HMODg!
Pic-c OPTIONS (MalN))
ON ENDFILECSYSIN) STOP)
ToP1
GeT LIST¢DAY.nE))
RSMINEGUBO7GueUAT (=] 1 6088292+0AY*(0su140833=0AY*0.00003169804)))
FACTOR®0 4003832164 +nSMIn (04000120063 +nSHIN® (01972805805 "NEMINT
0L 110582760620
FACTOR®==FACTQRJ
8- FrafacTor = wi + 1)
1F Fm < 0a01 TREAN
Fa=ga0l)
PUT SKIP CATACDAY2nD#Fn?)
GO TQ TOP}
END WgD2s

Function Used in This Model, Containing the Correction
for the Effect of Large Values of WD on NP-

FrafFaClror « nO] + 1.0

IF (Fm oLEs Q) FHe0,01
FRCORR=Fn

IF (Fm «LT1s 0428) FRCORRECA28
TEMPSA/FnCCKR + B

IF (TEMP sGT+ 1 sANU® QAY oLTe 197) FrefFrCORA « TEWP

where A and B are changing with DAY until July 16: A =
B17798TE-04"DAY**2-.2787197E-01*DAY + .3445914E01
B=-.2558189E-03*DAY**2+.1056985E 00*DAY-
.1643142E02
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Figure 16. Change of the water vapor difference between
the leaf and the air (WDI) throughout the day versus
increasing light intensity (LIGHT) under natural conditions
for H. scoparia (unwatered). (Avdat, July 28, 1971).
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THE FUNCTION OF THE EFFECT OF LIGHT
INTENSITY AND THE FUNCTION OF NPMAX

Tue Licut REsponse oF NP

Input-Experiments measuring rates of CO, uptake during
the course of a day from early morning until noon
at varying light, and humidity

conditions.

temperature

Figures 16, 17 and 18 show the change of WD, tempera-
ture and NP with increasing light intensity during the
course of a late summer morning until noon for H. scoparia.
In the desert, as light intensity increases, the climate gets
rapidly warmer and drier, which has a strong elfect on NP
at any time. The values of CO_ uptake in the morning are
measured when the air is moist but at temperatures far
below the optimum. The values of NP at noon are measured
at more favorable temperatures or at temperatures above
optimum, but when the air is very dry. NP increases with
light intensity to an optimum at 65-100 Klux. The rates
decrease again at higher light intensities.
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Figures 17 and 18. Change of leaf temperature (BTT) (Fig.
17) and change of net photosynthesis per gram dry weight
and hour (NP/TG) (Fig. 18) throughout the day versus
increasing light intensity (LIGHT) under natural conditions
for H. scoparia (unwatered). (Avdat, July 28, 1971).
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To attain the physiological light response curve the
environmental factors TEMP and WD need to be optimized
using the functions FT and FW. In a first step, the rates of
NP were corrected for the effect of WD only. Figure 19
shows the same data as in Figure 18 only corrected for the
effect of WD. The rates at light saturation increased more
than two-fold by this correction. If the data are corrected
only for TEMP, the rates of NP increase at low light
intensities, making the noon depression of NP even more
pronounced (Fig. 20). The light response corrected for
TEMP and WD is shown in Figure 21. There is no
recognizable depression of the rates of NP at high light
intensities. For this species the drop in water potential from
early morning to noon (-39 bars to -68 bars) has no
additional effect on stomatal aperture other than the
increased sensitivity to air humidity (the data were
calculated with WD =1 [water stress - 68 bars]). For other
species it is possible that with the correction of WD and
TEMP the rates of NP at a high light intensity at noon do
drop. This would indicate an additional effect of water
stress, which has to be taken into account in the model
separately.

The data of light-dependent NP, which were corrected
for TEMP and WD, are fitted with an assymptotic function:

f(x,a,b,c,) = a(l-e "PX) + ¢,

in which ‘a+c¢’ is the asymptote f(x) approaches with
increasing x, and ‘b’ is a parameter determining the rate of
rise hy which the curve approaches ‘a+c’; ‘¢’ is the intercept

134
.
.
.
10 . ‘lﬂl.' .'.l..
. . R
. e .
e 74 o
= .
.
g e
z .
a Ly
2 .
= P
zZ 1 o
s se
sses
et § 19
—5-
T T T T T T T T
o 13 26 39 52 65 78 o1 104 117
LIGHT
74
.
s s e s ea .
i o ssess
S
=] % L] G ° e * aseesd
G . s o
P
B 14 o
E sson
.
.
= 3
2| a3 20
=5
T T T T T T T T T
0 13 26 39 52 65 78 21 104 117

Figures 19 and 20. Change of net photosynthesis per gram
dry weight and hour corrected for the effect of water vapor
difference between leaf and air (NP/WD FACTOR) (Fig. 19)
and for the effect of leaf temperature (NP/ TEMP FACTOR)
(Fig. 20) versus increasing light intensity (LIGHT) under
natural conditions for H. scoparia (unwatered). (Avdat, July
28, 1971).

of the y-axis, which is negative and represents the
respiration rate. This function was fitted with a non-linear
regression program, which was especially adapted for this
problem.

Figure 22 shows the flow diagram of the procedure to

obtain the light response of NP from measurements of the
daily course of gas exchange.
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Figure 21. Change of net photosynthesis per gram dry
weight and hour corrected for the effect of water vapor
difference between leaf and air and corrected for the effect
of leaf temperature (NPTW) versus increasing light intensity
(LIGHT) under natural conditions. (e) calculated curve of
the light equation; (0) points of measurement for H. sco-
paria (unwatered). (Avdat, July 28, 1971).

NP = a([_e-b‘light)
+c

I i

Nonlinear regression to
fit NPTW = f(light)

Species name

DAY

|

i

Set of variables:
NP/light, TEMP, WD
from morning to noon

The effect of TEMP and
WD NPTW =
NP*FT-1*Fw-1

I

Function to remove the
effects of WD (FW)

NPT = NP*FT-1

I

i

NPW = NP*Fw-1

Function to remove the
"1 effects of TEMP (FT)

Figure 22. Flow diagram of the procedure to obtain the

light response of NP.



Procepure To OBTaIN THE LicHT RESPONSE OF NP:

PLQTTER:
sau oPrionsc*aind
BCL I FLOATS

88 FIXEDs

CNPTanPwanFTn)C300) Floats

CArxsCrDsEsFnaF ToFFraGaxx)(300) FLLATs

STRINGS CHAR(25)s

B(2) FLOAT)

ENDFILECSTRIN)

GC To FARTZ;

GET FILE(PARNS) LISTC(DAY))

STRINGS='Day = "(1DAY}

P

z

0

TaP
GET Eol?i‘lnaﬂat +EELDD)
ccon(rsfta,2r04" 602001
IF Ax s ¢ | BB = @ 1 CC = 0 1 00 ® 0 1 EE ® O THEn
6o To Toes
5?uh1-¢ WNT ¢+ 1)
alcountianad

X(COUNT yaBB)
CCCoUNnTatlCy
olcounTiepp?
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G0 TO Tops
PARTZ!
CALL PLOTCCOUNT " axan))

GRARN(0,1,3,0,0, 'L1gnT ', ' TILE,SIRINGS)S
PLOTCCOUNT, 'o ¥, Xuc))
GRARM[Os12320508 LIGRT 2" BT '251AINGS))
PLOTCCOUNT, Yat,x,0))
GRAFHCO2 15320500 'L1GHT 2 "Rp1
CALL PLOTCCOUNTS"*'sxsE))
CALL GRAPMCO,1,4,=%, B8, 1LIGHT '3 NP /Ta ' »3THINGS )Y
AMAT=94eB0790sCAY " (=1 r8uB29240AT (0 0140033 °DAY *0+3169B06E=04) )7
FaCTOR=0,003832564vanaTn(0s00C1200639%amaTe(049720050E=05anAT s
041103827€=C0) )
FACTOR==FACTOR)
PUT PAGE)
oo l=1 fp County
Fu(lyabACTCR » DCI) @
IF Fucl) « 0,00 THEN
FrtlysoiCis
PUT SkIP DATACUATSOCI)FN(T)))
IF EC1) > © TREN
PRl T)=ECL)/FnCIDs
ELSE
MPRlL)=sECL))

cALL
CALL
CALL
cALL

CALL Yralalnesy)

1ad)

ENDJ
CALL PLOTLCOUNT, " uxahrn))
CALL GRAPMCO215 505208, "LIGNT ', "wP /0 FACTOR ' »STHINGS)D
AMAX®3402229T*0AY*(=042169415°0aY*(0eu02518489UAT 25400000464 2))
XuAXmXMAY * 2T o34}
Og I=1 10 CoUnTs
TEWPLT®CCT) = xmax)
COUNTImCOURTY + 1}
IF TEWPIT < 7 THEN DOJ
Freiyels
G0 TO ENCER)
ENCJ
IF TEWFIT » 20 THEN
FTCl)am16140L 37 TFMPITO(204 890 TEMPIT*("usb26328*1EurIT
QunCla1ii) )
ELSE
Frelymia.a * 3.436=TENFIT)
FTelyaFT¢lyr100)

ENDER!
PUT SkiP DATACOAY CCLDLFTCINS
IF E¢1) » O THEN DOJ
MPTCL)mECL/FTLL)S
NETRCIIOEC LD /FWCIIZFTLIDS

APTCL)=EC L))
NPTRCIeEC] D)
ENGS
ENC)
CALL PLOTCCOUNTLs "o sxanPT )
CALL gHAPH(O,1,3,m5, g, tLIGHT Y, vhp, TEup FACTOR!,STAINGS 3)
caLL PLoTCcounTis'stuxanPrng)
CALL GRAPF(Qs1232"5508s 'LIGHT »'nPTa'sSTRINGS))
00 sl TC coumTly
Put FILECOUTFUT) EQITOXCL) oNFTREED)
CCOLt1dsz (FUL0s2)0x020))0)
ENC)
CLoSE FILECQUTPLT) gPTloNsthoCx))
END FLOTTER?
ExPat
Proc oPTioNs(Malnd)
DCL CXXaY¥Ys2,Y)(300} FLOATH
GET FILE(OUTPUT) LISTCA,B,00)
Cg I=1 To 1300
xxClmid
* (1a0 = EXP(B'LY) » C)
ON ENpFILECQUTPUT) GO To PART2)
To0P:
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(COLL1)a2 Flos2200
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X(COUNT )al)
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SILL GRAPR(0,1,3,°5, 8, 'LIGNT!, 'NPTa',!
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END EXPa)

N

For this plant species, the above mentioned FW-correction
was applied for calculating the light response of NP. This
special procedure is included in the following FORTRAN
program:
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REAL LIal2au)snPAL240)inPal2a0) NETC2800 0P TREZ40) 00,00
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Tue Funcrion oF NPMAX

From the light curve of NP which is corrected for the effect
of TEMP and WD, the maximal rate of NP (NPMAX) is
defined as the rate of NP at high light intensity (120 Klux).

The asymptote of the exponential light function was not
taken as NPMAX, since many desert plants reach light
saturation only at a high light intensity (Schulze, Lange and
Koch, 1972). In such cases there is danger that the calculated
light curve does not reach an asymptote within the given
range of data, but could increase to very high values of the
parameter "a’. This parameter, therefore, does not represent
a physiological capability in all cases,
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The seasonal change of NPMAX is fitted with a third-
degree polynomial equation: NPMAX = f (DAY). This curve
is shown in Figure 23 (R* = .89).

Tue Funcrion (FL) oF THE EFFecT oF LicHT INTENSITY

From the seasonal change of the light curves of NP it is
obvious that the parameter a’ of the exponential function has
a high degree of variance. For this reason the seasonal change
of the light curve is calculated from the function of
NPMAX={(DAY) and from the change of the parameter ‘b’.
The parameter ‘¢’ is taken to be constant (average over the
season) because of its low variability.

The procedure to calculate the effect of light (L) on
NP(FL):
1. The seasonal change of the parameter b’ is fitted with a
third-degree polynomial equation: b={(DAY). This
curve is shown in Figure 24 (R*= .59, the F-values show

that all regression coefficients are highly significant).

2. The change of NPMAX with time is known from
NPMAX = f(DAY).

3. The parameter ‘a’ is calculated from tile exponential
light functions: a = (NPMAX-c)*(1-e-b"120)-1

4. The light curve of NP for any DAY is:
NP = a*(l-eP* L)+

5. The effect of light intensity is scaled from 0 to 1 by divi-
sion of NP by NPMAX:

FL = NP*NPMAX-! = (a*(1-e’P "L+ c)*"NPMAX-1,

L. T T T T T T
Mar Apr May Tun Jul Aug Sep

DAY

Figure 23. Change of the maximal rate of net
photosynthesis (NPMAX) of H. scoparia (unwatered) versus
the time of year (DAY).

0.02-

0.00.

DAY

Figure 24. Change of the parameter “b” of the light
equation (B) versus the time of year (DAY) for H. scoparia
(unwatered).

Tue Funcrion (FL) To OBTAIN THE EFFECT OF
LicHT INTENSITY ON NP IN THE MODEL
“0D3t
PRCC CPTIONS (MAlN)J
ON ENCFILE(SYSIN) STOPS
T0P1
GET LIST(OAY,L1uHT )}
KNP M AN 7 §341 79 e0AY 00, 7u5aTS3¢DAY (0 +72008256703°UAT#=0,40228656205)))
BFACT="0,02174303+04Y*00,00104134340AT+(eC 790661 24E=05+0AY
ae1%0%426p07)))
AFACTOOXNPHAY = 04141063)/0140 = EXPC=BFACT o 12003
XLEAFACTeC] 0 = EXPCBFACTeLIGHT)) = ce2443a)
FLBXL/XNFMAYX)
PUT Sklp UATALDATSLIGHTSFL)
G0 10 To#s
END ¥OC3)

THE WaTER STRESS FacTOR (FS)

An increase in plant water stress during the day is expected
toreduce the TEMP and WD corrected rates of NP, especially
at a high light intensity at noon. In this case the correction for
the effect of TEMP and WD would not compensate for the
noon depression. The decrease of the corrected NP values
with increasing light would be a measure of the stress effect.

For H. scoparia the curves of light-dependent NP either
level off or show an increasing rate of CO, uptake until high
light intensity. Therefore, in this case, the development of a
separate stress function was not possible. This, however,
might be necessary for other desert species.

THE MODEL TO CALCULATE NP FROM THE TIME
OF YEAR (DAY) AND FROM THE CLIMATIC DATA:
LIGHT, TEMPERATURE AND DEWPOINT

Input-The climatic data (light, temperature and dew-
point) are obtained from the METEOR common
block which contains the output of the EXOGEN
program. The WD value is calculated from the
temperature and the dewpoint data. For each
species the following parameters must be deter-
mined:

1. parameters for the correction of the effect of
TEMP (TEMPCI1-TEMPCS)
2. parameters for the correction of the effect of

WD (WDC1-WDCS8)
3. parameters for the correction of the effect of
L including the calculation of NPMAX (XLICI1-

XLIC8)
4. constant for conversion of the output from

mgCog*gdw'l*time'l to mgC“gC'l*time span‘l
(Const).

The model calculates NPMAX = f(DAY) and corrects this
value for the effect of L, TEMP, WD multiplicatively
(see Fig. 1). An effect of water stress still needs to be included

if necessary.
The output of the model ismg C* gC-1*time span-1

The FORTRAN program interfaces with the Desert
Biome “General-purpose” Model. Tt is as follows:
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END

TrE TEsT OF THE MODEL

The model was tested against NP measurements which
were taken under natural conditions in the field but were not
incorporated during building of the model. For the period
from April to September, 104 days were chosen. For these
days, NP was predicted on a 6-min time step. The result was
compared with the actual measured rates of gas exchange.
The test program worked on a 6-min time step, with only one
species, taking WD as an input variable. The test program is
as follows (for this species, the NP-WD relationship was
corrected for the non-linearity in the range of large values of
WD):

FILE &=FILEA,UNITaREADER,RECORD=14

FILE SaFlie5,UNTIsDLSKPALK,RECORUIasBLOCKEING=30
FILE @sFlLt8,UNIT=PRINTER,HECORDR2L

PILE 7sFlee7, UNTisPRINTERsRECORD=22
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Figure 25 shows the test result in a drawing, in which the
measured and predicted daily sums of CO, uptake are plotted
as a function of DAY. The scatter of the observed values (0)
is greater than that of the predicted (®) values. Extreme
high and low observed values (i.e. DAY 129, 141 and 142)
should be checked on the original recordings of the raw data.
The average deviation of the predicted and the observed
values of the daily sum of CO, uptake is -18 to +14 mg
CO,"gdw-1 *DAY-1, which is on the total average, an error
of -8%. It is important that the scatter of the predicted and
observed values seems to be random. There is no systematic
over- or under-estimation of the predicted NP at any time of
the year.

A great number of daily courses of NP is predicted very
closelv. An example is given for a day in spring (April 22) in
Figure 26; for a day in summer (June 17) in Figure 27 and for
a day in late summer (September 17) in Figure 28. The
predicted values (®) match the observed ones (o) for all
conditions throughout the day. '

The limitations of the model are obvious from days with
extreme climatic conditions and from days where production
is systematically over- or under-estimated. Figure 29 (July 28)
shows an example, where the predicted values (®) are much
higher than the observed values (0). The reason for such an
over-estimation of production is mainly due to a wrong
estimation of NPMAX at that point of the annual curve. For
long-term prediction of CO, uptake, for instance the NP
estimation of a whole growing season, such errors should
equilibrate. For extreme climatic conditions, however, there
is still a need to test whether the approach of handling the
effect of various factors multiplicatively is correct. In some
situations an average effect of the various factors, or the effect
of the minimum factor only, might lead to a better result.
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Figure 25. Daily sum of COq uptake (ZNP) as related to the
time of year (DAY) for H. scoparia (unwatered). Predicted
values (@): measured values (0).

For the ecosystem model the sum of CO, uptake over the
season is the most important result of the photosynthesis
model. During the time from April 1 to September 30, for 104
test days from a total of 183 days, the total sum of CO., uptake
is calculated. The predicted sum of CO, uptake is 7063.54
mgCOg*gdw‘l, whereas the measured rate is 7078.22 mg
C()g*gdw'l. The difference between the measured and the
predicted result over this period of time is only -14.69 mg
COQ*g__f,dw‘l. Thus the final error of this model test is in this
case less than -1%
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Figures 26 and 27. The daily course of net photosynthesis of
H. scoparia (unwatered) on April 22, 1971 (Fig. 26) and June
17, 1971 (Fig. 27) with FW correction. x-axis: rate of net
phosynthesis per gram dry weight and hour (NP/TG). y-axis:
time of day in 1/10 of the hour (TIME). Predicted values (®);
measured values (0).
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CONCLUSIONS

When we began to build the model it was not known if this
approach would lead to a reasonable result. Especially, it was
not known whether the function of the effect of L, TEMP and
WD would be sufficient to predict NP under natural
conditionsin the field. For H. scoparia this approach seems to
be sufficient and correct. For other species, however, other
mechanisms may be of more importance, and may be added

in a similar approach to the existing model.

For the application of this approach to other species, all the
parameters of the different equations have to be determined
from field data. If no data are available, new experiments
should be carried out. For species comparison, it would be
most desirable if similar sets of experiments could be
performed.

SENSITIVITY ANALYSIS OF THE MODEL
AND AN APPLICATION

A model gives the opportunity to test single factors in their
effect on the system as a whole which usually cannot be
accomplished by the original data set. Such an extrapolation
is certainly possible only within a limited range given by the
experiment.

In the following, an attempt is made to solve a specific
problem taking the primary production of H. scoparia as an
example. From the SST project the question has been asked,
What effect has a certain change in climate on plant
production? For 40° -60° latitude the following cases ought to
be tested:

1. change in mean temperature °C: -3, -1.5, -.75, + .75
2. changein wind and precipitation: -10%, -5%, -2.5%, 0
3. change in radiation: -3.1%, -1.6%, -.8%, 0

These changes should occur over a three-year period.

In solving this problem the following restrictions have been
made:

1. The model was run for 104 out of 180 days ranging from
April I to September 30. This is the main growing season
of H. scoparia in the Negev desert. The last heavy rains
occurred in mid-April. There is no rain until the end of
October. The percentage change of each case is
calculated.

The mean change of any parameter was accomplished
by subtracting this change from the original field data.
This is certainly not correct, since a mean change has a
certain statistical variation. A 3° change in mean
temperature means that also a change of 10° and more is
possible. Such episodial events have a drastic influence
on plant distribution. They are not covered here.
3. The model does not account for any acclimation, which
certainly will occur in a plant if conditions change over
a period of time.

A change in climate might reach certain physiological
threshold values (e.g., temperature induction of
enzymes, influence of photoperiod, etc.) which again
have a feedback on net photosynthesis and which are
not covered by the model.
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A change in climate will influence many other physiolog-
ical processes besides photosynthesis and respiration,
which in a feedback loop influence NP again, The
model does not account for such indirect effects.

Long-term changes of climate will certainly influence
the competition between plant species and induce a new
succession. Also this problem cannot be solved by
a photosynthesis model.

The model determines the relative importance of certain

factors for this special plant in its habitat. It also will show,
under certain changing conditons, if new factors and
functions have to be considered as important for the model.

H. scoparia shows the following responses in NP at the

proposed changes in external conditions:

L;

Percent NP

Influence of a change in leaf temperature without taking
a change in WD into account: a change in leaf tempera-
ture will certainly affect NP differently during the cold
temperatures in spring as compared to the hot summer.
Figure 30 shows the result of a temperature change on
the total rate of CO; uptake over the season.

Change in TEMP Rel. rate of CO, gain

-5.0 C 85.77%

-3.0 C 92.13%

-1.5 C 96.43%

0 100.00 %
+1.5 C 102.76 %
+3.0 C 104.47 %
+5.0 C 104.97 %

For a desert plant adapted to a hot desert climate, a
temperature drop of -3 C would decrease production by
7.9%. This change will certainly be smaller if this

T T T
—4 -2 o +2 +4
& TEMP

Figure 30. Relative change of the photosynthetic gain

(percent NP) for H. scoparia (unwatered) at a certain change
in mean temperature ( A TEMP) without taking a change in
WD into account. Constant WD (—): changing WD with
TEMP (----).

temperature change occurs over a long period of time,
since H. scoparia shows a great adaptation in its temper-
ature response (see I'ig. 6), It is a remarkable result that if
WD is not changed, production of H. scoparia will
increase 4-5% with a temperature rise of 3-5 C.

Influence of a change in leaf temperature with taking a
change in WD into account: a change in leaf tempera-
ture has a large effect on WD if the dew point is constant
especially at high temperatures typical for a desert day.
Figure 30 shows also the result of a TEMP and WD
change on the total rate of CQO, uptake over a growing
season.

Changein TEMP Rel. rate of CO, gain

-5.0 C 102.56 %
3.0 C 102.85 %
-1.5 € 101.99%
0 100.00 %
+1.5 G 97.26 %
+3.0 C 93.23%
+5.0 C 88.08 %

The result shows that in contrast to case (1), NP increases
2-3% with decreasing temperature. This increase is
terminated at a temperature change of -3 to -5 C because
of the great effect of the unfavorable cool temperatures,
Although a pure temperature increase will inercase pro-
duction, rising temperatures with a simultaneous
change in WD will decrease total production 12% at +5
C by humidity-induced stomatal closure.

Influence of a change in rainfall: a change in rainfall in a
desert area could have severe effects on plant growth,
All the cumulative effects on phenology will mainly
change the NPMAX curve. At decreasing rainfall the
maximal rates of CO, uptake will be lower. However,
since the effect of phenology on NPMAX is not modelled
vet, the effect of decreasing rainfall cannot be
handled properly by the model.

Influence of a change in radiation: the influence of
light intensity on the gain of CO, uptake is expected to be
small in the desert (Fig. 31). It might have an additional
effect on a change in leaf temperature and WD which is
not accounted for.

Change inlight Rel. rate of CO, gain
+10% 105.00 %
+ 5% 102.58 %
+ 3% 101.57%
0 100.00 %
- 3% 98.37%
-5% 97.25%

-10% 94.33%
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Figure 31. Relative change of the photosynthetic gain
(percent NP) at a change in light intensity (A L) for H.
scoparia (unwatered).

The results show the dominating effect of WD and TEMP
on the rate of NP of H. scoparia. The effect of changing water
stress still needs to be investigated. The changing light
intensity will influence NP in the given range only
insignificantly.
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INTRODUCTION

The aim of this report is to present a simple version of the
translocation submodel which may serve as a focal point for
discussion on the development of a series of submodels of
differing complexities.

In constructing this preliminary submodel, we have set
forth four questions to be answered in sequence: (a) What
compartments should be included in this submodel? (b)
What flows between compartments should be considered?
(¢) What factors control the rates of these flows? and (d)

What are the mathematical forms of the equations relating
flow rates to the factors affecting them? Our answers to
these questions have been based on a combination of the
results of the two previous meetings of the translocation
committee, available information from the literature, and
informed guesses. We have been guided by a desire to build
a submodel in the short time available prior to subsequent
meetings, in order to crystallize the problems which we have
to confront.

ASSUMPTIONS

The following major simplifying assumptions have been
made in order to facilitate the construction of the present
preliminary submodel:

1. The compartments (plant organs and carbon fractions)
and flows in the submodel are shown in Figure 1 (a and
b). The vertical line in Figure la separates flows which
take place at the beginning of the growing season (right
side) from those which oceur later (left side). The flows
at the beginning of the scason are distinguished into
three different life forms considered in this submodel.
After the beginning of the growing season, it is assumed
that the only carbon translocation occurring is that
from photosynthetic to other organs, and distinction
among life forms is then unnecessary.

2. The carbon fixed during each time step is put directly

into the reserve carbon fraction of the photosynthetic
organ.

3. All carbon translocations among organs involve the
reserve fraction only; such translocations are performed
prior to any transfers between different carbon

fractions.

4. Growth is defined as an increase in structural carbon.
Thercfore, the model deals with two related but dif-
ferent processes, viz. growth, and fluctuation of the
relative amounts of reserve carbon and protein carbon.

Assumptions concerning the factors affecting the flows,
and the mathematical forms of the equations expressing the
rates of flows as functions of these factors are explained in
the following section.

REMARKS ON THE FORTRAN IMPLEMENTATION
OF THE WHOLE-SYSTEM MODEL

Before describing the translocation submodel, the overall
structure of the whole-ecosystem model (Fig. 2) and the
manner in which information is passed among submodels
(Fig. 3) will be briefly reviewed.

The boxes in Figure 2 represent subroutines in the
FORTRAN implementation of the whole-ecosystem model.
Subroutines above the broken line do not model any
biological processes. The main program reads initial values
of the state variables, calls some of the subroutines, and
handles various bookkeeping chores. The subroutine
EXOGEN provides exogenous data such as air temperature,
precipitation, irradiation, etc. Tabular and graphical
print-out are provided by the subroutines REPORT and
GRAF, respectively. Sensitivity analysis is performed by
SENSIT, SENOUT and DERIVD. The subroutines
VEGET, ANIMAL and SOILS either model the plant,

animal and soil subsystems or call other subroutines which
model separate processes of these subsystems. The processes
considered in the plant subsystem are phenology
(PHENOL), photosynthesis (PHOTOS), respiration of
non-photosynthetic organs during dark hours (RESPIR),
translocation of carbon among organs and changes in the
amounts of different classes of carbon compounds
(TRANSL), uptake of nitrogen and minerals from the soil
and their distribution to each of the organs (MINUPT), and
organ abscission and death (VDEATH). The subroutine
KOVER calculates the fraction of ground covered by each
species. The subroutine VSTVAR handles miscellaneous
bookkeeping chores.

The common block /INCOMV/ contains variables and
switches generated by the various plant submodels and
required by more than one of these submodels. For example,



the one-dimensional array “PHENST(I)” which is an output
from the phenology submodel, and an input to the
translocation submodel, indicates the current phenological
state of the i'th species age class. Inputs required by the
submodel which are read in at the start of simulation are
placed in the common block /PARAM/ if they are real
numbers, and in the common block /IPARAM/ if they are
integers. The common block /SPEC/ contains specifications
required by all of the programs such as the number of
species, the number of organs, etc. The common block
/METEOR/ contains exogenous variables (mostly meteor-
ological). State variables are contained in the common block
/STAT/, and increments to the state variables in the
common block /CHANGE/. The common block
/TOTALS/ contains summations of various combinations of
state variables. Selected state variables and output variables
not contained in the previously mentioned common blocks
are included in the common block /OTHER/.

|
|

| Photosynthetic
| Tissue P—‘ 1
! |
Non-photosynthetic |
Non-reproductive | |
Above-ground
Tistue |
! |
% Rep{ﬁ(ﬁuctive I
issue |
: |
Below-ground
Tisfue ‘___ >
1
Seed Pool >
|
I
woody shrubs
la — — — — perennial herbs
. annuals
Protein |@§——| Reserve |——p Structural
1b

Figure 1. Compartments in translocation model.
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Figure 2. Procedures in FORTRAN implementation of
whole-ecosystem model.

/INCOMV/ /SPEC/ /CHANGE/
/PARAM/ /METEOR/ /TOTALS/
/IPARAM/ /STAT/ /OTHER/

Figure 3. Common blocks used by translocation model.
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DESCRIPTION OF THE TRANSLOCATION
SUBMODEL"

GERMINATION AND LEAFING-OUT

Germination and leafing-out are considered to be affected
by soil water potential in bars (SWP), soil temperature (ST),
and the ratio of the amounts of reserve to total carbon
(RC:TC). The translocation rate is related to SWP by a
modified Mitscherlich function (equation 1 and Figure 4), to
ST by a fourth-order polynomial (equation 2 and Figure 5),
and to RC:TC by an exponential function (equation 3 and
Figure 6). In these and subsequent equations, lower case
letters represent parameters. RTR1 and RTR2 are relative
rates varying from zero to one, and the overall rate equals
the product of TR, RTR1 and RTR2. In equation 1, ¢ and
SWP are negative numbers,

The reserve carbon translocated during germination is
distributed to roots and shoots according to read-in ratios.
In perennial grasses and herbs, the translocation during
leafing-out occurs from a single donor organ (below-ground)
to a single recipient organ (above-ground photosynthetic).
In woody shrubs, translocation occurs from two donor
organs (stems and roots) to one or both of two recipient
organs (leaves and fruits). In the latter case, the amounts
translocated from each of the donor organs are summed and
the resulting amount is distributed between leaves and fruits
according to read-in ratios.

VEGETATIVE AND FRUITING STAGES

The rate of translocation from the photosynthetic organ
to other organs is a function of water potential (WP),
temperature and RC: TC in leaves. The value used for WP is
the SWP of each soil horizon weighted by the root biomass
in the respective horizon. For above-ground organs the
translocation rate depends on air temperature, and for
below-ground organs it depends on the temperature of the

respective soil horizon. The relationships between the
translocation rate and each of these three variables are as
indicated in equations 1, 2 and 3 and Figures 4, 5 and 6
respectively.

If the species is fruiting the fraction of the translocate that
goes to fruits is an exponential function of RC:TC (Fig. 7).
The fraction of the remaining amount of translocate which
is transferred to below-ground organs is also an exponential
function of RC:TC; the rest is transferred to stems. This
manner of distribution is based on the assumption that as
conditions become more favorable, fruits receive a
progressively larger proportion of the translocate, and stems
a progressively smaller proportion.

CARBON FRACTION DYNAMICS

The ratio of reserve to protein carbon (RC:PC) at which
no flow occurs between these two fractons (CR = critical
ratio) is a negative exponential function of WP (equation 4
and Fig, 8), and the nitrogen to protein carbon ratio
(N:PC; Fig. 9). For above-ground organs the value used for
WP is the weighted SWP described in the previous section,
and for below-ground organs, it is the unweighted SWP.
The dependence on N:PC ensures that if nitrogen uptake is
low, protein synthesis will be depressed.

If the actual current RC:PC is greater than the critical
ratio, carbon flows from the reserve fraction to the protein
and structural fractions. The rates of these two flows are
exponential functions of RC:PC and RC:SC (where SC=
structural carbon) respectively. On the other hand, if the
actual value of RC:PC is below the critical ratio, then there
is only one flow; from protein to reserve carbon. The rate of
this flow is a negative exponential function of RC:PC.

FINAL REMARKS

In order to fulfill our ultimate objective of building a
series of translocation submodels, and to improve the above
submodel, which may be considered the simplest of this
series, we need to address ourselves to the questions below, It
is expected that each submodel of the series will have a
different set of answers to these questions:

1. Are there any compartments and flows that should be

*A flow chart of the submodel is provided in Figure 10.

added to and/or deleted from the present submodel?
Are there any data available bearing on the relationship
between the flows and the factors influencing them
which are assumed in the above submodel, or is there
any information indicating that there are better choices
of factors?

Are there time series data available providing the rela-
tive amounts of protein, reserve and structural carbon
present in each organ of representative species?
Should any of the mathematical equations expressing
the rates of flow be modified or replaced by others?
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INTRODUCTION

One of the major objectives of the International Biological
Program (IBP) is to develop large-scale systems models to
simulate carbon flow through natural ecosystems. Research
emphasis toward this end has focused on many important
ecosystem processes, e.g., primary productivity, population
dynamics, nutrient cycling, ete., all of which must be
incorporated into the models. In order to predict the
activities of the different trophic levels in an ecosystem,
temporal realism for ecosystem phenomena must be
achieved. Because of this need, it has been recognized from
the outset that phenological information would be an
integral part of any large systems model. Consequently,
there has been considerable interest in phenology within the
representative biomes of the US/IBP in both field studies
(US/IBP Phenology Committee, 1972) and mathematical
modeling (Lieth, 1974). A Desert Biome approach
developed for modeling phenology will be presented in this
paper.

The response of plants to environmental stimuli is
reflected in a change in their activity. This could involve,
for example, the initiation of flowering buds, the
germination of seeds, or the onset of senescence. These
changes, or phenophases (Licth, 1970), within the life cycles
of plants are important in delimiting many ecosystem events
such as the beginning and end of growing seasons and
energy transfers between trophic levels (Bliss, 1967; Lieth,

1970, 1971). The use of meteorological data to predict some
of these phenological changes has been practiced for many
years where, in general, correlations between certain
phenophases and specific environmental triggers are sought.
Probably the most well-known cxample is the concept of
heat-units or degree-days (Wang, 1960) which characterizes
plant development as a function of its thermal environment.
Other factors, such as the of air
temperature (Jackson, 1966) and the cumulative sum of the
product of daily air temperature and insolation (Capiro,
1971), have also been used to predict flowering time in
certain species of plants with varying degrees of success.

cumulative sum

It is clear that the seasonal and yearly stochastic
variations in the physical environment to which plants are
coupled make prediction of phenophases based solely on
calendar dates unsatisfactory. This is especially true in
desert where extreme conditions prevail.
Consequently, it is necessary to have phenology as a variable
which can be determined as a function of current
environmental conditions. The role of a phenology
submodel in an ecosystems model is to provide current
information on the phenological status or developmental
stage of each primary producer. This information will, in
turn, be used to regulate other activities in the model, e.g.,
photosynthesis, carbohydrate translocation, etc., thereby
obtaining realistic simulations of biomass dynamics.

ecosystems

MODELING PHENOLOGY IN DESERT ECOSYSTEMS

Deserts are essentially “water-controlled” ecosystems
because of the infrequent, discrete and unpredictable inputs
of water (Noy-Meir, 1973) and the tight coupling of the
organisms to this available moisture. For example,
creosotebush (Larrea divaricata) in the Colorado Desert in
southern California was found to flower any time of the year
in response to increased soil moisture (Oechel et al., 1972),
and Brum (1973) has documented the importance of spring
and summer rainfall in the germination and establishment
of saguaro (Carnegiea gigantea). Probably few exceptions
exist where major plant activities are not a direct response to
soil moisture levels. This concept is examined in depth by
Noy-Meir (1973). Of course, in spite of the importance of
water, other environmental variables can have a modifying
effect on the physiological response of a plant. In fact,
Larrea would not have exhibited a year-around flowering
capacity had air temperature been limiting at the time of
water influx (Oechel et al., 1972).

Bridges et al. (1972) have proposed modeling phenology
in deserts using a “pulse-reserve” paradigm in which various

qualitative phenological states of plants are triggered by
different combinations of environmental variables -- water
being the most important. If the relationships between phen-
ological events and environmental triggers are known, as
Beatley (1974) has worked out in great detail for Mojave
Desert plants, this approach may prove to be useful, at least
where such detailed data are available. As vet, however, it
appears that this method would not provide the resolution
necessary in a systems model (Reynolds, 1974). However, a
phenology model for desert plants should ideally include the
flexibility which would allow the inclusion of any threshold
trigger that has been defined for certain phenophases in a
species as well as quantitatively tracking phenological
progression. In this paper a generalized phenology
submodel is presented for desert plants. This submodel was
developed to provide a framework for utilizing a variety of
environmental data (e.g., soil moisture status, air temper-
atures, heat-sums, ete.) to simulate phenology and, in
addition, provide for internal plant thresholds (e.g., carbon
fraction ratios) which can further regulate the phenological
status of a plant.
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MODEL DESCRIPTION

SELECTION OF LIFE-FORMS AND PHENOPHASES

A balance must be made in any modeling attempt with
regard to the detail needed to accurately represent
important biological phenomena and the complexity of the
model which can limit its understanding and usefulness.
Thus, in addition to obtaining a realistic representation, a
minimum level of complexity was sought in formulating the
submodel.

The submodel was structured to handle two functional
plant groups; perennials (including grasses, forbs, succu-
lents, evergreen shrubs, winter- and drought-deciduous
shrubs), and annuals (grasses and forbs). Although the
division of all plants into an annual or perennial distinction
is broad, it was justitied on the basis of the closer functional
similarity of, for example, the life cycle of a perennial grass
and a perennial shrub than that of a perennial grass and an
annual grass. Phenophases were selected to cover the
general spectrum of morphological development of plants
during their life cycles, from germination to vegetative
growth (e.g., swelling leaf buds, emergent leaves, twig
elongation, ete.) and reproductive growth (e.g., floral bud
development, flowering, fruiting, etc.) to, finally, dor-
mancy and/or senescence. Six phenophases were defined for
annuals and five for perennials, as listed below:

Annuals Perennials
1. Seed dormancy 1. Dormancy
2. Seedling 2. Leafing-out
3. Vegetative growth 3. Vegetative growth
4. Flowering 4. Flowering
5. Fruiting 5. Fruiting
6. Senescence/death

In addition, perennial seed germination was simulated,
corresponding to the first three phenophases of the annuals
listed above.

Dormancy was selected to represent a seed phase in
annuals and winter- and/or drought-induced dormancy in
perennials. Some evergreen desert shrubs remain metaboli-
cally active throughout the year (Chew and Chew, 1965;
Oechel et al., 1972); thus the dormant stage actually
represented a “quiescent” stage for certain plants in that a
relatively fast response to increased levels of soil moisture
and favorable soil and air temperatures was possible as
reported for Larrea and Ambrosia (Ackerman and
Bamberg, 1972).

The seedling phenophase for annuals was distinguished
since the process of establishment must be achieved before
vegetative growth was permitted. Leafing-out was an
arbitrary term selected to represent the period immediately
following the breaking of dormancy in perennials; for
evergreens it may simply be an increased level of
photosynthetic activity and greening of leaves, whereas for
deciduous shrubs it would be the initial production of new
leaves from internal reserves before active photosynthetic
growth resumes.

The reproductive phase is important for consumer
sections in the other portions of the ecosystem model; thus
a separation was made into flowering and fruiting states.
The eventual senescence and death of annuals were also
separated into a distinct phenophase to complete their life
cycle, whereas for perennials, a return to dormancy
followed the reproductive phase.

MODEL STRUCTURE

Plant development was viewed as a continuous phenome-
non; i.e., the within-population variability in phenological
progression rates was taken into account. To achieve this,
the percentage of the population of a species in each
phenophase at any given time was simulated, a technique
used in a grassland phenology model (Sauer, 1973). This
was also desirable in that much of the Desert Biome
phenology data exists in this form (West and Fareed, 1973).

The phenophases are shown as compartments in Figure 1,
where the interconnecting arrows indicate the natural
progression of plant development. It was assumed that
phenological progression, i.e., the transfer of the percentage
of the population between the “compartments,” could be
predicted by empirical relationships between each pheno-
phase of the certain endogenous and exogenous variables.

These relationships took the form of rate coefficients which
govern the magnitude of all transfers between compart-
ments, or phenophases. The general form of a flow rate
between two phenophases was:

Fyj = £(X,, X, .., X, RATMX)

where
Fy = the flow rate from phenophase i toj
X; = theenvironmental or endogenous parameters
involved in this flow
RATMX = the maximum allowable rate of flow under

optimum conditions
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The flow rates were time-varying and were calculated on
the basis of an interacting factor approach common in
photosynthesis models (e.g., Brittain, 1974; Cunningham
and Balding, 1972; Hari and Luukkanen, 1973; and
Schultze et al., 1974). For example, the effect at time t of
soil water potential and air temperature on a certain physio-
logical activity (e.g., vegetative growth) would each vary
between 0 (no growth) and 1 (optimum growth), depending
on the functional relationship involving the current meas-
ured values of soil water potential and air temperature and
vegetative growth. The resultant overall flow rate (Fi;')
would be the product of the two values and RATMX. A
comparison of this technique to the limiting factor approach
is given in Cunningham and Balding (1972).
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Figure 1. Annual and perennial phenophases represented
as compartments, Arrows indicate the natural progression of
plant development.
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Figure 2. Compartmental representation of phenophases
in perennial germination.

Computationally, the percentage of biomass in pheno-
phase i (X;) at time ¢ is as follows:

X;(t) = Xi(e-1) + Z Fi(e-1) Xj(¢-1) - Z Fyj(t-1) Xi(t-1)

where Fjj(t-1) represents the flow rate coefficient from
phenophase i toj at time ¢-1. This representation was simply
a donor-controlled system of first-order difference equa-
tions. With this approach, the changing distribution of the
percentage of the population between compartments
represented phenological progression or plant development
(Sauer, 1973).

FLOW RATES

In this section each flow rate will be described with
respect to specific phenological states. All flows are written
as Fy; (Fig. 1) or, in the case of perennial germination, Gy
(Fig. 2). For convenience, associated FORTRAN names are
given throughout for easy reference to the computer listing
in Appendix 1 (e.g., the FORTRAN equivalent for the
percentage of the population of the ith species in the jth
phenophase is PHASE(L]J)).

GERMINATION AND ESTABLISHMENT
Annuals

Germination (F,,) was simulated by predicting the
percentage of total carbon in all shed seeds, PHASE(I,1),
that became above-ground biomass. This percentage,
GERM, was given by PREDGM x PHASE(I,1), where
PREDGM was determined from a functional relationship
which related soil water potential to germination response
(Fig. 3a). Under optimum soil moisture conditions, a large
percentage of the total seed reserve in the soil will
germinate; under poor conditions, an increasingly smaller
percentage germinates, Before germination can occur,
however, soil temperature (SOILTE) must be above a
certain threshold wvalue (SOILTH) and coldhardening
requirements, if any, must be satisfied. Germination can
occur more than once during the growing season, which is
directly dependent on influxes of soil moisture from rainfall.

For the coldhardening requirement to be satisfied, soil
temperature must be less than a certain threshold (COLDT)
for a predetermined number of days (COLDTH). In the
model, a counter (ICOLDS) is used to register the number
of days this threshold has been met within the preceding nth
days. Elaboration of this is possible, e.g., combinations of
high and low soil temperatures, which appear to be
important for some desert annuals in New Mexico (Whitson,
pers. comm.).

The general form for germination is:
F.. = f(PREDGM, ICHARD, IGTEMP, RATMX)



where

PREDGM = a t+ f3 exp ( & soil water potential)
0if ICOLDS < COLDTH

TCHARL ~\1if ICOLDS > COLDTH
0if SOILTE < SOILTH .

IGTEMF ~\1ifSOILTE > SOILTH

RATMX = the maximum rate of germination

(percent da_\"l)

Immediately following germination, establishment (F,,)
is considered. It is assumed that soil moisture is the most
significant variable affecting establishment success. The
functional relationship used is shown in Figure 3b, relating
soil moisture (SM23E) to the interphenophase flux. Note
that a change in soil moisture near the drier portion of the
range of soil water potential values is more significant in
terms of the flow rate coefficient (SM23E) than when
occurring near the wet end. Under moist conditions a large
portion of the percentage ends in the vegetative growth
stage (Fy; Fig. 1), whereas under dry conditions, mortality
is high (F.s; Fig. 1). The flows are:

F,s = f(SM23E, RATMX) and
Foo = f(SM26E, RATMX)
where
SM23E = a (1. — exp (— B '( E— soil water
potential)))
SM26E = 1. — SM23E
RATMX = the maximum rate of interphenophase
transfer (percent day~1)
Perennials

For perennials, the simulation of germination (G,,; Fig.
9) is essentially the same as discussed above for annuals. For
each species a seed reserve exists (SEED), of which a certain
percentage (GERM) will germinate in rgsponse to suitable
conditions. Soil moisture determines the percent survival
(SEEDLN to PJUVEN) or death (SEEDLN to SMORT),
once germination has occurred. Once the growing season
has passed, the total percentage that is distributed among
the compartments is shunted back to SEED to represent the
total seed reserve for the next season (the absolute value of
which is determined by other submodels). In general,
perennial germination and establishment are as follows:

Gy, {(PREDGM,

GERMRX)

ICHARD, IGTEMP,

¥l
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G, = f(SM23E, GERMRX)
Gy = f(SM24E, GERMRX)
where
PREDGM, ICHARD, IGTEMP, SM23E are

as defined for annuals

SM24E=SM26E, where SM26E is as defined for
annuals

GERMRX is the maximum rate of each inter-
phenophase flux (percent day-1)

BreakING DORMANCY

Perennials break winter dormancy (F,,; Fig. 1) as a
response to various environmental variables. The thermal
environment is assumed to be important in this respect
(Jackson, 1966 Taylor, 1969). The concept of degree-days
is used, as in Waggoner (1974), to predict the appearance of
the leafing-out phenophase:

t
{ (T-T}) dt

Heatsum =
where .
T = current air temperature
T}, = the threshold air temperature
t = current time
to = arbitrarily taken as t-60

When the heatsum (SMHEAT) has reached a specified
critical level (THHEAT), leafing-out will occur. Other
parameters can modify the response of the plant, e.g., soil
moisture (SM12; Fig. 3c) and photoperiod (IPHOT1). The
general form for leafing-out is:

F,, = fIDTEMP, SM12, IPHOT1, RATMX)
where
0if SMHEAT < THHEAT
IDTEMP ={) if SMHEAT > THHEAT
SM12 = g + f exp (¢ - soil water potential)
0 if daylength < specific photoperiod
aey, = (lpg?izggn)gth 2 specific photoperiod
(PHOTOR)
RATMX = the maximum rate of leafing-out

(percent day‘l)
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VEGETATIVE GROWTH AND FLOWERING

Once perennial dormancy has been broken, transfer from
the leafing-out phenophase to vegetative growth (F.,; Fig,
1) is related to the increase in physiological activities of the
plant. It assumed that this is reflected in the
respiration:photosynthesis ratio (CR23) in that, before the
breaking of dormancy, respiratory losses and photosynthetic
gains probably balance each other (R=P) in evergreen
shrubs, whereas in other perennials, respiratory losses are
probably higher (R > P). The functional relationship
between R:P and CR23 is shown in Figure 4 where, as the

is
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Figure 3. Functional relationship of soil water potential
to: (a) percent seed reserve germination; (b) effect of soil
moisture on establishment success; and (c) effect of soil
moisture on interphenophase flows (1,2), (2,3) and (3,4).

i

ratio decreases, the transfer to vegetative growth increases.
In addition, soil water potential is employed as a
rate-determining factor (SM23; Fig. 3¢). The flux to vegeta-
tive growth is given as:

F,, = f(CR23,SM23, RATMX)
where
CR23 = a+ fexp( & R:P))
SM23 = a + f§ exp( £ - soil water potential)
RATMX = the maximum rate of transfer (percent

day1)
FLowERING AND FRUITING

The criteria used in determining the flowering pheno-
phase (F.,; Fig, 1) are photoperiod (IPHOT2), soil moisture
(SM34; Fig. 3c) and flower development (CR34; Fig. 5), in
the form of the ratio of reserve carbon in all organs
(CVEGO(I,IR)) to the total carbon in the plant
(AVEGO(I)). The carbon ratio was chosen on the basis of
the results of carlier executions of the photosynthesis and
translocation submodels, where this ratio was highly
correlated to flowering. The flow rate is given by:

F;, = {(IPHOTZ2, SM34, CR34, RATMX)
where
0 if daylength < specific threshold
(PHOTOF)
IPHOT2 =
1 if daylength 2 specific threshold
(PHOTOF)
CR34 = a (1. —exp( ' carbon ratio)
SM34 = a + P exp (£ - soil water potential)
RATMX = the maximum rate of flux (percent

day-1)

Soil moisture (SM45) is probably the determining factor
as far as the allocation of carbon to flowers and/or fruits.
Under moist conditions, continuous flowering and fruiting
are common for many desert plants (as reported for grass-
land plants; Sauer, 1973), although the total energy allocated
to reproduction may be less than that under drier moisture
regimes, at least for some plants (Cunningham et al., 1974).
Consequently, as shown in the relationship between soil
moisture and flowering-fruiting (Figs. 6-7), as the soil dries
there is a rapid transfer to fruiting; under moist conditions
flowering will continue, with a certain percentage
transferred to fruiting at all times. Plant water potential
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might be a better parameter in some plants, e.g., cacti. The  Perennials
rates are given by:
For perennials, as the ratio of reserve carbon in the leaf to

F,; = f(SM45, RATMX) total plant carbon decreases, the plant rapidly becomes
dormant (Fs, : Fig. 1). The form of this relationship is shown
F.. = f(SM54, RATMX) in Figure 7. If freezing air temperatures (a species-specific
value -- FREEZE) occur, rapid transfer of all percentage of
At the population is made to the dormant state (Fig. 1). In
SM45 = a (1. — exp ( B - soil water potential) general:
SM54 = 1.—SM45 F,, = f(CR51, RATMX)
RATMX = the maximum rate of flowering and F;1 = KFREEZE, RATMX)
fruiting (percent day-1)
where
SENESCENCE AND DORMANCY
CR51 = a + [ exp(carbonratio)
Annuals

RATMX = the maximum rate of flux (percent

Senescence (Fs.: Fig. 1) is generally keyed to an internal day'i)
depletion of carbon when physiological activity is reduced.
Therefore, a carbon ratio (CR56 -- fruit carbon:total plant

carbon; Fig. 8) was used to simulate senescence. Freezing 7
air temperatures will result in a rapid transfer from all |
compartments to senescence (F;g; Fig. 1). Once this occurs |
the percentage is distributed back to seed dormancy as a - |
mechanical process to be used to simulate the start of the life £ .5
cycle for the next occurrence. The general forms of the rates b '
are: |
|
F,« = [(CR56, RATMX) I
1 I
Fu = HRATMX) . 0.24 5
where CVEGO (1, IR)
AVEGO (1)
CR56 = a + f b i
4 et leulionnty] Figure 5. Effect of the ratio of reserve carbon in all organs
RATMX = the maximum rate of flux (percent to the total carbon in the plant on interphenophase flow
-1 (3.4).
day™)
1— 1 __]
e n
& .5 S 5
“ @
0 L 0
1 . ial
RSRATE Soil water potentia
PSRATE (bars)
Figure 4. Effect of respiration: photosynthesis ratio on Figure 6. Effect of soil water potential on flowering and

interphenophase flow (2,3). fruiting -- interphenophase flows (4,5) and (5,4).
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CR51

CVEG (I, ILF, IR)
AVEGO (I)

Figure 7. Effect of ratio of reserve carbon in the leaf to

total plant carbon in interphenophase flow (5,1).
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CR56

[ —

AVEG (1, IFR)
AVEGO (1)

Figure 8. Effect of fruit carbon:total plant carbon on in-
terphenophase flow (5,6).

MODEL BEHAVIOR

To illustrate the output of this submodel, the general
phenological responses of Hilaria mutica will be discussed
and compared to the simulated model output. Hilaria is a
large perennial bunchgrass occurring on the west and east
edges of the playa bottom at the Jornada Validation Site. It
generally begins growth in the early spring as soil and air
temperatures increase -- the rate of growth being limited by
soil moisture. A rapid flush of growth often occurs in late
summer in responsc to increased soil moisture and higher air
temperatures near the optimum for photosynthesis (Cun-
ningham et al., 1974). Hilaria has a small amount of green
material at the base of the large clumps throughout the
winter months, but this is probably insignificant in terms of
photosynthetic gains and is not considered in the submodel
(i.c., the plant is considered to be completely dormant
during certain periods).

In Figure 9 the four-year model simulation of Hilaria
phenology is shown. The percentage of the population
biomass in either a vegetative (VEG) or a dormant stage
(DOR) was plotted, where values of VEG less than 100%,
when DOR was 0%, represented the percentage of the
population biomass which was in the reproductive
phenophases of flowering and/or fruiting. The rainfall
events which occurred during the years 1971-72 and
1972-73 (March 20 to March 20; Fig. 9) provide excellent
contrasts for examining the simulated phenological re-
sponses of this species. For reference, specific events referred
to in Figure 9 are labeled el, e2, etc. In the simulation,
Hilaria broke winter dormancy both years at approximately
the same time (March 7-14, el and ef) in an apparent
response to warmer temperatures. However, the subsequent
phenological events were quite different during these two

vears.

In 1971-72, breaking of dormancy occurred slowly over a
period of about 11 weeks (el to e2). The first reproductive
growth occurred in late July, 18 weeks after breaking
dormancy as indicated by the drop in the percentage of the
population which was solely in a vegetative state (e3). This
corresponded to the first significant rainfall during that
summer. Reproductive growth occurred in various magni-
tudes in response to rainfall up to late November (e4). At
this time, the plant species went completely dormant in
response to freezing soil and air temperatures (e5).

In 1972-73, the first reproductive pulse (e7) was seven
weeks after the breaking of dormancy (e6), which was
followed by three large pulses (e8-e10). This was apparently
in response to optimal soil moisture conditions since
precipitation oceurred throughout the summer starting in
mid-June (week 116) and continued into late fall. This
unusually wet summer resulted in the simulation of
reproductive growth throughout the entire summer as
evidenced by the absence of a 100% vegetative population.

Although field data for Hilaria phenology do not exist to
validate this four-year simulation on a week-to-week basis,
field observations and standing crop estimates from 1970 to
1972 (Fig. 10) provide a basis for evaluation. The submodel
adequately simulated the periods of Hilaria dormancy. This
can be seen by comparing the weeks of absolute dormancy
simulated in Figure 9 to the absence of live green material in
Figure 10. The simulation of reproductive phenology is not
as easily evaluated, but the submodel did produce the
general observed For example, the greatest
reproductive biomass was produced during the wettest
summer (Fig. 10; 1972) while the submodel predicted
substantial reproductive phenology for this summer
(1972-73 simulation vear) as discussed earlier.

trends.
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Figure 9. Four-year simulation of phenology for Hilaria. See text for explanation.
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Figure 10. Biomass dynamics for Hilaria at the Jornada site from 1970 through 1972.
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Illustrated in Figure 11 are the outputs from a 190-day
model simulation for two hypothetical plant species, an
annual and a perennial. The results of this simulation show
the phenological progression of these plants as determined
by the specific input coefficients for each plant. As
illustrated by this output, a wide range of phenological
situations can be simulated by the submodel.

Although actual data may not be available for some
species, the user may experiment with different coefficients
which govern the rates of phenological progression: these
may then be compared to field observations to obtain
realistic simulations.

The phenology submodel presented here was developed to
accomodate any set of phenological data available; any
environmental or endogenous variable can be used to
determine a flow rate. New functional relationships can be
easily introduced in the submodel to supplement or replace
current ones with a minimal amount of effort.

Restrictions within the present format include the annual-
perennial distinction, the defined phenophases and the

PERENNIAL

100

Leafing
Out

20+
80+
704  Dormant
601 Vagelative
50+

404

Flowering

rulting Dormant

130 140 150 160 170 180 190

ANNUAL

904
80+

PERCENT OF POPULATION
8

704
Dormant

60 4
504 Vagetative

40 Seadling
30 4 Dormant
204

104

90 100 110 120 130 140 150 10 170 180 190

Figure 11. Ninety-day simulation for a hypothetical
perennial and a hypothetical annual to illustrate model
flexibility.
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direction of flows (e.g., Fouquieria) wherein flowering
cannot occur directly from a dormant state. However, these
restrictions can be further diminished with a moderate
amount of restructuring of the program.

In conclusion, it appears this approach can be used to
obtain satisfactory simulations of phenological changes in
plants. The use of such coefficients as “RATMX” gives the
submodel the flexibility necessary to simulate such situations
as a rapid response to an environmental change. Further
development must come in the area of incorporating
detailed field data into the submodel. A submodel such as
this can be a useful tool to synthesize various concepts of
phenology into an organized format for use in a large
svstems model,
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INTRODUCTION

In a desert ecosystem, the distributions of water, salt and
heat in the soil profile are basic properties needed to
evaluate most biological and physical processes. They are
therefore of primary concern to an ecosystem model. The
submodel which predicts these fundamental parameters is
one of the most important to the overall modeling effort of
the Desert Biome program.

This report describes a computer model which was
developed to predict the distribution of water, total salt and
temperature in a soil profile from a minimum of

measurements.

The program listing and a sample output are given in
Appendices 1 and 2, respectively.

The results of a 28-day validation run using 1971 field
data from Valley, Utah, showed excellent
agreement between predicted and actually measured soil
parameters, leading to the tentative conclusion the the
model would adequately serve the needs of the Desert Biome
ecosystem analysis program where heat and water flow
were mostly vertical (one dimensional). The use of the com-
puter program and results of limited field testing under
desert conditions are reported.

Curlew

MODEL DESCRIPTION

The soil water, temperature and salt models were
developed originally by Nimah and Hanks (1973); Hanks
et al. (1971): Bresler and Hanks (1969); and Bresler (1973),
respectively, The theory of the models is described in detail
in these publications.

Briefly, the theoretical aspects of the model can be
described by the following relationships. The soil water
model involves the numeric solution to the one-dimensional
general flow equation with a plant root extraction term,
A(z) as given by Nimah and Hanks (1973):

38

at
A(z) is defined as:
[Hroot+ (RRES * z)—h(z)—5(z)] *RDF(z) * K(8)

Az

Where 6 is the volumetric water content, t is time, z is
depth, K is hydraulic conductivity, H is hydraulic head, and
Hroot is an effective water potential in the root at the soil
surface where z is considered zero and RRES = 1 + Re. Re
is the flow coefficient, h(z) is the soil pressure head at depth
z, S(z) is the salt (osmotic) potential at depth z (in equivalent

head units), and RDF(z) is the proportion of total active
roots in depth increment Az.

3 oH
=% [K@O)ZZ)+ A 1
aZ[()BZ] (z) (1)

Alz)= (2)

The partial differential equation describing soil temper-
ature, T, as a function of depth, z, and time, t, in one
dimension as given by Hanks et al. (1971) is:

o]

where 0 is the thermal diffusivity (which in general may be
a function of time and depth). The thermal diffusivity is
equal to the ratio of thermal conductivity to heat capacity.

s 3)

t dz

aT 3[

The mathematical expression for one-dimensional tran-
sient salt conditions was derived from continuity considera-
tions by Bresler (1973) and led to:
21Q + b0)——D(v.0) 2 — 2 +5  (4)

oz )
dz a7z
Where Q is the local concentration (positive or negative) of
solute in the “adsorbed” phase (meq/cm3 soil); ¢ is the con-
centration in the solution phase (meq/cm3 soil solution); S is
any sink or source term due to salt uptake, precipitation or
dissolution; z is the vertical space coordinate (considered to
be positive downward); D is the combined diffusion-
dispersion coefficient (cm2.sec1); q is the volumetric flux of
solution (cn13-cm‘ .sec™'); and V is the average interstitial
flow velocity (cm‘sec'l).

ASSUMPTIONS

As presently used the model does not consider hysteresis or
layered soil although both of these have been considered
earlier by Hanks et al. (1969) and Bresler and Hanks
(1969). It is assumed that air escapes freely and that the soil
properties, primarily the hydraulic conductivity and the
pressure head-water content relation, do not change with
time, i.e., there is no change in soil structure. Other as-
sumptions are that the flow is isothermal, vertical and one
dimensional. Since the soil temperature is computed, future
improvements in the model could remove the assumption of
isothermal flow which would then allow vapor movement
and condensation in the soil profile to be predicted.

Further assumptions are that roots are considered to be
distributed in a continuous (but not necessarily uniform)
manner, and that no water is stored or consumed by the
plant itself.

The temperature prediction assumes soil organic matter is



negligible and the specific heat (mass) of the solid soil
material is taken as 0.2 cal-g’1.C-1. The present case
assumes the average surface soil temperature is the average
daily air temperature.

As a first approximation, the present salt model is

restricted to solutes that do not interact with the soil and
therefore the effect of salt fluctuations on water flow is
neglected. Thus, for an inert solute and porous medium, the
Q and § terms of equation (4) are assumed zero.

D Ul & W
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INPUT DATA REQUIREMENTS

The basic data needed for the solution of the model are:

. Latitude of the site.

. Amount and intensity of rainfall.

. Average daily air temperature.

. Salt concentration of input water.
. Distribution of roots in the profile.

Hydraulic conductivity-water content and pressure
head-water content data covering the range of water
content to be encountered.

. Thermal conductivity and heat capacity of the soil. If

these data are not available a good approximation for
o. the ratio K/Cv, is 12 Cn]2/hr.

Water content-depth, temperature-depth and salt
content (E.C.)— depth data at the beginning (initial
conditions).

. Air dry and saturated soil water contents (may be

estimated from the pressure head-water content data).
Root water potential below which the root will not go
(presumably the plant wilts). This may be estimated to
be between 15 and 40 atm with little difference in the
computed soil-water contents.

Presence or absence of a water table at the bottom of
the soil profile.
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COMPUTATIONAL PROCEDURE

The general computational procedure involved the
following steps:

j 5

Read input data.

2. The subroutine EVAPO is called. EVAPO is a service

-1

10.

11.
12.

subroutine which computes the evapotranspiration,
evaporation, salt content of the input water, and soil
surface temperature arrays and passes them to the
appropriate program. .

The diffusivity as a function of water content is com-
puted.

. From the initial water content as a function of depth,

values of hydraulic conductivity as a function of depth
are computed. Values of specific water capacity
(C ————%%) as a function of depth are computed.

. The surface pressure head is determined to correspond

to the surface flux conditions provided the pressure
head is above air dry.

. A value of Hroot is hunted for that satisfies the potential

transpiration conditions. Root extraction is assumed
zero during the period water or rain is added.
The tridiagonal matrix made up of the series of linear
equations for each depth is solved for the pressure head
at the end of the time interval at each depth increment.

. The program tests the total absolute change in water

content. If it is greater than a given value the time is
reduced by half and the program goes back to step 6.
Otherwise it will continue.

The distribution and dispersion of salt in the profile
are computed.

The subroutine DEGREE is called. DEGREE computes
the temperature of the soil profile and returns the array
to the main program.

The desired output information is printed.

A new At is chosen, and the values for water content,
salt content and temperature are taken as the new
initial conditions. The cumulative time is checked and
adjustments to the potential boundary conditions
at the surface are made if necessary.

COMPUTER IMPLEMENTATION

DEFINITION OF INPUT/OUTPUT PARAMETERS

A negative values show the soil depth increment
from which roots are extracting water

ALAMBA  constant used in salt concentrations

BEGTEM initial soil temperatures in °C

C water capacity of the soil increment in cm

CB constant to multiply D array by, usually 1.0

CONDUC soil thermal conductivity in cal/cm-hr-deg

CONQ largest water content change allowed each

computation; the smaller the number the more
accurate the computation but the longer the
run time, usually .03 to .05

COVER fraction of ground covered by plants

CUMS cumulative water flow at the surface in cm

CV soil heat capacity in cal/gm

CWF cumulative water flow in cm

D cm/hr hydraulic conductivity-water content
array in DELW increments

DD soil depth increments in cm

DEG average daily temperature-time array

DELW water content difference of the P, D arrays,
usually .01

DELX constant equal to 7.6

DETT smallest time increment allowed, usually

.0024 hr
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DIFA
DIFB
DIFO
DTIME

FACTOR
GRAVY
H

HDRY
HHI
HLOW

HROOT
HWET
IDAY
IER

JDAY
JULDAY
K

KK
LAT
LDAY
MDAY
ML
MM

NB

ND
P

PLACE
RAIN
RDF
RRES
RUNOF
SALTFX

SD

SE

SF
SOCON
SOURCE
STEMP
SUMA
TAA
TEMP
TET

TIME

constant used in salt calculations

constant used in salt calculations

constant used in salt calculations

size of the time interval for soil temperature
calculations in hours

Blaney-Criddle crop factor

gravity constant equal to DELX

water potential in the soil in em

cm pressure of air dry soil water content
maximum root potential allowed, usually zero
minimum root potential allowed, usually
—15,000 to —40,000 cm

root water potential in cm

em pressure of saturation soil water content
number of days of the simulation run

size of the TET, V, SF, DEG arrays, equal
to twice IDAY

Julian day the simulation starts

Julian day of the simulation

number of depth increments

isK+1

~ latitude of the site

day of the simulation run

day inerement of the simulation run

number of data sets being processed

prints every MM iterations if desired

equal to K or less, used when computation
over only a portion of the profile is desired
size of the potential-water content table
em of pressure head-water content array in
DELW increments

name of the site

inches of rainfall each day

fraction of roots in each depth increment

root resistance, 1.05

cumulative cm of runoff water

concentration of salt in rainfall, irrigation or
runon water (meq/1)

amount of salt in each soil depth increment in
meq

concentration of salt in each soil depth incre-
ment, E.C. readings in mmhos/cm
concentration of salt in rainfall, irrigation or
runon water-time array in meq/1

constant used in salt ealculations

constant used in salt calculations

temperature of each soil depth increment, °C
cumulative cm of water transpired

water content table, has even increments
DELW in size

zero if the bottom boundary is a water table,
otherwise equal to 1.0

average daily temperature, °F
evapotranspiration-time array; cm of water
lost per hour, evapotranspiration appears as
zero during periods of rain or irrigation

time the computation starts, usually 0; and the
cumulative hours of the simulation run

TRAIN hours that rain fell each day

TT 1.0 for Laasonen or 0.5 for Crank Nicholson
: computational procedure
v evaporation-time array; em of water evapora-

ting per hr, rain or irrigation appears as
positive evaporation per hour

w initial volumetric fractional water content of
each soil depth increment
WATH saturation soil water content
WATL volumetric fractional air dry soil water content
INPUT EXAMPLES

Example input data and the order of data cards are as
follows:

1. The name of the site starting in column 1, i.e., Curlew
Valley, Utah.

2. The latitude of the site (42.00) is in columns 1-6, IDAY
(28) in columns 7-9, JDAY (228) in columns 10-12,
FACTOR (0.80) in columns 13-17, and COVER (0.25)
in columns 18-22.

3. Rainfall data has IDAY entries in a F5.2 field with 14
entries per card maximum.

4. Average daily temperature is entered IDAY times in an
F5.2 field with 14 entries per card maximum.

5. TRAIN, rainfall intensity is entered IDAY times in an
F5.2 field with 14 entries per card maximum.

6. SALTFX is entered IDAY times in an 5.2 field with 14
entries per card maximum. If chemical analysis of
rainfall is unavailable, the data can be assumed zero.

. ML (01) is entered in columns 1-3.

8. K (09) is entered in columns 1-3, MM (099) is entered in
columns 3-6, IER (056) is entered in 7-9, NB (009) is
entered in 10-12, ND (054) is entered in 13-15, and
DTIME (24.) is a real number entered in columns
16-22,

9. RDF (+.0000E+00, +.3640E+ .00, etc.) is entered
KK times in an E10.4 field with seven entries per card
maximum. Note that the surface RDF wvalue must be
Zero.

10. P data (—.1800E+00, —.2000E—01, etc.) is entered
ND times in an E10.4 field with seven entries per card
maximum. Data starts with conductivities corre-
sponding to the driest moisture contents.

11. D data (+.8800E—05, +.10000E—04, etc.) is entered
ND times in an E10.4 field with seven entries per card
maximum. Data starts with conductivities correspond-
ing to the driest moisture contents.

12. W data (+.0100E+00, +.3200E+00, etc.) is entered
KK times in an E10.4 field with seven entries per card
maximum,

13. DELX (+.7600E+01) is in columns 1-10, DETT (+
.0024E+00) is in columns 11-20, GRAVY (+7600E
+01) is in columns 21-30, CONQ (4 .0500E +00) is in
columns 31-40, DELW (+.0100E+00) is in columns
41-50, TIME (+.0000E+00) is in columns 51-60.

=~1



14. TT (-+.1000E+01) is in columns 1-10, TAA (+
.1000E +01) is in columns 11-20, HLOW (—.2000E +
05) is in columns 21-30, HHI (+.0000E+00) is in
columns 31-40, RRES (+.1050E+01) is in columns
41-50.

HDRY (—.5000E+06) is in columns 1-10, HWET
(+.0000E+00) is in columns 11-20, WATL (+.1000E
—01) is in columns 21-30, WATH (+.5200E+00) is in
columns 31-40, CB (+.1000E+01) is in columns 41-50.
SE data (+.9900E+00, +.5100E+ 00, etc.) is entered
KK times in an E10.4 field with a maximum of seven
entries per card.

DD data (+.0000E + 00, + .3000E+01, +.3000E +01,
etc.) is entered KK times in an E10.4 field with a
maximum of seven entries per card.

ALAMBA (+ .1000E+00) is in columns 1-10, SOURCE
(+.0000E+00) is in columns 11-20, DIFO (+
.1000E—01) is in columns 21-30, DIFA (+.1000E—02)
is in columns 31-40, DIFB (+.1000E+01) is in columns
41-50, and SOCON (+.1000E+00) is in columns
51-60.

BEGTEM data (20.8, 24.0, ete.) are entered KK times
in an F8.2 field with 10 entries maximum per card.
CV data (.30, .30, etc.) are entered KK times in an F8.2
field with 10 entries maximum per card.

CONDUC data (3.6, 3.6, etc.) are entered KK times
in an F8.2 field with 10 entries maximum per card,

15.

16.

17.

18.

19.

20.

21.

The dimensions of arrays are as follows:

IER in size are TET, V, SF, and DEG: IDAY in size
are ATIME, SALTFX, ET, EVAP, TEMP, RAIN, TRAIN,
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DAYMIN, DALITE, and CTEMP; KK in size are H, G, Y,
W, RDF, A, SE, SS, SD, C, B, E, F, STEMP, DD, CV,
CONDUC, and BEGTEM; ND in size are P, D, and T;
PLACE is dimensioned 80.

SAMPLE OUTPUT

The sample output consists of the results of an actual
28-day validation run at Curlew Valley, Utah, beginning
with a report of the input data or the results of computed
input parameters (Appendix 2).

Water, Potential, Conductivity, and Diffusivity table
columns give the values of these parameters for each water
content from zero to 53%. The C(I), Depth, W-Depth,
H-Depth, RDF-Depth, and SE-Depth table gives their
respective values at each soil depth.

The second major table presents the evapotranspiration
results obtained from the EVAPO subroutine for each day of
the run.

The soil temperature data table has input parameters
needed by the DEGREE subroutine in the computation of
soil temperatures.

The DELX, etc., table contains the input constants and
single point data needed in the calculations.

The input information is followed by a daily report of the
desired output computations performed by the model.

FIELD TEST OF THE MODEL

The sample output (Appendix 2) is an actual example
using data from the southern sagebrush site at Curlew
Valley, Utah. The validation run is for the 28 days from
August 18, 1971 to September 15, 1971.

There were four rainfall events that occurred on the 11th,
12th, 16th, and 21st days of the run. Figure 1 shows the
water distribution in the soil profile at the start of the run.
In Figure 1 the model'’s predicted and the experimental field
values are matched to initialize the validation run. Figure 2
illustrates the response of the model to a light rainfall which
saturated the soil surface. Figure 3 gives the results of
validation after 25 days. The initial and validation data are
taken from Jurinak and Griffin (1972). The results of the
validation run show that the model started from an initial
condition of dry soil, responded to rainfall additions, and
then successfully dried out to predict the field-measured
soil moisture content on September 12, 1971, within the
experimental error of the measurement.

Figure 4 illustrates the initialization of the total salt

distribution in the soil profile for the same time period as the
soil water run. Figure 5 shows the results of the 25-day
validation run. Comparison of Figures 4 and 5 indicates that
the model was able to predict (within the experimental error
of the E.C. measurement) the upward redistribution of salt
in the profile due to evaporation of water from the soil
surface.

Validation data for soil temperatures were not available;
however, the soil temperature model has been tested by
Hanks et al. (1971). Figure 6 shows the soil temperatures at
two depths predicted by the model during the 28-day run.
The figure illustrates that the temperature near the surface
fluctuates widely in response to the air temperature
variation. The temperature changes deep in the profile are
very slow and gradual. These results indicate that the model
is responding in an expected manner and that the values
reported are reasonable for conditions at Curlew Valley.

This successful validation run leads to the conclusion that
the soil water, salt and temperature model will predict these
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parameters within experimental error under arid conditions
where one-dimensional flow predominates. It is further
concluded that the model will adequately serve most of the
needs of the Desert Biome ecosystem analysis program.
However, these conclusions must be considered as tentative
until further validation is carried out using data from other
sites and at different seasons of the year.
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APPENDIX 1
ProcraM LISTING

Coabatssansnnaneanssarananensssnssnatasenesensbetd a0ssqsnnunnTaaereRsIesssotey
[ PROGRAH TO COMPUTE WATERs TOTAL SALTe AND TEMPERATURE DISTRIBUTIOH
¢ TN THE SOIL PROFILE
Cosnssassssosnatoratstssstsnensnssatatsdsssdsosseosse
OTHENSTON HU2514C1250s YI251HIZ51sROFI251 0 ALZS51,
DTMENSTON SS5(2%)+S01251+C(25)+B12514E(25)10F(25
COMMCN/TRARS/TETCT3210V(T32) 0 SP{T32) 1 JDAY
COMMON/TTEMP /K (KK TER STEMPI252 DD (251 1CVIZS) s
1CONDUC (251 ¢ BEGTEMI2S ) 1 Juld
COMHON/EVDEG/DEGIT32]
COMHON DTIME
DYRENSICH PI6C 1201601, TIED)
Casassasasasararatasarasanstssdtssssarasassaransens
CALL EVAPD

sesanatuvas
€125

erssssnan

susens

Covasntnsatatsscns sessnsassssnets
READ 163 ML A 9

A 11

A 1n

sesdeiateseistausesnesensranuRsdbiEibisasRRRRRIT IR NS
c READ ARRAYS
CHetatsssssosnqnasasssasanubstssssstnsassanussnsees
PEAD (S+163} K MM:IEP+NBsND+DTIHE
KK=K+1 Aoae
FFADIS:166) (RDFIINeI=1sKKY
K=l
Wrpp=-.0Cs
ET=TETIL1}
LL=MH A
PEAD(S16511P{I}I=14N0)
READIS:16514D(T)+I=14ND}
READ 165y (WIT)eIZ1eKK) A 25
RFAD 1651 DELX+DETT+ERAVY 1 CONGsDELWe TTHE
READ 165+ TTyTAA HLOW+HHI#RRES
READ 165+ HDRY (HHET WATLsWATH,CH
READ 165+ (SE{I}:T=1+KK)
READ 165+ (D0IT1eT=1,KK]
READ (5:165) ALAMBA+SOURCE+DIFODIFA +DIFBySOCON
READ (5s1C1) TBEGTEH(I),I=
READ (5,101) (CVI(IN+T=1.XK}
READ (5,101) (CONDUCITI+IZ1¢K)
CUMT=VITER]
WRITE [6s169)
WRITE (6+1631 KiMHyIEReNBaND e DTIHE
Do 8 TI-1.KK
4 SELTITOSErTIe10. 17 (MITI/WATHY
Coutasatssasansnasatarasetsbosssosnnassnsansne "
c THE DIFFUSIVITY AS A TUNC"IUN OF WATER CONTENT IS COMPUTED
Cossnsnsassss srevasssen secissnansTINIETOTOeRRRERD Y
PILIZPI1)s1.0E+403
Ti11=0.C A 3=
na 300 I=Z+HD
TII)=DELW+TI1-1)

900 PIII=PIT)el1.0E+03
<E(11=5F(1)
SMAX=150.
CWFLX=0.0
EOR=V (1) A T
DELT=DETTY
THZ1.0-TT 76
TBB=1.0-TAA 17
YHAX=WATH A 82
DO 15 I=14KK
SSIII=SELT]
SDITI=SE(TIeWl ID

145 YU =weId
PIT=0.0
Do 15 IT=2+K

15 PYT=W(I1#(DOII+1)-DO(T-111/2.4PIT

MRITE (E+170)
TH=DL1)
DIL)=(Dt11+ (PL2I-P (1]} 1+CB 1]
JTOMELI-TE1) 1 /DELY#1.C
HILI=IPIJs1)-PEJY 18 (I TI-TIJ) 1 /DELW+P (J)
CI1)=HI1Y
CUII=DELKW/ (P{J+11-P(JY )
MRITE (6+2781 T(I14PIL1sTHDILICL1D +DDE1) sMI1) s HE1) +ROFIL) ¢ SELL)
00 3 I=2+KK
TW=DII)
DETI=DIII e (PII)-FPLI-1)1+CB+DII-1) A &1
JEIMEII-TILYI/DELN+1.0
HITI=(P(Je 1) -P LI #IRITI=TLJDI/DELN+P L)
CUT)=DELM/ZIPLJ+1I-PIJI}
BII)=HIT) A 886
WRITE (6,2781 TCID,PII):TN (11sCCINDDITI o MITI 2 HITIsROF(T}4SELTY

3 CONTINUE
=KKe1
00 2 T=H«HND
TH=DII)
PITI=DITI®(P{I)=-PII-1} 1eCB+D(I-1]

2 WRITE |5¢27'I) TII‘|'F‘IIIIT\! (I
Cossassecsassnsnss L ey
4 D IS NOW DTJ'F'JS'IV11Y TIMES DELW WOT EDNBQJCTIVITV
Caaadstserstsesssssnnnsstassasanessssssssssasasnsbsesssssnsnssssnnes
WRITE [6+179)

HDAY=
JULDAY=JDAY-1
00 5 I=2+TER:Z
MDAY=HDAY+1
JULDAY=JULDAY+1
MRITE (6r164) MDAY JULDAYa¥(T1aVIT=11+TE
CONTINUE
WRITE (6+201)
WRITE (6:202)
DO 10 I=1+KK
VRITE (6+203) DDII).BEGTEHII1+CONDUCITYI CVIIY
10 CONTINUE
WRITE (6180}
WRTTE (6s166) DELX¢DETTIGRAVYrCONGsOELH TINE
MRITE (65181}
MRITE (6+166) TTyCUMTy TRAYHLOWs HHI+RRES
WPITE (E¢172)
WRITE (61661 HORY HHET+WATLsWATH. CB
MRITE f6s284)
MRITE (6+2781 ALAMBA¢SOUPCE«DIFO0+0TFA,DIFB¢SOCON

sesene

KK

a7
89

-

sessussenns

eesssassns

11 ¢SFEI-11+DEGII-1}

]

¥cr=1 A 93
HROOT=GI2]

a A 95

A 9E

A 9R

Suul.u o

evesarsrens sresssansn sesestsessnasensnanaNnby

l‘nKPUI’ll’TJ’!N OF COHDUCTTIVITY [B1 AND UITER CAPACTTY (C)

B T T F T T P TR Ty PR R R L N R R R R R LR
A 100
A 101

HKP=HI1)

WKP=M 1)
IF (EOR-C 17419418 A 107
17 WILIZHATL A 103
Ht11=HDRY A 108
co 7O 19 A 105
18 MU1)=MATH A 1CE
HIL)=HUET A 107
13 TUMZ(MI1)+Y(1))e0.5 A 108
TMN=TL11)/DELMeLa0
BB=(TWU-T I/ DELY A 110
DTFFASID{J+11=-DIJI ) =BB+D{J) A 111
HTYZIP(J+1)=P(J)1)eB3B¢FLI) A 112
oe 37 I=14K R 113
TWZIWIT+114Y(I+1)1*0.5 A 114
JT{TW -TI111/DELW#1.0
FB-ITW-TUJ) ) /DELN A 116
DIFFB=IDIJ+11-DIJII=EB+DLJ]) & 117

CIS(PCJel)-PLJ) )1 9BRB+PLI)
219 TFIHI-GT120,32.2C

zo0 BITI={DIFFA-DIFFBI/CHI-GT} A 1zZ0
TF 1I-1) 21¢21.33 A 121
21 TF (EOR-D0a.0) 22:33227

22 TR={BI1)elHILI+TT-HI2)oTT-Gl 21« TH+GI 1)+ TH+DD(2) )1/ DDI2)
TF [ABS({1.1*EOQR-EPI-ABSIC.18EORI) ZI6r 236423
23 IFIKCK.ER.1) GO TO 22C

IF lKCK -201305+236+236
SIS tE s oS NN NEsHE e TN INNRNT IO EITOTRFRIIIRIEIRI IR RTINS

suee

[EELELERS

sasetesssanenteebsnssinnE

236 HI11Z(1.1¢E0R=D0(2I/D111+HIZ)eTT-GH1)e TH+GUZ) e TH-DDI21)/TT
TF{H(1).LT<HDRY] HIL1)=HORY
TF (H{1).GT.HWET) HITI=HWET
20 To 33

KFCK=KCK#1
€0 TO 19
308 KCK-KCKe1l
TF (ER-FOR) 28433428

24 TF (MU1I-WATH] 25:33,33 A 126
25 BOT=W(1} A 127
M{1)={W(1)+TOP1e0.5 A 128
60 TO 2B A 129
28 TF (M{1)-WATL) 33233427 A 130
z7 ToP=MI1) A 131
MIL1=(HI1)+B0T)+0.5 A 132
2B JTIMILI-T111)/0ELN41.0
BBZ(MILI-T1J)) /DELW A 138
TFIEOR-0.0130+ 3330
3o HI1)=(P(J+1)-PLJ) 1 eBB+PLS) A 138

718 THW=(M(1)+Y(1))e0.5
JEOTWM-TI11 ) /DELV 1.0

BES(TuW-T(J)1/DELW A 110
DIFFAS(DIJ+11-D(J)I=BE+D(J) A 111
HIZ(P(J+1)=P1J1)=BBeP(J) A 112
FO TO 219

32 BII1=IDEJ+ 11 -DUJN) FEPLI+TI-P LI A 187
TF (I-1) 33r21.33 A 183

33 THM=TW A 188
HT=BT A 185
DIFFA=DIFFB K 14F
TUS(MII+114¥(I410)1e0.5 A 187
JTOTH =TU1)1/7DELN+1.0

35 CtI+1}=DELM/(PIJ+1)-PLIV] A 151

37 CONTINUE A 158

KCK=1
TFIEDR.GT.0.0. AND.ETGE.C.01 60 TO 6666
TFIEOR.GT.0.0.AND.ET.LT.0.0) GO TO 5555
6666 ETPL=ET-EOR
IF{ET.GE.0.0) 60 TO 39
IFIETPL-0.0) 365:39:33
5555 ETPL=ET
Chatasssssasesssetatssssesssessosuatisis desssnnessasarssaisrinsasse
¢ SEARCHING FOF THE PROPER HROGT VALUE
Cosssncacessnssnsessnsds sosstasens sy

stsaseaseisses

365 HHOL ROOT
HROOT=HLOW L]
STHKZ0.0

DO 250 I=2+K
250 E1T1=GII)-36.+SECT)-DD(I) ¢RRES
D0 420 I=2+K
IF(HROOT-E(I).6T.0.0) GO TO 820
STNK=B{T1sROF {11 = (HROOT-E(I}}+SINK
420 CONTINUE
IFISINK-ETPL.GT.0.01 60 TO 502
HROOT=HHOLD
a10  HROOT=1.Z+HROOT
STHK=0.0
Do 821 I=Z+K
IF(HROOT-E(T1.6T.0.0) 60 TO 821
STNK=BIT1+ROF{I) ¢ (HROOT-E (I} )+5INK
821 CONTINUE
TFUSINK-ETPLI411 4402810
511 HRLOZHROOT
HPOOT=HHOLD
LCOUNT=O
412  HROOT=D.B=HROOT
LCOUNT=LCOUNT #1
Ir(LcnunT.[a.sr Go TO 8930
STHK=I
Do 422 I 29K
TFUHROOT-E{T11.6T.0.01 G0 TO 822
STNK=B{T1sROFLI1 = (HROOT-E(1}) +SINK
422 CONTINUE
TFISTHK-ETPLIG12+802 413
%13 HRHIZHROOT
GO TO 491
890 HRHIZHHT
591  LCOUNT=O
HROOT=HHOLD

a05  STHKZ0.D 1]
DO 400 Be
IF(HROOT-E(L).GT.0.01 G0 TO 400
STNK=B (T} eRDFII})e (HROOT-E (1)) ¢SINK a

P

400 CONTINUE
LCOUNT=LCOUNT+1 ne

IF(LCOUNT.£3.,20) G0 TO &rC2
TF(ABS{SINK-ETPL1-0.002)802:402¢ 401
401  TF(SINK-£TPLIGOS.80Z 4504 BE
403 HRLOZHPOOT BR
HROOT=0.5¢ (HROOT+HRHI) L]
GO TO BOE Re
a8 HRHI-HROGT
HROOT=045+ [HRODT+HRALO) 3]
60 T0 805 8®
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ssassssentsesense s essessssesscesesssansnrrenanty

seeen

DN 806
IFIHRODTLEIII.BT.D.U1 6o 10 a07
ALT)I=B(T1# (HROOT-E(L1122.CsROFII}/(DDIT+1)-DOCI-1})

60_To 406
80T AUT1=0.0
a06  CONTINUE
Casviissedbaniines asesssssssstaen tessnnen
C-——COHPUTATIAON OF TRIDIAGONAL MATRIX HAIN BODY A 158
Cesesses B T
38 00 42 K 8 159
POT=(DDET+1Y-0DET-111/ (2.0DELT} B 1RM
DLXA=(DD(T)-DDCI-1)1 B 161
DLXB=(DD(T+11-DDETN) P 167
BB=CIT1*POT/TT+B(T1/0LXB*BII-11 /DL ¥A B 1671
CA-(CIT)ePOT+GII1+(DITI/DLXB)#(THe (GIT+11-GET11-DLXBI*(BIT-1)/DLXA R 1622
10e(THe (GIT-11—6IT11+DL XA +ALT) e (ODIT+11-DDIT-11190.51/TT
TF(I-21390+390+40
390 TF(HIL).0E,HHET.OR.HI1).LELHDRY) GO T 398
DA=DA-({BII-11/DLXA)+(THe{GITI-11-GIT))+DLXANI/TT+EOR/TT
BE=BE-BIT-1)/DLXA
co To 393
394 DAZDA+H(T-1)eBII-11/DLXA
393 FId=0a/A8
F(I)={B(I}/OLXB) /BB B 1GEL
60 To B2 A 16T
a0 TF (T-K1 41s83s:a3 A 168
a1 BUI)/DLXB) /(B3 —(BII-11/0LXA) eE (111} B 169
DA+ (B (I-1)/DLXA) oF (T=133/(9R—(B(T-1) /DLXAYSELI-11} R 1TC
CONTINUE
BB=BB-TAA®B 1) /DLXB R 172
DAZDA+TAA® (B{I1/DLXB1s ({GIT)-GIT+1 11 aTH+DLXB) /TT+TBAeBITI/DLXBeHI B 177
1KK B 178
HII}=(0A+(BIT-11/DLXAYsFLI=103/ (RB-1BII-1) /DLXAYSELI-1)) B 1781
EL] = A 17"
TIZE(TIsHIT+1)+F (I A 17E
TF (I-2) 4518584 A 177
45 TFITAA-1.0148T¢86446
% HIKX)=HIK) +DDIKKI-DDIK] B 178
87 DO B0 T=2.KK
300 TF [HII]1-HWET-0D(T1) E0:6055
55 HUII=HWET+DDT)
60 CONTINUE A 197
Coss B T T TR sasssssesasasnssnassnses
C-——COMPUTATION OF WATER CONTENTS AS A runcr[uu OF PRESSURES JUST COMP A 139
CFasasssonaassosetetssesstatesstussiod i tedsredsete et isesassrgsesnsssasansnsnss
TFIHI1).6E.HWET.OR.HI11.LE.HDRY) 60 TO 1005
OR
FORSDDIZI/BI1Y*HIZ) eTT-G(1)s TH4G(Z1 aTH-DD(2}1/TT
IF{HI11«LT.HORY] HI1)=HORY
TF (HUIV.GT-HMET) HI1)THWET
GO TO 134
1005 WFODZBL)ef(HILI-HI21)eTT4+(6L11-G12} 1+ THsODIZ))/OD(2) B 183
138 T=1
62 TF (M{II-GEI1} 65+116¢E5
85 NHI=58 A 208
NLO=1 x zo7
J=z A 2ce
66 TF (HEDI-PLJI) 67+72+68 A zo9
67 NHIZJ A zin
60 TO 63 4 Z11
68 NLO=J A 212
63 JT=d 4 213
JEUNHI-NLOI/ZYHLD A z1m
IF {J-JT) €6+70:66 A 21F
70 TE AHIII=PEJI) T1e72.72 4 216
71 A 217
12 A 218
116 WiII=veTy A 300
117 DO 268 I=24KK
WITI=CITIe(HIT)=GLI) )+ YIT)
TF (WIT).GT.WATH} WETISHATH
268 TF (WII).LT.WATL) W{TI=WATL
269
A 326
SUM1=0.0
DO 131 T:24K A 327
SUHL=MET)#SUML A 328
SUMZ=Y{T)+SUNH2Z A 329
IF (ABS1SUMI-SUMZ) -ABS ISUHI1) 1311310130 A 330
130 SUM3I=SUN1-S5UNZ A 331
131 CONTINUE & 332
TF{ABSISUMI}I-ABSICONO) 1631639132
132 IF(DELT-DETTe0.1163,635133
133 DELT=0.5¢DELT
€0 To 38 A33E
E3 SUM1=D.0
<uM2=0.0
DO 800 I=Z#K
SUML=M(T1e(DOIT+11-DB{I=111/2.+5UN1
800 SUHZ=YTI1=(DDII+1)-DDII-111/2.45UNZ
CHWF=SUN1-PIT
CUMSTUFODSDELT +CUMS A 3R1
SUMAZSUMA+SINK+DELT
CWFLX= [ SUH1-SUN2) A343A

Cessnssnnnscasss
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SALT LOOP
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BesateusEINEIET AR AR IR RIRR RSNy

WFRU= B"'l]-l(iﬂll
DO 2184 I=2sK
DLXAZC¢DDII}-0DCI-13)

DLXB=(DDII+1)-00(T)}

DLXC=(DD(T+1)-00IT-1)) *0.5

MFRO-BAT) o (HII)I=HIT+1 )1 +TTHIGITI-CIT+1) ) TH4DL XED) /OLXB
MATOS(YIT) e THoMII e TT+Y{T+1)eTH+U(I+1}#TT) /2.0
DTSO=DLXCe0.5+*WFRO—(MII)I=Y(I)1& (NFRO+WFRUI ¢« WFRD*DELT/(B.0%WATD s

=HIZ) eTT+(GI11=6(7) 1eaTH+DDI212/700D12])

LIMITYeYITN)

BETA=LIFOeDIFASEXP (DIFBaWATD )+ALAMBA ¢ABS(WFRO/WATD)}-0TISD

IF (I .GT. 2) 60 YO 6BC
ALFAzD.0

TF (MFRU .GT. 0.) GO YO0 182
MFRY=0.0

60 TO 182

WATU SOYIT)oTH4NII oI T oY (I-1)eTH+MII-1)0TT)/2.0
OTSYSOLACa0. 5o NFRU-(HITI-YIT) )1 (UFRO+WFRUI#WFRUSDELT/

1080 WATUS (ML) Y(I)})

182
183

185
186

RLFAZOIFO*OIFASEXPIDIFBsWATUI +ALAHBA «ABSINFRU/VATY)-DISY
IF (WFRU .GE. 0.0} Gn TO 182

uP=p.0

&0 7o 183

0~
T lurno
UPP=0.0
ro 10 186
UPP=1.0
DHK=1.0-UPP

SENTI=ADLXCaYII)oSSET) /DELT+ALFA®(SSITI-11-SSII) 1 /DLXA-BETA#(SSIT)-

«GE. C.0) GO TO 185

15S(T+21) ) /DL XB-WFRD®(SS(T) sUPP+SSIT+1 1eDNN) *WFRUS [SS{I-11eUP+SSII}

Auxiliary Submodels

2¢DN]1+SOURCESDOLXC)=DELT /(W {I)«OLXC)
SE(TISSSOTI+(SELT)I-SSIT))=SOCON
214 WFRU-WFRD
CEIKKI =SS KK
CDILI=SELL)#W L1}
D0 217 I=2.KK
217 SDILII=SECI)eWLI)

706 TFIEOR-0.01136+136+135
135 RUNOF= (EOR-WFDD} «DELT+RUNDF A 385
136 TIMEZTIHE+DELT A 386

TF (SUNM3-0.01
301 PELY=2.0eDELT

139+301+139

BD TO 188
139 TU=ABSICONGeDELT /SUN3) A 357
180 TF (TW-0.1eDETT) 181.182¢182 A 353
181 TW=D0.1DETT
GO TO 148
182 IF(TW-1000,0¢DETT) 140, 158+143
183 TWC1000.0+DETY
188 IF(TW.CT.2.0DELT) GN TO 301
DELT=Tw
Caosssesoeonsnasisondusndots ssstbssiiissscssusussasasaonssssostdssssssssss
C=—-—TEST TO SEE IF EVAP OP RATN INTENSTTY {(EOR) HAS CHANGED A 365
Cess

185
157 CONTIHUE
Cossssasovsnonanavatarsnssssss
CALL DEBPEE
esesss
LOAYSLDAY+1
WRITE (B+B6E
MATTE (641681 (DDCTI oM iT) s HIT)vAITIaSEIT) SDITIsSTERPIID) 4+I=1rKK)
WAITE (641841
WAITE (621671 LDAY+TIHEySUHA+RUHDF +HROOT rCWF rCUNS
Ceipuvedabassod sosasssasnaanesssasotesas s astevssssts sassisncsasasssassssssss
COMPUTED VALUES ARE TAKEN AS NEW THITIAL COWDITIONS
stetaTobIteEasseeNIEIEITAsIRIIBENRE S Getosetotesessasnans

TFITIME-VIKC+L1 ) 188,187+148

ssaen

Cavs .

vaessascoes

s sssso s s e esTRdEeUIEEEEROOIes R BeRAl

Cevsanns

FOR=VIKC+2Z)
<FC1)=SFIKC+2)
FTI-TETIKC+2)

KCZKC#?
o TO 151 & 379
188  TF(TIME+DELT-VIKC+*1)11151+151,149
189  DELT=VIKCe1}-TIHE
151 LLZLL+1 A 388
TF (TIRE-CUHT) 153,15Zs152 A 385
152 TF (ML-LMM) 16201621 A 386
153 YILISEWE1)eYil)ie0.5 A 387
JEOYE1)-T11I/0ELY 1.0
BBS(YE1I—T1J)}ZDELM A 389
TF (EOR-0.0) 155s156s155 A 390
155  GULISIPIJ+11-PIJIIeBE+PIJI) A 333
156 DO 161 I=2vKK A 398
MITI-TUI}I/DELMSL.E
BB (MIT)-TIJ))/DELM
COINIZ(PIJ+T)-PLJII18BBePIIY
THSIMIN=YII1) +ulT) A 395
TF [TH-MATH) 15741572159 A 396
157 TF (TM-WATL) 158+160+160 A 337
158 TUSWATL A 398
€0 TO 160 A 399
159 TWIMATH A 800
160 YCI¥=ulI) A 801
VeI =TH A 302
STrI=SELTy
161 CONTINUE A a0n
SSI1)=SE(1)
GO TO 16 A 40T
182 ToP i A a8
Ceaes e T T Ty T T LT P T R R R SR R R L
101 FORMAT (10F8.2)
163 FORMAT (5I3:FT.1)
166 FORMAT (aXrI3,5Xe13.0%000E012.8]1¢6XsF6a1)
165 FORMAT [TE10.%) A3
166  FORMAT (11€11.4)
666 FORMAT (8Xy*DEPTH® s7Xs 'MATER"+6Xs "POTENTIAL® +3Xs *ROOT EXTa"
1e8Ke*SALT CONC®s8Xs"AMT SALT® 48Xy TEKP.*)
16T FORHAT (aXsI316IE1Z.810/7)
168 FORMAT (3XaFTolr3XoFTal s 3NaEL220p1XsE12o816XrFTa213Xe FTa203XeF6.1)
169 FORMAT (IXe®K®31Xs THH® 1%+ *TER®¢1X s "HB "+ 1Xs"ND"+IX2"DTINE")
170 FORMAT (1194  WATER POTENTIAL  CONDUCTIVITY DIFFUSIVITY
ctn DEPTH u—an1n H-DEPTH Rur—usprn SE- DEFTRI
172  FORMAT (53H  HDRY ET WATL
179 FORHAT r1Hu-nl.'uA1'-!x.'JuLnAv'.sx.-TIHE {ND'.nx-'SDIt FLux'-nx.
16T FLUX'5AX2"SALT CONCa'+2Xs "AVE DAILY TEWP')
180  FORMAT (BEH DELX DETT BRAVY CONR DELW
1 3]
181 rnknn 1BEH  TT cUMT TAA HLOW HHT
RRES)
:al FORMAT (BX,"DAY"s1Xe *CUM. HOURS'2Xy "CUH. TRANS. "y 3XsTCUM RUNOFF s
13X+ "HROOT* 4 TX» "CHF * ¢ BX ' CUHS ")
201 FORMAT (1HDs3X+"DEPTH? s5X ¢ "TEMP AT START®#10Xs
17SOIL HEAT CONDUCTIVITIES®sTX+'SOTL HEAT CAPACITY')
202 FORMAT (A0Xy"(CAL/CH-HR-DEG C1*+15X: "(CALAGH) ")
203 FORMAT €3XsF6.1s6XaFTa2018XFI.8420XsF9.4)
274 FORMAT (11E12.8)
284 FORMATIGEH ALAMBA SOURCE 0IF 0 DIFA DIFE
SOCOH?
A B1T-

ebere ssetedasesssansnsansTsEERTeT

Subroutine DEGREE

SUBROUTIHE DEGREE
Cotuasnotosssassesssesssossncsossssascaoss $atasssssoncnsssenesensy
4 DEGREE COMPUTES SOTL YEHP[RATHR["

Cossssnsuvesssssnreses TTETRY

COHIIGN/Y'EM"{K-KK-IER-ﬁﬂ:NPI‘25].D!]‘25I-CVI?%)-

1CONDUCI25) + BEGTENIZS) oJJJ

COMMON/EVDEG /DEGE T32)

COHHON DTTHE

DTHENSTION FIU251+E1251

CTEMPORKKI=BEGTEMIKKY

STEMP(1)=DEBLIJIY

BANENNNES-S
Codsuscssrasseasssssss sasann PERTET

SOLUTION TO TRI-DTAGONAL MATRIYX
Sasssaseenaeestelel Il eI FEd NISS 000NN SBeTEURRRIERIFRIRINRS

seseras

saes

Ceavasa
D0 N6
pur"luulroll—bulI—J||/|2.-olzn::
DLXA=IDDII1-DOCI-10)

DLXB={DD(T+11-DDEIN)
8B=CY(T)#POT+CONDUCIT)/DLXB*CONDUC (T-11/DLXA
DA=CVIT)POT+BEGTERIT)

TF (T .6T. Z) 60 TO W4

DAZDA®CONDUCtT—1)sSTEMPCI-1)/0LXA

FUTI=DA/BB

ELTI=ICONDUCITI/DLXB) /B8
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€0 10 46
%% JF (T .GE« K} 60 TO a7
85 E(I1=(CONOUCTT1/DLXB )/ (BB—(CONDUCII-1) /DLXAISELT 111
FUI)=(DA+(CONDUCII~-11/DLXAeF EI=11 3/ 1BB~1CONDUCIT~1)/0LXAVeEIT-12)
86 CONTINUE
47 BB=B8-CONDUCIT)/DLXB
STEMPITI=(DA+(CONDUCIT =1} FDLXA}oF 1 I-1) 1/ 188~ (CONDUCII-11/DLXA}s
104T-13)
48 T=I-1
STEMPUII=EIT )4 STEMPITs 10 4F (T}
IF (I .GT. Z) GO TO &8
EGTEH(KK1+STEHPIK) 1 /2
. .

sena seen .
COMPUTED TEMPERATURE TAKEN AS HEW INTTTAL CONDTITIONS

445400000 asate tedsssodsisstanesanstiiessssnitessssiavsrseossasensnanonssesesy
PO SO T=1sKK
BEGTEMIII=STENPIT)

50 CONTINVE

RETURN
END

ssssstssasenan

Subroutine EVAPO

SUBROUTTHE EVAPO
6% 3080 maa s s oa a0 oasanmadonodsunestoiniste soosoedpors isasssaasusssbsssosssotots
EVAPO COMPUTES THE TETs Vo SFy AND DEG ARRAYS
. P sress
COHHON/TRANS/TETIT32
COMMON/EVDEG /DEG(732)
COMHON DT IKE
DTHENSTON ATIMEC366)SALTFX(36E)
DTMENSION ET(I661+ EVAPI3IE6]
DIMENSION TEMPIIGE)s RAINIISE): TRATNIIGE)
DIHENSION PLACE (BO)
DTHENSTON DAYMINI3661y DALITE(I6EY
DTMENSION CTEMP(366)
READ (5s12) PLACE
WAITE (64131 PLACE
REAL LAT
READ (5¢6) LAT:IDAY,JDAY FACTOR+COVER
MRITE (6rG) LAT+IDAY JDAY.FACTOR/COVER
4T o me I e A v atas s ab o uoaiaineratasanstesvaiadosbanefonntasatotosssssansasaosssnt
COMPUT DAYLIGHT HOURS
. sesssanas
00 I T=1¢365

ce

srane

e -
VETIZ1aSFUTIT) 2 JDAY

c

e

resnsensnse seenn

30.-.2T48LAT+.007934(LAT##2)
2-.TASLAT+.1e{LAT 002}
3181681 (C+265.17365.1
OAYHINIII=A+BeSINIZ)
TOTMIN=DAYHINC I+ TOTHIN
1 CONTINUE
00 7 T=1:365
DALITE{II=DAYMINII)/TOTHIN
T CONTIHUE
L e e T
COMPUTE ET BY BLANEY-CRIDDLE ESTIHATE
INPUT DATA TS IN INCHES AND DEG F
QUTPUT DATA CONVERTLD TO CM AND DEG C
T T R T P PP P P PP

90

10

20

N

-
-

3 SUN=

Cone

Consns

PEAD{5:200) (RAIN(I)2I=1.IDAY}
READ(S5+200) LTEHPEI)# T=1,TOAT )
READ(5+200) (TRAIN(I)+T=1sIDAY)
READ 1522003 [SALTFX{T1¢I=1+L0AY)
«IDAY
5./9.0 ¢ ITENPIII-32.)
JEJDAYS(I-1)

TF (RAIN(I}.6T.0.) 60 TN 10

TF (TEMP{T).LT.32.) 6O TO §

TF (TEMPIT) .LT. 8041 GO TO 8

TF (TEWPII) .LT. 5D.) 60 9
ETIII=-(OALITE{J) «TENPII} sFACTOR}
EVAPEIISET(I)#(1.0-COVER)
ETIIIZIETIT)e2. 581 /20,
EVAPITIZ{EVAPIII®Z . 58)/20.

50 TO 20

ETI11=0.
EVAPLIIZD
G0 To 20
ET(L)=(-{DALITE(J) e TEMP(I ) )oo10)2.50/204
CVAPITIZETIINa(1a0-COVER) s2.54/20.

50 10 20
FTAII=C-(DALTTEL) o TENPITI18,20092.58/20.
EVAPIII=ET(T)*{1.0-COVER) 22,58 /28,

€0 To 20

ETiIyz=0.

EVAPLT AIN(I)*Z. 54 /TRAINIT)
CONTINUE

Sum=2a.

TF (TRAINI1) «6T.0.) GO TO &
ATIHELL) =SUN

6o T0 2

ATINECII=TRAING(L)
CURSSUMs2Z8,

no 3 I=2.10DAY

JET-1

TF {TRAINII) 6T« D«) GO TO 11
ATIMEIIN= Sum

80 TO 3

ATIHERT
Sul

ATINE (JI*TRATNLTD
1

. a0 . Stecsn e drisansansasinne
FORMING TET» Vo SFe AND DEG ARRAYS

D P T P PP T R T TP PR P TR TR
JX=IDAYs2

BTIRE=DTINE

DO 18 H=IedXe2

DK

L=(D/2.) 50501

HEKe11/2

TETIKI=ETIL)

TETE(K+1) ZATIHE(H)

essesene

CFIKI=SALTFXILY
CFIK+1}=ATINEI M)
DEGIK)I=CTENPILY
DEGIXK*1)=BTINE
BTIME=BTIME+DTIKC
CONTINUE

FORMAT 1F6.2+213+2F5.2)
FORMAY (80A1)
FORMAT (1HO.8041)
FORMATILAFS.2)
RETURN

END




Computed and Given Inputs

T

WATER
LI00r
Llrrer=r1

~eITUL T

“NTT AL crNOYCTIVITY
«acce-cn
oACre-cT

- 2T HCE $ASCT-07
WSTCre-r7

aI5LCC-T4
«B7CC-fh

OTFFUSIVITY
S75EP-P2
WST60-C2
«1C26-01
$1276-01
IS &4 B

F11.ry

.sr:Ju-r:

L1820eC"
sEy2Cece
= PACRH0S e T
—inrCece 2546007
Saaenpeca W2726470
-asnperr 3220400
TEAEPern SHI4ENCT
4ICEarD H2BECT
JHMEDLrT «SIBGHNE
S4TINCerT «MEDD=IT «BTABHDL
L4BLCLSOC +56C0-C2 STAPESRT
~R20PerD =L 20rCeCT JRECT-CD -BT76eCT
5000400 LBCCE-D2? «3526407
LE1rrere +3900-02 BT
L5200eCn izce-r1
Lzarrare .izce-r s17rners
(45 4] W=DFPTH H=DFPTH ROF-DEPTH  SE-DEPTH
JTETI-rY +1200-01 +9000+00
<ZBTT-NS +ErOC-C1 +5027402
srnrage (15CCeC™ .1r30eLC +27hre0s +3000+00 +3029+02
L10nr-ny .2a800sc2 <173C+00  =.R7°re08 «2720400 +7308+02
Pt B ol 4 T o el 2 i sl9nCHCT —a297Cery =I8D0- "1 +h0CasDT
B Ll J153INe00  —.101CerS - 00C0 .6308403
L20rLH02 «151P+0C = 1E7C205 .0C00 .9788+03
a1tanecy L1630+00 =L 71CC4TA .00C0 +8109+03
177 0eCT L1500+PF  -.11CCer® «0000 +9565403
J1600e03 .1ucneCc +17rrerS -0Co0 +1183+Ch
28-Day Output
DAY JULDAY TIHC FND COIL rLuy €1 FLUX SALT CONC. AV
1 278 L2400407 -.1956-01 = ?6PB-T1 «9000400
2+ 229 +4°00907 -.16F3-€1  -.2210-P1 «ro00
3 230 £7700402 -.16T7-01  -.2236-"1 .roor
5 273 L960r492  -.1748-01  -.2326-P1 .rroc
H 232 £1200403  -,1797-01  -.2396-01 .oone
3 233 <1NEC403 -.1637-01  -.2182-r1 «oneg
7 274 <1680403  =.1535-011  -.2047-1 «0000
e 233 21720403 -.1818-01  -.2018-°1 .ceee
9 238 «2160607  -.1621-C1  =a2161-"1 «rone
10 237 JTHOCHCT  =.1GAE-P1  =.228R-r1 +ro00
11 238 L2812403 «2647 400 «noon -CB00
12 233 #2457402 J5648-C1 w0000 .cooc
13 280 231270403 -.1481-01  -.1998-r1 «rCen
14 281 £P402  -.1586-01  -.2061-"1 «0g0c
15 262 L3600403  -.1430~01  -.1360-N1 +PO0C
16 243 43625407 +3556900 «0non .rero
17 21y LU0BNS03  -.2u27-03 -.3058-n2 L0000
13 245 .4720402  -.1154-01  -.1539-1 .roce
19 286 -.1265-01  -.1686-"1 «000C
2 287 -.1620-01 .con0
2ue +9143-01 .neor
789 45280403 -.1205-01 oo
250 -6520403  -.1313-C1 «nbor
z 251 SSTEOSCT  -.1421-01 .coce
5 252 LEC0N403  -.1505-01 .roco
26 253 JFIACON3  -.1388-01 .reoe
27 254 LE43AOL3  -.1516-01 <puoe
R 255 SRIPFADI -LI3IR-01 =W 1TAT-P1 .nore
08 O TEMP BT S<aRT SOIL HEAT CONDUCTIVITIES SoIL
(CAL/SM -HP-DEG C)
a0 1.6000
3.0 z.6000
150 r.cnoe
T80 7.6000
4r.r 1.6000
700 3.6000
0.0 T.600C
108,0 1.6000
13.r 3.6000
1600 «ooer
rrex aravy coNa nrLY TN
JTGECH01  «2600-02  JTECOeND  W5006-F1  .1000-01  .COPO
L5 CUMT TAA HLOW HuT RRES
+18004D1  W6T20403  L1FUGeCI  -.2000+0% OO0 BLLIET ]
noRy wur Y waTL wATH ca
-.5C0N40E  <FDC0 «1N00-0%  .57CCe0F  .1G00+01
ALAMRA souRCr DIFD DIFA DFB rocoN
L10C0eRE .ornc P1000-01 .160c-rz BLALT S +1000+0C
DEPTH WATFR POTENTIAL  ROOT EXT. SALT CONC ANT SALT
. «010C -.5000s0F «orec .ar .1
3.0 o800 ~.39C8+05 .oree 51.17 b 1
15.0 .1088 .201240° .nere mr.ac Ta27

91

APPENDIX 2
SampLE OuTtpuT

Auxiliary Submodels

#1607 -.7895+0% -.5r27-01 11.°5
.1385 J0ECeDS —e1702-P8 arn
L1873 9956408 .o0rn 06,73
L1617 1NGE+0S .orre iIneem
1620 7227404 warnc 111,74
L1507 40t .oenr XL 107,67
-1502 109240 .eerp 1188.57 178.57
DAY CUM. HOURT CUM. TOANS. CUH PINOFF  HROOT cur e
3 WZ400+07  -.1599+00 .npor = 20OFSE - 2FAFeCT -, TPRIory
DEPTH WATTR POTENTIAL  ROAT EXT. “ALT tonc APY <rLY TEMP,
on .01 .00TC o .cC T
3.0 -Caze «BF7C £°.Ch .22 b
15.0 +10%1 .oree .67 T.2r z
2840 W1577 -a7BY1=02 .9 1167 =241
ac.r -1807 - 1£21-Fu WeE.27 75.87 210
0.0 .1521 .ccon 3 . il
ag.r 1510 .erro a
10840 «152"° <acne L
135.0 «1507 -2 1ET14C0 -reen z
1600 1500 -.1693407 .oerr 2
DAY ClUM. MOUPS  Ciim, THH RUNOFT
i « 30T e -eTi2 P4 ba
nERTH POTENTIAL  FAOT [XT. AMT SALT
. af <200 c
3.0 N .cere 492
150 .10 nree P
28.n L1800 -.19356-73 11,27
ap.c L1840 -.1759-Th TEoLr
70.0 J1540 .oece a7.11
3c.0 «1517 «CPEL 13252
108.0 .1617 «300C 13121 13.6
13540 +1504 «oree 147,37 19.%
LED. +1 SCer 178,71 2.7
DAY CUM. HOUPS CUM. TPANT,  CUM PUNIFF  HRODT CyM*
3 STTO040°  —.3355407 ~oene ~«20CC40E =~ S2RUSET  -.1019+07
WA'TR FATCHTIAL  "HOT €XT. ALY CeNT AMT ALY
- 50CL4DE .oeee ono .co
-.718740° .oree su,ry 1.67
scoec 3c.58
-.1443-C3 76,539
-.11%1-Ca arc.cl
.ooce YEI0LFE
-4102340% «oean BTB.TS
-«15644CY L Ll o Air. 0
- 21082401 2000 acE.u2
B #1567 10004C% .orec 1182.57
DAY CUM. HOURS CUM. TRANT.  ClM RUNOFF  WROPT cuF
] (9600407 -, 3971400 g ~.20004CT  -.BTTIMC -.26%T
DEPTH WATTR POTFUMTIAL  ©00T EXT. “ALT CONC AMT ©ALT
.0 -0100 - .aeer orC .ac
3.0 «0200 - .oerc 5%, 37 1437
15.0 21053 =a199740% =0000 T0LRT .27
28.0 S140F -.131440F =.1160= 77447 11.7C
L1 .1813 - =.1022-r4 aCE.e6 77.59
T0.0 -18aE - .cone BIP.62 9784
90.0 .152¢ -.107640¢ .oree B79.73 133.9%
1n8.0 41611 -+ 7662404 .ocre R1C.OF 110,6F
135.0 -1607 -.107940° 0D 956442 146413 19,6
160.0 <1508 -.107640% «£00C 1120.57 173.22 19.5
DAY CUM. HOUPS CUM. TRANS. CUM RUNOFF  HROC™ cuF cuM
5 41200403 -.4359+07 <cact -u20CCHCS  —.T*BE4CC  —42%77er=
DEFTH WATFR POTCHTIAL  POOT EXT. CALT CONC AHT SALT TEMP.
. .0100 = «500C+GE .Cero .0 -re 20.¢
.0202 ~opre 56476 208
18,0 .1p0f0 .core r.68 S1.2
E DAILY TFMP 28.n «183E -+98] 9-04 78,71 21.3
26T a0, 41795 =,8882="5 (L 7143
sc.e 70.0 .158R .coor 630.61 206
2046 3e.0 -1577 -.1018+C¢ .oeet a7e.71 ICa2
a2.2 108.0 «160° ~a 7755404 .2roo 810,95 19.9
23.6 135.0 =15C9% -.1075+0% -oece A56.81 13.7
2.0 1600 41509 =a1073405 .acro 1188.57 17.6
17.8 DAY CUM. HOURS CUM. TPANS.  CUM RUNOFF  HRODT CuF
17.% (3 +1880%03  -.8723+00 «coor -22000%0% =, 7050400 -.3330400
20.0
LT
21.1 DERTH WATER PATEMTIAL  ROOT [XT. TALT CONC AMT ALT TEUP.
18,7 «0 «01C0 ~.500040L .00CC o0 37.8
17.2 3.0 -0191 - 42562406 .2000 1.04 18.7
18,2 15.0 <1085 =.201140% .oore 3.71 195.8
17.2 28.0 «1828 ~+1388+05 -.37rp-na 79.C3 11.23 2c.5
18,9 50,0 -1780 ~.42G1+04 =a7753=05 8CE.5H 72.18 0.8
a.a 700 «15°0 =.9505+08 .oere FIr.ce 7.73 °0.6
10.0 90.0 +1529 - «eroe 878,65 134,40 202
12.8 108.0 <1605 - orre B1C.9% 1%y so.p
16.7 135.0 +1509 - .oree 5F.6L 144,77 Gt
12.8 16C.0 +151C -21003+2° «ECTT 119357 172,50 12.7
11.7 DAY CUM. HOURS CUM. TTANS.  CUM RUNOFF  HROOT cuF cm s
S 7 L1EBO+0T  -.S040+0C .cocr ~aPELTPE  —BTITH0C - W ZEFTCF
17.7
19.4
16.7 pEATH WATFR PATENTIAL  ROOT £XT. TALT CONC AMT SALT TTHP .
20.C N «01L0 -a50CC+CE «oere .o .cr 17.4
15.0 3.0 <0108 Jc39+0C -aere 57.23 Jar 17.7
- 15.0 +10TR ~e2025408 JSorre 2077 2.9 1%.0
HEAT CAPACTTY 28.0 .1823 - 1409405 -.7°01-08 79.81 11,37 1°.9
[CAL/GH) 80.0 «1778 ~.43572404 -.6E7T-r8 ars,Ts 71.51 1.3
.3ree 70.0 +1852 49862404 .oprp F£Ir.56 aT.8" ST
L3000 ac.n «15%2 ~.10C5+0% Jcrre a7n, 68 1, c0 “tid
«3000 108.0 41603 =47922404 Jneee a1, ou 177,56 et
«3r00 135.0 -1510 ~.106340% .oreo 95F. 60 184,47 19.9
300G 160.0 +1511 -.106640% .oree 1 17767 Gyn
«3c00 DAY CUM. HOURS CUM. TPANS. CUN RUNOFF  WROOT wF oS
«3rac 8 +1920907  -.5323+C0 ~orer - 42070408 TORAPT  —aTATIOCT
+3000
«3rec
«3crp
BLPTH NATFR PATENTIAL  ROOT EXT. SALT COMWC AMT SALTY TEWP.
o 20107 = 25000+0E -aero .re .ne 20.0
3.0 «D1TE =2 1307406 20000 58.57 a2 19.8
1540 L1070 L2061405 «oree 30.87 317 19.7
z8.n L1415 142405 =aTINE=NY 80.57 11.43 19.9
8C.0 S ELE ~4511408 —oSES B ar5.71 .87 “C.1
0.0 21558 =.9302+CH e £30.53 a7.98 20.3
a L1674 -+3990408 «noee BIRLEE 138.7¢ 2c.2
114 «AETE =, 7998404 oreo R0 9n 129.76 2Ce1
YEWR 1¥ -1611 -, 1006987 scroe 956,74 104.,5F 17.9
267 1Er.r 1%L ~410C3eD¢ nree 118,57 179,75 19.9
2€.1 CAY CUM, %09PT CUM. TOANS.  CUM FUNOFF  WRONT s
24.6 L] «2LECe0T -« 5501400 e =e20rPNers =+971840 10 ~«al37sp0
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Nert

CALT 2CNC AMT CaLT TOMP .

HROP T

_L.20rranE

92

70.C “A8ET -.30LLeCH £3C.17 NaL.T"
ag.r #1547 -.9527%r4 Lhilias
108.n V1561 - BSEE+TY 510494
135.0 +1570 - 1nanen s qcELE
160.10 <1521 -.1038400 118807
DAY CUM. WOUPS CUM, TRANS.  OHR PUNCFE  HRO0™ tur
19 SUSEOLT S TR SZRATHET —.207THCE —LMEDTSCT .
arPTH WATFR POTENTIAL 90T EXT. SALT BONE AMT SALT TERP,
SBETD AEBE aLr o8 iy
L0967 .o0ee fCet 405 16,3
1 1057 Jeen 11010 3.2P 17,7
7 J1ucs ~ B 7T3-04 BT.7F 12.27 16.°
4c.n L1657 JTRr arT.e £5.57 10,7
70.0 A1507 P ol €I0. 36 [3.75 14,4
9 $1550 LOED 8785 13510 1951
108 s1580 .orep 810, au 178,11 19,5
13 +1571 .grec A5FaTE 14542 19.9
160.1 «1571 Jreoe 1188.57 180,43 19,9
DAY CUM. HOURS CUK. TRANT.  CUM RUNDFF  Hon T e cuMe
70 .4A0C+03 - TEASe0P LZHTIA0D —.2000406  —.STFSOC .raeten’
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Parnas and Radford

INTRODUCTION

The nitrogen submodel deals with the nitrogen transfor-
mation in soil caused by microorganisms. In addition to
biological includes an option for
ammonium volatilization because of its importance in desert
conditions. As in the decomposition submodel (Parnas and
Radford, 1974), all the biological transformations are

those processes, it

proportional to the growth rate of the particular microbial
population which is responsible for that process. The model
includes most of the possible nitrogen transformations, even
those which are very small in magnitude in desert
conditions. The purpose is to keep the submodel as general
as possible,

PROCESSES INCLUDED IN THE
NITROGEN SUBMODEL

In order to understand the way in which some of the
processes are handled in this subroutine it is important to
mention here that one of the assumptions in the nitrogen
and the decomposition submodels is that all the constituents
of a living microorganism are not available to plants or to
any other source. Only through death does the microbial
biomass become available.

SYMBIOTIC FIXATION OF N,

Symbiotic fixation causes enrichment of the symbiotic
roots with some of the fixed nitrogen, and that of the
symbiotic microflora with some of the root carbon. In the
submodel the only way in which the soil organic matter will
be enriched with the fixed nitrogen is by the death of the
symbiotic microflora, which in this case is the same as death
of the symbiotic roots. Thus, syvmbiotic microbes are
considered part of the root tissue. Plants know how much
carbon to allow roots in order to account for microbial
growth because the microbial biomass value is continually
caleulated and communicated to the plant submodel (or at
least back to the SOILS calling program).

HETEROTROPHIC FIXATION OF N,

Some heterotrophic tvpes of bacteria fix N,. Soil organic
matter will be enriched by that fixed nitrogen only after the
death of the fixers.

AUTOTROPHIC FIXATION OF N,

Autotrophic fixation of N, is accomplished mainly by the
blue-green algae on the soil surface. The same rule as in
symbiotic and heterotrophic fixations holds here also.
Growth of autotrophs is actually calculated elsewhere

{e.g., by a plant submodel). as is death, Nitrogen fixation
itself depends on growth but is calculated here.

NH;" OXIDATION TO NO;”

The basic equations of this process are those of McLaren
(1971). The process includes use of NH7as a source of energy
for maintenance and growth. In addition, some external
oxidation of NH"to NO7 occurs. This last process is not
agreed upon by other authors. NH¥ oxidation to NO7 is
accomplished mainly by the Nitrosomonas population.

NO7; OXIDATION TO NO;

The basic process is the same as above (only the source for
energy is NO7) and is based on the same work (McLaren,
1971). This process is accomplished mainly by the
Nitrobacter population.

DENITRIFICATION

In the submodel this process is accomplished by the same
basic population which is responsible for decomposition
(Parnas and Radford, 1974). Denitrification can happen in
anaerobic conditions. It requires very high moisture or even
flood in the upper horizons, which of course is not typical to
arid conditions. Nevertheless, denitrification is included for
purposes of generality of the submodel.

NH; VOLATILIZATION

NH; volatilization occurs under warm and alkaline
conditions. This may optionally be handled outside the
nitrogen submodel.

STRUCTURE OF THE SUBROUTINE

The processes mentioned are calculated by soil horizons
only. For each process, the growth rate of the corresponding
population in a given horizon is calculated. In addition to
the growth rate, the death rate for each type of population is
caleulated. The substrate which limits growth is different

for each type of population; so is the cause of death.
Usually, if the source of energy for that specific population
drops to zero, a higher rate of death will Geceur. When the
source of energy is available, a smaller rate of death takes
place. NHY; NO7 and NO; concentrations are calculated



separately and used in a combined pool which is the
total mineral nitrogen. This last pool is the source of mineral
nitrogen for immobilization and for the N, fixers. Preference
coefficients are given to the different constituents of the
mineral nitrogen in order to determine the immobilization
of a specific type of nitrogen.

The input to this subroutine requires initial concentra-
tions of the various pools, the various microbial biomass
concentrations, and maximal growth rate for each type of
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(Parnas and Radford, 1974), the product microbial biomass
times maximal growth rate can be replaced by “potential
activity” if biomass cannot be measured meaningfully.

APPLICABILITY

The model can be applied to many ecosystems at various
environmental conditions. The reason is its generality, as
has been discussed in the decomposition submodel (Parnas
and Radford, 1974).

VERBAL AND GRAPHICAL DESCRIPTION OF PROCESSES

population. Again as in the decomposition submodel
SYSTEM DIAGRAM
The system modelled and some of the necessary

connecting flows to related submodels are shown in Figure 1.
VERBAL DESCRIPTION OF PROCESSES
GrowTtn RATE OF THE V ARIOUS MICROBIAL POPULATIONS

The growth rate is a function of maximal growth rate of

the specific population, environmental coefficients in the
different horizons and of the growth-limiting nutrient. In

NH;

VOLAT ILIZATION

NO

NH;

’ /Df

most cases the growth-limiting nutrient will be the source of
energy. In this way the growth-limiting factor for the
Nitrosomonas will be the NHji* concentration, and for
Nitrobacter the NO7 concentration. For the N, fixers, the
growth-limiting factor will be the carbon source (in roots, in
dead material) or the light intensity (for the autotrophic
fixers). The function which describes the growth rate as a
function of the limiting nutrient is that of Michaelis-Menton.

The environmental coefficients are calculated by use of
trapezoidal functions as described in Figure 3 of the
decomposition submodel (Parnas and Radford, 1974).

FIXATION

\

N2

N |
/

1
DEiATH \

/ NIT

i

—IMMOBILIZ%

w = L
SOM 4’0?*3»——-—”
< DEATH

Figure 1. Decomposition submodel with connecting flows to related submodels.
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DeatH RATE oF THE V ARIOUS MICROBIAL POPULATIONS

Calculation of the death rate is, in principle, the same for
all the populations, but the cause for death is different. For
each population at each horizon, two values for death rate
are given. One (the normal one) is the death rate when the
specific energy source is available. This death happens along
with growth at a constant rate. When a starvation
conditions exists (the energy source is not available), growth
stops and death proceeds at a higher rate than at normal
conditions. Since the energy source is different for different
tvpes of populations, the cause for death will vary from
population to population and it is calculated separately for
each of them. For the autotrophic N, fixers where the source
of energy is light, the death rate (calculated outside the
nitrogen submodel) usually depends on the size of the fixer’s
biomass. The idea is that when the microbial biomass
reaches a certain maximal value the light intensity per cell
decreases because of the shadow effect. When the
population is very dense the lower levels of the population
will not accept any light at all; conditions which are similar
to starvation.

Sympioric N, FixaTion

The symbiotic N, fixation is dependent on the microbial
biomass of the fixers, and on the host plant root carbon. This
fixation is inhibited in a regular competitive way by
inorganic nitrogen. The N, that is being fixed serves the
microbial population and the symbiotic roots. The biomass
of the symbiotic fixers and the symbiotic roots is considered
essentially as one biomass for purposes of death. The two
types of biomass are calculated separately for fixation rate
calculations, By the death of the combined biomass (root
death), they are attacked by the decomposers and so become
part of the soil organic matter. Carbon dioxide evolution
accompanies the growth of the symbiotic fixers. Symbiotic
fixation can happen in all horizons. The amount of plant
carbon allocated to symbiotic roots (calculated elsewhere, as
is CO, evolution) depends upon symbiotic microbe biomass
(calculated here). In the general process of symbiotic N,
fixation, the following processes are included: (1) N,
fixation, an increasing function of microbial biomass and of
root carbon -- decreasing function of inorganic nitrogen
concentration; (2) increase in fixers biomass; (3) death of
the fixers and root biomass -- this last process is responsible
for the enrichment of soil organic matter by organic
nitrogen.

HereroTrROPHIC N, FixaTion

The growth-limiting substrate for the heterotrophic
the soil organic carbon by horizon. The
heterotrophic N, fixation is also inhibited by the available
inorganic nitrogen. The growth rate of this population is
determined by the usual components, that is, maximal
growth rate, environmental coefficients by horizon, organic
carbon concentration by horizon, and the microbial biomass

fixers is
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horizon. The death constant by horizon will be
dependent on presence of soil organic carbon. By their death
they are subject to decomposition and the soil organic
matter is enriched in organic nitrogen (among other
constituents), The enrichment of soil organic matter by
organic nitrogen is proportional to the fraction of nitrogen
in the microbial cells which is around 5-12% of the cell
hiomass.

by

AuTtoTropHIC N, FixaTION

It is assumed that the main autotrophic fixation is done by
the blue-green algae on the soil surface. The growth rate of
the autotrophic fixers depends on light intensity and the
length of the day. In addition, their growth rate is
dependent, as in the other cases, on environmental
conditions and the concentration of their biomass. The
actual growth of these surface autotrophs is calculated by a
plant submodel or elsewhere. This nitrogen submodel
receives the information about the amount of carbon
fixation and autotroph growth and proceeds to calculate
how much nitrogen assimilation occurs and, of this
nitrogen. how much is inorganic soil nitrogen (as is
determined for the nitrogen fixers in general). As in
symbiotic and heterotrophic N, fixations, the enrichment of
soil organic matter by the organic nitrogen of the free fixers
occurs only by the death of the autotrophic population.
Their fixation is also inhibited by the presence of inorganic
nitrogen.

+ =
OximaTtioN oF NH{ To NOj

Oxidation of NH;" to NO7 can happen in all horizons. The
source of energy for growth and maintenance of the
corresponding population is NHJ; NO7 is the oxidation
product. The disappearance of NHTis proportional to three
subprocesses: (1) Growth rate of the oxidizers, multiplied by
(1/efficiency). The growth rate, as always, is proportional
to the maximal growth rate, microbial biomass concentra-
tion and NH7¥ concentration. The efficiency describes the
amount of NHassimilated divided by the amount of NH7"
used for growth. (2) Maintenance requirement--the specific
maintenance energy is a constant independent of growth
rate, per unit biomass. It has to be multiplied by the
microbial biomass. Its units are time-1. (3) In addition to the
processes (1 and 2 above) which are connected with
microbial growth, some external oxidation happens. This
process is proportional to the external enzymes present
which are due to that waste metabolism. The rate of the
waste metabolism has also the general form of a
Michaelis-Menton equation. It means it also has some
maximal value and is dependent on NHF concentration.
According to McLaren (1971), this is the major process in
NHioxidation, but not all the authors agree on this. In some
cases a very good agreement to laboratory conditions could
be shown without considering at all the waste metabolism.

The formation of NO7is of course proportional to the loss



in NH For keeping the right balance, the free NO; which is
evolved should be calculated by taking into consideration
the efficiency of this reaction, The efficiency, which is very
low in this case ( ~6%), gives the amount of NH which is
attached to the microbial cell. In this case, and not as in the
fixation process, the NOy formation is a direct product of
this transformation. In addition, the death of this popula-
tion contributes to the soil organic matter.

OxmaTtion oF NO7To NOT

This process is completely analogous to oxidation of NHY
to NOsx The only difference is that the source of energy is
NO7 and the oxidation product is NO7. This process is faster
than the first oxidation; therefore, we don’t expect any
accumulation of NOgz; which is really the case in field
conditions. The two processes have slightly different
sensitivity to pH and temperature. Nitrification as a whole
requires higher moisture level than does ammonification. It
means that in dry conditions NHY could be accumulated. It
is not accumulated because of volatilization.

DENITRIFICATION

Denitrification can happen in more than one way. In any
case the rate of denitrification will be a function of growth
rate of the denitrifiers, which in turn will be an increasing
function of nitrate, nitrite and organic carbon concentra-
tions and a decreasing . function of oxvgen. pH and
temperature will affect the denitrification in the usual way.
The biomass which is responsible for denitrification is part
of the decomposers’ population. At anaerobic conditions
they will use NO7 as a competitive electron acceptor. The
rate equation for denitrification includes competitive inhibi-
tion of NOj3 use by the presence of O,. Oxygen amount is
indicated by soil water potential here. In later models,
actual O, concentration may be calculated and used. The
death of denitrifiers, as that of the decomposers, is caused by
carbon starvation in that horizon. In normal conditions the
death rate will be lower than the starvation rate, and death
and growth will happen simultaneously.

97

Auxiliary Submodels

NH, VOLATILIZATION

The rate of volatilization is an increasing function of NH7"
concentration, pH and temperature, and a decreasing
function of soil plant cover. The dependency of the rate of
volatilization upon pH and temperature is shown in Figure

-]

Coefficient

Parameter

Figure 2. Coefficient of NH; volatilization as a
function of environmental conditions.

ASSUMPTIONS

1. The rate of any biological transformation is propor-

tional to the growth rate of the population responsible
for that transformation.

The growth rate is described by a Michaelis-Menton
equation, It includes maximal growth rate, and is pro-
portional to the concentration of the substrate which is
growth-limiting.

The environmental coefficients affect the maximal
growth rate.

The living microbial biomass is not available to the
plants. It becomes available only after death and
mineralization.

Death constants for each type of population can have
one out of two values. The lower one is the normal rate
constant which takes place while growth is happening.
The second and higher one takes place when no source
of energy is available.

MATHEMATICAL DESCRIPTION

See the section on MAIN Calling Program in the 1973
Desert Biome Progress Report, Volume 1, for explanation of
symbolism conventions.

NITROGEN EXCHANGES WITH THE ATMOSPHERE
Xar,)
« _EE , -3
Koy, = h[iep(zlih Zojp) P — jeNZojh —

Zg |- 2 M

where:

s 5 %
h, i€f, jEN

Summations over all horizons h, over the
set of nitrogen fixing biomasses or activities
i, over the set of types of mineral Nj,
respectively

Instantaneous growth rate of biomass/
activity type i in horizon h as in (2)

Zyp

Lo, Quantity of biomass or activity as in (4)
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'Zgjh = Uptake of mineral N type j by N-fixing
organisms as in (10)

Zsy, = Denitrification as in (13)

Zs = Volatilization of NH; as in (8)

= Normal units of N of fixers .per unit
biomass

INSTANTANEOUS GROWTH RATE OF NITROGEN
TRANSFORMING ACTIVITY i (Z,;,)

Zlih = Z"ih' (ZTih/(P'i + Z7ih)) (2)

where:

I

Maximal growth rate adjusted to the
physical environment in horizon h, as in
(3)

Zaip = Total host root carbon for symbionts,
total soil dead material carbon for hetero-
trophs and denitrifiers, ammonium for
ammonium oxidizers, nitrite for nitrite
oxidizers

Zogy,

P, =

i A Michaelis constant

INSTANTANEOUS DEATH RATE OF NITROGEN
TRANSFORMATION ACTIVITIES (Zs;,)

Zaih: Pgi, if Z7th < 0

3
where:
i = Asin (2)
Py Py = Different death rates for the conditions
imposed (concerning Z.y,), for biomass/
activity i
BIOMASS/ACTIVITY (Zzih)
Zoin,t = Zsin,1.1° %P (Zojp — Zujp) )
where:
t,1-1 = The value of Zyy, is for the present(t) or
preceding (t-1) simulation time unit
Zyp, = Growth rate for biomass/activity i of
horizon h as in (2)
Zup, = Death rate for biomass/activity i of

horizon h as in (3)
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MAXIMAL GROWTH RATE ADJUSTED TO
PHYSICAL ENVIRONMENT (Z;,)
Zogpy = Poj Zogpy Loy Zogpy Zasgp) Zosipy, - (©)
where:

Py, = Maximum instantaneous growth rate for

‘ biomass/activity type i, under ideal con-
ditions

Zosp, = A temperature coefficient specific to hori-
zon h temperature and biomass/activity
type i -- calculated in OPT

Ziop, = A pH coefficient -- calculated in the OPT
subroutine

Ziyy, = A salinity coefficient -- see OPT

Zizgy, = A moisture coeffi_cient -- see OPT

Zuip - = Asin (6)

MULTIPLICATION FACTOR (Z.5;3,) :

Z”ih =1,fori<g 4
= (Xoapg T Xeapg) Po/(Keth3 + Xoippg + P)

(Ps+Zuiyp)), fori=35 (6)
where:
Xoup3.Xeapg = Nitrite and nitrate, respectively
Ps = An inhibition constant for the inhibition
of the use of (NO; + NO73) as oxygen
source, by oxygen present
Zysp, = Soil water potential (negative bars), as
calculated elsewhere and passed from
SOILS
Pi = A Michaelis constant
CHANGES IN AMMONIUM (X;47,9)
X24h2=—Zs—Z,5h~231h, fOl'h—_— 1 (7)
= —Zish— Zglh, EOI’h > 1
where:
Zs = Volatilization asin (8)
Zysy, = Qxidation to NO7 as in (9)

Zagp Uptake by fixers as in (10)
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VOLATILIZATION OF AMMONIUM FROM Xaap = Amount of type i nitrogen in horizon h

HORIZON 1 (Zs)
TOTAL MINERAL N DEMAND BY FIXERS

Zs =|Zw Zii Zis Po] Xuu (8) (Zasp)
b b3
where: leh = ie F(Zlih ' Z‘lih)/(" EN xuhi + Pla) (11)
Zis = A temperature coefficient as calculated by where:
RAMP subroutine
2 = R vl - fi bi
Zis = A pH coefficient as calculated by RAMP PERSSN ESP‘;BCtlt"e_)t, Stummdt'mn o t‘lxel‘ -
4 mass/activity types j, summation over
Zie = A soil cover coefficient as calculated by nitrogen types j
DCLIN subroutine Zuy, = Growth rate of fixer i, horizon h as in (2)
P - Ma:).um'?l mit:!' of \*(iatlllz.atu)'l: under Zeih = Biomass/activity of fixer type i, horizon h
Op imal conditions, units ])er unit prC.‘iE‘.ﬂt as in 4)
per time (
Xaapyi = Nitrogen type  in horizon h
Xea = Quantity of ammonium in horizon 1 ! i
12 P.r = A Michaelis constant
OXIDATION OF NH; TO NO; (Z - i
! 2 (Zusp) CHANGES IN NO; (Xay,3)
Zisp, = (P:*Zigp, + Py + Py Py X .
15 ( 13 + P 1 ,4h2/ Xearn = Tynge—(Zivng Py’ Bz Po) o~ Fog—
aige + Pl Zrs (9) h3 h 3h 3h 2h
Z‘h L (thg/(xuha + X24h4)) — Zz"h (12)
where: where:
P, = 1/efficiency or NH;" transformed to NOJ P, = Efficiency of conversion of NH;*to NO7
divided by amount of that transformed as in (9)
that is assimilated by transformers .
Zigp = Oxidizer growth rate as in (2)
Zigy, = The growth rate of biomass/activity type 3 . 2 i :
in horizon h as in (2) Zisp = NH."oxidation as in (9)
Py = Units NH required for transformer main- Za3h = Onidizer biomass ss in (4)
tenance per unit transformer biomass per Ziop, = Uptake of N, by fixers as in (10)
Ukt Ziy, = Denitrification of NO7, NO7 as in (13)
P, = A rate constant for waste metabolism con- X ]
. 3s A2 an
nected to NHFoxidizers
Xeipg = NO7, NOy
Py = External enzyme concentration per unit .
NH_Foxidizer biomass Pz, = Asin(16)
thQ = Ammonium as in (7) Ly, = NOjoxidation to NO7as in (14)
B = A Michaelis constant for waste product
metibolisns DENITRIFICATION (Z,3,)
Zo3p, - Eiofnass/hacti‘fit);4)<1uantity for type 3, Zip = P Zigp Zagp, (13)
orizon h as in
where:
UPTAKE OF MINERAL NITROGEN TYPE i BY FIXERS o -
Zoar) Py = Units (NO7 + NOj;) required as oxygen
‘th ' source per unit growth
Zajp = Ziop " Py Xaupy; (10) Zisp = Growth rate of denitrifiers as in (2)
7o), = Biomass/activity type 5 (denitrifiers) in
where: horizon h as in (4)
th = ;\dillﬂl"a](i\ll)demand of all fixers in horizon OXIDATION OF NO; TO NO:(th)
1, as in
l’l“‘ = A “preference" factor, units typeitaken up Zgnh = {Pm i Z,4h + P“, o P.-,- Py Xzihg/(.x:%hg i

B
per unit mineral N demand P.)) Z"h4 (14)
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where:

Pie = 1/efficiency or NO; transformed to NO7
per unit NO7 assimilated by transformers

o = Growth rate of oxidizers as in (2)

Pis = NO7 required for maintenance per unit

‘ biomass of NO7 oxidizers

P = Rate constant for waste metabolism con-
nected to NO7 oxidation

Py = External enzyme concentrations per unit
microbial biomass of the NOj7 oxidizers

X‘—‘"h3 = NOQO7asin (12)

Pio = A Michaelis constant

Zayy, = Biomass/activity of oxidizers in horizon h

as in (4)

CHANCGES IN NOyNITROGEN ().(24;14)

5(24h4 = Zznh == (Zl4h = Py Zz4h/P15) == 233h o

—Zgy Koy Kz + Koy (15)
where:

Pis = Efficiency as in (14)
Zaop, = NOj oxidized as in (14)
Zasp, = Uptake of NO7 by fixers in horizon h
Zg4h = Biomass of NO7 oxidizers as in (4)
Zap, = Denitrification of NO3, NO7 as in (13)
Z‘4h = Growth rate of NO7 oxidizers as in (2)
Xszapq and
X24h4 = NOj, NO7 nitrogen
P, = As in (16)

CHANGES IN SOIL ORGANIC MATTER (}'(th)

X”hf i [?éD Z“;‘h]'Pil, forf=1

== iéD (P2"if : Z“ih)= forf>1

(16)

where:
iéD = Summation over non-symbiotic types
Zayp, = Death as in (17)
Psi = N fraction of biomass
quif = Requirement of biomass type i

for constituent f for growth

Zosip = Change in biomass i of horizon h as in (18)

DEATH OF BIOMASS/ACTIVITY i(Z,;p)

Zovip=Zogp,"(1—1/exp(Zuyp,)) (17)
where:
Z’ih = Quantity of biomass/acticity as in (4)
Z“ih = Instantaneous death rate as in (3)
CHANGE IN BIOMASS TYPE i IN HORIZON h
(Zesy)
Zasip = Zagp y — Zogp 4. (18)
where:
Zgih = Biomass/activity at present (f) or previous

time unit (¢-1) as in (4)

DUMMY BIOMASS EQUIVALENT CHANGES (kgin)

. . Z ) Z
Xaps=+ 7 Zagp Zogp — €D Loy + Zigp,*
Zogy/Pr + Zigpy Zagy /Pis) - Puy, forf =1 (19)

e % iéD (Pﬂnif 2 Z”ih)’ for f >1

where:
z =z _ ; ; :
hAED = Summation over all horizons, summation
over non-symbiotic types
Z'ih “Zyy = Asin (1)
Zoyy, = Death as in (17)
B B = Inverse efficiencies as in (9) and (14)
quif, Pg] - AS iI] (16)
Zoypy = Change in biomass i as in (18)
CHANGE IN DENITRIFYING DECOMPOSERS
(Z2gp,)
Zosp, = (exp (Zigp, — Zagp) — 1) * Zogp/Poe (20)
where:
Z'Sh’ Zy55, = Growth rate (2) and biomass
Ze5h = Death rate as in (3)
P, = Units of 295}1 biomass not involved in

denitrification per unit involved
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TABLE OF SYMBOLS FOR MATHEMATICAL

EQUATIONS
Eq. Where
Symbol ~ FORTRAN  Defined Units Sym.  FORTRAN  Eq. Units Examps
X(,,rf AGAIN(R,F) 1 g/ha-time Py CM(1) 9 g/ha 1000.
Xaipg CLIT 19 g/ha Py DI1(1) % 1/time .02
(LDUM,F) Py D2(I) 3 1/time .002
X”hf CORG(H,F) 16 g/ha Py GM(1) 5 1/time R
Ko SMIN(H,F) 7, ete. g/ha P, CION 6 -bars -10.
Zyp, GR(I) 2 1/time P, FVNH4 8 1/time 01
Zagp, BIOM(L,N), 4  g/ha P, A 9 dimensionless 16.
CBIO(N) Ps MAIN3 9 1/time .00005
Zijh V1INH4, 10 g/ha-time P, K3 9 1/time 1.0
V1INOZ, Pis B3 9  dimensionless .0005
V1INO3 Pu KM3 9 g/ha 1.0
Zyy, V8 13 g/hatime Piy; BNH4, 10  dimensionless 1.0
Zs V10 g/ha-time BNOZ, 10 1
Zﬁih G(I), 1/time BNO3 10 3
GG Pii A5 13 dimensionless 5
Zap CI(N), 2 g/ha Pis A4 14  dimensionless 16.0
TOTOC, Pis MAIN4 14 1/time .00005
SMIN(H,*) Pis K4 14 1/time 1.0
Zyy, D(I) 3 1/time P B4 14  dimensionless .0005
Zog, T 5 dimensionless Pii KM4 14 g/ha 1.0
Zrog), PHC 5 dimensionless P“if CFEPCT(L,F) 16 dimensionless .10, ete.
Ziyy, SC 5 dimensionless P, BN 16 dimensionless .10
Ly, wC 5 dimensionless Pas CBFAC 20 dimensionless 2.
Ziyp — 6 dimensionless
Ly, WATPOT(H) 6 -bars
Z”h V6 9 g/ha‘time
Y TC8 8 dimensionless
Ly PHCS8 8 dimensionless
T SOCOC 8 dimensionless
Zasp, V11 11 g/ha-time
Lo, V7 14 g/ha-time
Loy, — 17 g/ha‘time
Zogp, CHANGE 18 g/ha
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COMPUTER IMPLEMENTATION

DATA REQUIREMENTS AND EXECUTION
CHARACTERISTICS

CLIT(LDUM,*) is a dummy storage type which can have
an arbitrary value but must be at least as great as actual
total equivalent amount of constituent * in all three
biomasses (free fixers, two oxidizers) included and over-all
horizons. CBFAC must be non-zero. Linkages to other
programs are B1(N) (symbionts in plant roots of horizon N);
SYMNIT(N) (symbiotic growth requirement for N -- not all
fixed necessarily); CI(N) (total host root carbon of horizon
N); AUTNIT and AUTGRO (growth requirement for N and
input growth of autotrophs as calculated elsewhere).
Logical switches must be on or off as desired. TNC(N) is the
sum of inorganic types of N and must be summed in some
external place. There must always be unique places to store
all the different types of N (don’t use them summed under
something like “total inorganic N7). This is why SMIN is
used in place of CMIN. For purposes of a major simulation,
plant and animal submodels may not be able to use the
different types of N at all and would have to have a “total

l START HETURN l

y
N=1 Yeu

N > NHORIZ
o

find environmental
free fixers. ol cocff.. growth rates.
axidizers initializations
4
symbiotic fixer

fination, growth,

death

N=N+1

T

calculate deaths

changes in soil
arganic matter
dummy storage

changes in NO3 ™
add. subtract

y

heterotrophic free
Fixation. growth,
death

change in
denitrifiers

changes in NOg™
add, subtract

NHy* onidizers
ovidation, NI, ¥ use.
growth, death

changes in NHy T
add. subtract

volatilization
{eall RAMP.
DCLIN)

denitrificr
denitrification.
growth, death

Figure 3. Program flow chart.

mineral N” type constituent in CMIN. If they do contribute
or take from this category, the distribution of such activity
over types of SMIN will have to be determined (happy
interfacingl). A flow chart of the submodel is provided in
Figure 3.

PARAMETER DEFINITIONS

A3
I/Eff. or NHY disappeared/NH7 assimilated by the
oxidizers (NHY to NO7).

Ad
1/Eff. or NO7 disappeared/NO7 assimilated by the
oxidizers.

A5
The units of (NO7 + NOj) required (as oxygen source)
per unit growth.

AUTGRO
Growth of autotrophic fixers. Growth rate times bio-
mass, as calculated in plant or other submodel.

BIOM(I,N)
Some measure of total biomass of microbial popula-
tion I in horizon N. I 1 for symbionts, I = 2 for
heterotrophes, I = 3 for NHi oxidizers, I = 4 for NO3;
oxidizers.

BN
Nitrogen in biomass populations in general, units N per
unit microbial biomass.

BNH4
Preference coefficient for use of NHz as source of nitro-
gen for microbial growth.

BNO2
Preference coefficient for use of NO7 as source of nitro-
gen for microbial growth.

BNO3

Preference coefficient for use of NOj7 as source of nitro-
gen for microbial growth.
B3
External enzyme concentration per unit microbial
biomass of the NH7 oxidizers.
B4
External enzyme concentration per unit microbial
biomass of the NO7 oxidizers.
CBFAC
The inverse of CBFAC (1/CBFAC) is the fraction of
CBIO(N) which is involved in denitrification.
CBIO(N)
Some measure of decomposer biomass in horizon N as
calculated mainly in the DECOMP subroutine.
CFEPCT(I,K)
Units constituent k normally found in biomass type i per
unit total biomass type i (dry weight as stored in
CLIT(NDUM,*)).
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CI(N)
Total symbiotic host root carbon in horizon n.
CION
Inhibition constant for the inhibition of the use of
(NO7 + NO3) as source of oxygen, by the oxygen
present.
CM
Michaelis constant for the limiting substrate in each
reaction,
DI(1)
Death rate under starvation conditions for biomass type
i. This is used in the EXP exponential function.
D2(I)
Death rate under normal conditions (energy source is
available) for biomass type i.
FVNH4
Maximal rate of NH, volatilization independent of NH,
concentration, at optimal conditions for volatilization,
units volatilized per unit present,
GM(I)
Maximal growth rate (substrate concentration is high,
environmental conditions are optimal) for biomass
type i.
HETFIX
Logical switch. Set to .TRUE. if free heterotrophic
fixation is to be modelled.
IAGN
Nitrogen constituent number in the AGAIN array.
ICO2
Carbon constituent number in the AGAIN array.
INH4
Ammonium constituent number in the SMIN array.
INIT
Organic nitrogen constituent number in the CORG or
CLIT or SMIN array.
INO2
Nitrite position in SMIN (usually 3).
INO3
Nitrate position in SMIN (usually 4).
IR
Number of biomasses or of types of transformers
involved (usually 5).
KA
Atmospheric route of exchange number in AGAIN.
KM3
Michaelis constant for waste metabolism connected to
NH: oxidation.
KM4
Michaelis constant for waste metabolism connected to
NO7 oxidation.
K3
Rate constant for waste metabolism connected to NH;
oxidation.

Rate constant for waste metabolism connected to NO7
oxidation.

Auxiliary Submodels

LDUM
Position in CLIT array reserved for the dummy bio-
mass equivalent to the sum of BIOM in all horizons.

MAIN3
NH7required for maintenance per unit biomass of NH;"
oxidizers.

MAIN4
NO7 required for maintenance per unit biomass of NO7
oxidizers.

NNAMLS
Integer switch. If .GT.O, NITRO’s namelist (HANNA)
if printed out.

PHK(L])
pH points for the various types of biomass (I), ] = 1
minimum pH below which the pH coefficient is zero, ]
= 2,3 two maximal pH points between which the pH
coefficient is one, ] = 4 maximum pH above which the
pH coefficient is one.

PHMAX
Maximal pH for NH, volatilization above which the pH
coefficient is one.

PHMIN
Minimal pH for NH, volatilization below which the pH
coeffieicnt is zero.

SA(L))
Salinity points for the various types of biomass (I); ] = 1
minimum salinity below which the salinity coefficient
is zero, ] = 2,3 two maximal salinity concentrations
between which the salinity coefficient equals 1; ] = 4
max salinity above which the salinity coefficient is zero.

SMIN(N,K)
Soil mineral nitrogen pools, including NO7T, NO; and
NHT

SYMFIX

Logical switch. If .TRUE.,
calculated by NITRO.

T(L])
Temperature points for various types of biomass (I); ]
= 1 minimum temperature below which the tempera-
ture coefficient is zero, ] = 2,3 two maximal points
between which the temperature coefficient is one, | = 4
maximum temperature above which the temperature
coefficient is zero.

TMAX
Maximal temperature for NH; volatization above which
the temperature coefficient is one.

TMIN
Minimal temperature for NH, volatilization below
which the temperature coefficient is zero.

VMAX
Maximal plant cover of soil above which the cover co-
efficient for NH, volatilization is one.

VOLATL
Logical switch. If .TRUE., volatilization of NH; is
calculated here in NITRO.

W(L.])
Water potential (in negative bars) points for various

symbiotic fixation is
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types of biomass (I), includes the requirements for
moisture and oxygen; ] = 1 minimum water potential
below which the water coefficient is zero, ] = 2,3
maximal water potential values between which the
water coefficient is one, ] = 4 maximal water potential
above which the water coefficient is zero.
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Figure 1. General Hows of constituents.

microbial biomass are considered part of soil organic
matter, for purposes of simplicity.

Breakdown of C-N-Compounds

The only representative of the C-N-compounds is protein.
The rate of protein breakdown in any type of organic
material depends on the C:N ratio of that organic material.
If the ratio is above the critical ratio a /Iy (which represents
the ratio between the required carbon to the required
nitrogen), then the rate of protein breakdown will be
governed by the requirement for nitrogen. If the ratio is
helow the critical ratio, then the requirement for carbon
will determine the rate of protein breakdown. The
proportion of protein in the mixture of the organic material
can be explicitly calculated from the concentration of the
organic material and its C:N ratio.

Breakdown of C-Compounds (“Other” Carbon)

The rate of breakdown of the C-compounds is always
complementary to that of the protein, When the C:N ratio
of the organic material being decomposed is higher than the
critical ratio, the C-compounds will serve as the main source
for carbon. On the other hand, when the ratio is below

a /fp. their contribution decreases and is exactly propor-
tional to their relative concentration. Their relative
concentration decreases as the C:N ratio decreases.
Organic Nitrogen Mineralization

No mineralization occurs when the C:N ratio of the
substrate is greater than a/f; because, under such
conditions, nitrogen is the growth-limiting factor. When the
ratio is below a/fp, mineralization occurs together with the
decomposition of the substrate. Mineralization occurs
because, under such conditions, the breakdown of protein is
determined by the requirement for carbon. Along with
carbon that is being released, a proportional amount of
nitrogen is being released. However, the amount of required
carbon is 20-30 times higher than that of nitrogen, meaning
that the excess nitrogen will be released to the environment
as ammonium. Thus, the rate of mineralization is inversely
proportional to the C:N ratio. The addition of extra
nitrogen might increase the requirement for carbon but, on
the other hand, it always decreases the relative requirement
for the organic material nitrogen (because organic nitrogen
and the extra nitrogen serve for growth according to their
relative concentration). It follows that the rate of
mineralization is increased by addition of extra nitrogen.
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RESPIRATION
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DECOMPOSERS
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Figure 2. System diagram. Note that surface litter and/or standing dead with soil affect only horizon
1. Decomposers of the top horizon normally work on all types of surface litter; each standing dead type
has a separate decomposer type k. The generally physical-mechanical transfer of standing dead to surface
litter (as well as a number of other processes) is handled elsewhere.

Inorganic Nitrogen Immobilization

When inorganic nitrogen is available and when the
growth rate of the decomposers is still dependent on
nitrogen concentration, immobilization of inorganic nitro.
gen will occur. This will always be the case for organic
materials which are poor in nitrogen, such as those whose
. C:N ratio is below a/fp.

CO,; Evelution

The process of microbial decomposition is accompanied
by CO, evolution. The rate of CO. evolution by organic
material being decomposed is proportional to the rate of
carbon decomposition multiplied by (1-efficiency). The
efficiency is defined as the ratio of carbon assimilated to
carbon decomposed.

External Breakdown

The major route of organic material decomposition is via
microbial breakdown. In addition to this, a relatively

Environmental coefficient

| 1 | |
Minl Max1 Max2 Min2

Environmental variable

Figure 3. Dependency of maximal growth rate on
environmental conditions (for explanations see text).

unimportant route is added in some artificial way to the
subroutine. This last route is breakdown by the external
enzymes which are available in the area. The purpose of
that process is to have a direct input to soil organic matter
from the various litter types, dead roots and the animal
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residues. The direct input should normally compensate for
the loss from soil organic matter caused by microbial
breakdown. More efficient ways of generating this input
could and should be introduced.

Mineralization of Non-Carbon, Non-Nitrogen Elements

In order for other organic materials to be added
eventually to soil mineral nutrients and so to complete
decomposition, a constant ratio (amount of constituent
mineralized to total carbon decomposed) is multiplied by
total carbon. decomposed. This ratio is specific to dead
materials generally and to soil organic matter. Such an
artificial means of calculating net mineralization (mineral-
ization minus immobilization) should be replaced later by
explicit calculations as is the case for nitrogen.

ASSUMPTIONS

1. The rate of decomposition of any type of organic
material is proportional to the growth rate of its
decomposers.

2. Both the carbon of the C-compounds and that of the C-
N-compounds can serve as a carbon source for
microbial growth. Their relative contribution depends
on optimal considerations which will cause maximal

long-term growth rate.

3. Both organic and inorganic nitrogen can serve as a
nitrogen source for microbial growth. Their relative
contribution is according to their relative concen-
tration.

4. Each of the organic materials is being decomposed at
a rate determined by its own concentration and its own
C:N ratio.

5. In addition to microbial breakdown of litter, dead roots
and animal residues, external breakdown takes place.
This process is not accompanied by CO, evolution. It is
more a mechanical breakdown. Its order of magnitude
is very small compared to the microbial breakdown.

6. The nutrients in the first soil horizon are available to

the decomposers which react on soil surface. The pro-

ducts of decomposition which happen on the soil
surface move to the first soil horizon (or to the microbes,
or to the atmosphere).

The decomposition of each type of organic material by

horizon is made by the same mixed population of that

horizon. This population can move from one sub-
strate to the other.

The nutrients which are included in the living

microbial biomass are made available to plants only

after death and decomposition/mineralization of the
microbes themselves.

=1

x

MATHEMATICAL DESCRIPTION

CHANGES IN DETRITUS DUE TO
DECOMPOSITION (X, af

X‘”df = Dzldf— Dzzdfﬁ Z“df = DZ“df *

Pyt DZska (1)
where:
D7 df = Decomposition of detritus type d carbon
type f as in (7)
Dzﬂdf = Decomposition of detritus type d non-
carbon, non-nitrogen constituent f as in
(13)
Zsgf = External breakdown as in (14)
DZ4clf = Decomposition to mineral form of nitrogen
constituent f in detritus type d as in (16)
Plkf = Units constituent f normally found per unit
total carbon in biomass k
DZskd = Death of biomass type k due to subsistence
on detritus type d as in (10)
k = The biomass type numbers of the decom-

posers which utilize dead material d

CHANGES IN SOIL ORGANIC MATTER DUE

°

TO DECOMPOSITION (x”hj)

Xzzhf = Szlhf_ SZzhf i SZ‘hf &

-3 ; ,
d€ sy, Zods + i "SZokh @)
where:
Sz"hj = Carbon decomposition of SOM in horizon
h asin (7)
SZ!hf = Non-C, non-N decomposition of SOM in
horizon h as in (13)
SZ*‘hf = Nitrogen mineralization from SOM in
5 horizon h as in (16)
dEShZ“df = The sum of externally broken-down de-

tritus constituents f for all detritus types d
contributing to SOM in horizon h as in (14)
Pigs = Asin (1)
sZsp = Decomposer death due to subsistence on
SOM in horizon h as in (10)
k = The decomposer population which utilizes
SOM in horizon h



CHANGES IN MINERAL NITROGEN TYPE OR DUE
TO DECOMPOSERS (X..j,,,)

; p3
Rethn = yEny, (—DZedn + pledn)—

$Zehn  SZ4pn (3)
where:
d éNh = Summation over all detritus types in the set

of detritus types exchanging nitrogen with
the horizon h pool

Zojp = Immobilization of mineral N by decom-
posers in detritus types (D/d) or in SOM
(S/h) as in (17)

Ziin = Demineralization of organic N to the X,
pool from detritus (D/d) and SOM (S/h)
as in (16)

n = Mineral N type (n = 1, organic N; n = 2,

NH n = 3, NO,; n = 4, NOjy)

CHANGESIN ASH ELEMENTS (NON-N, NON-C) DUE
TO DECOMPOSITION (Xzahf)

X”hf= % thn:iff: 1
b ; '
and = dEMhDZQdf + Szihj’ ifkf <3

and =0 ,iff> 3 (4)
where:
?.{“ = Mineral nitrogen type n increment or decre-
hn ¥P
ment as in (3)
3 éM = Summation over all detritus types d which
h are in the set of types My, contributing to
horizon h minerals
DZsgy;
Szghf = Demineralizations due to decomposer
growth on detritus (D/d) and SOM (S/h)
as in (13)

CHANGES IN DECOMPOSER BIOMASSES
(STATE VARIABLE EQUIVALENT)(Xﬁkf)

; . 5 B >3
Xzskf dEDj (Dzldf DZTdf) g hE Sy
(SZlhf— SZ’?If)" fOI'f> 1

= =z
ML= e Dk( % DZedn— DZigg) + h €Sy
( % §Zepy — SZapo), forf =1 (5)

Auxiliary Submodels

where:
z
dEDy = Summation over all detritus types d that are
utilized by biomass k
h ésk = Summation over all SOM that is utilized by
biomass k
DZugys
SZ'hf = Asin (7)
DZgf,
Dzyhf = As in (20)
% = Summation over all mineral N types
Z
D*¢dn>
SZ“h: = N immobilizations as in (17)
DZs4g;
§Zip9 = NH7 evolutions asin (16)
CO, RESPIRATION (X, )
oo X Zz z
X'”w_fEC(_ d DZgg— 1 SZpyp) (6)
where:
z
FEC = Summation over all C types
dz & % = Summation over all detritus types and all
SOM, respectively
Szvhf = Respiration from C types f in detritus

(D/d) and SOM (S/h) as in (20)

NITROGEN AND CARBON DECOMPOSITION IN
DETRITUS AND SOM (Z‘if)

Zigg = Zug/Poyif f= 1
and — Zsi, iff = 3

and = Zgi * (Zmi— Zai), lff >3 (7)
where:

Zs; = Protein C decomposition of material type i
as in (8)

P, = Theratio units C to units N normally found
in biological N-containing compounds
(i.e., protein)

Zy; = The ratio units carbon type f to units total
C in material i

Zio; = Total carbon decomposition from material
i as in (9)
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PROTEIN CARBON DECOMPOSITION (Zs,)

Zsi =P, Py and : lek : (X“dI/Z”k)’

for detritus types d

al’ld = Pq ¥ P3 T Z”kh : ka * (Xzzhlfzmk),

for SOM in horizon h

and = Z'“i ; Z“i/z”'i’ if material i C:N ratio

where:

P,
Py

Zl]kd &
Zugp

Zl2k

Xargy &
Xezhf
VALY

1
Zl-ii
Z]si
P,

Fg

(8)

is less than P,

As in (7)
Normal ratio units N to units total biomass
of decomposers

Growth of decomposers k on detritus (d) or
SOM (h) in units growth per unit biomass
per unit time as in (10)

Decomposer biomass k which utilizes
material type i as in (12)

As in (1), (2)

Total carbon decomposition of material i
as in (9)

Total protein C in material i

Total carbon of all types in i

a/f, (see Verbal Description) or carbon
concentration in decomposer cells divided
by the product of nitrogen concentration
and decomposition assimilation efficiency
Total N (organic + inorganic) available
to biomass k, there being no inorganic N
available to above-surface k

TOTAL C DECOMPOSITION (Z,;)

where:
Zug
Ps
Pq

Lo

Zmi . (Zuki/Ps = Pﬁ) i Zlak

= Growth of biomass k on dead material i as

in (10)

Efficiency of carbon assimilation, units
assimilated per unit decomposed by k
Maintenance requirement for carbon,
units required per unit k

Units biomass k as in (12)
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GROWTH OF DECOMPOSERS k ON MATERIAL i

(Zung)

Z“ki = Zmi : Zasi 4 Zuk/{(Pv &S Zisi) :

where:

Z.gi

lei
Z]Sk
P;, Py

(P + Ziag)) (10)

The environmentally adjusted growth rate
of decomposers k in the set R: of k which
have the same growth rate on material
type j as in (11)

Total carbon as in (8)

= Total nitrogen available to k as in (8)

Michaelis constants for carbon, nitrogen
utilization

ENVIRONMENTALLY ADJUSTED GROWTH RATES

ZIB]' = pg} g Z”Z =L

type j material is in environmental zone z

where:

Pgi

Zl?zy Zlaz,

Zloz,& Zauz‘=

(Zlﬁ,’;)

18y 5 Zmz 5 Z”z,’ if

(11)

Maximal growth rate for dead material
class j

Environmental coefficients returned from
OPT subroutine for environmental zone z

BIOMASS OF DECOMPOSERS (Z”kt)

Zisky = Zuaky 1 " €XP (iész“ki —Zag) (12)

where:

t, -1

3
iECKL ki

Lok

Pan Pll

The present and immediately preceding
time step

The sum of growth rate increments that
affect biomass k in its utilization of the set
of dead materials i EG as in (10)

Death rate of k; Zoy, Py if all Z.sy,
i€Gy, are £ 0; Zy = Py, if any Z,y;
= 0

Starvation and non-starvation death rates,
respectively

DEMINERALIZATION OF NON-N, NON-C

Zgl-)( = Plgf 4 Plkf " ZIOi, fori beiﬂg utilized by k

CONSTITUENTS (Zgif)

(13)



where:
ow = Units f mineralized per unit f decomposed
P‘kf = { concentration as in (1)
Z; = Total carbon decomposed by biomass k as

in (9)

EXTERNAL BREAKDOWN OF DETRITUS

CONSTITUENTS {Zadf)
Z"'df = (x“df/X“df) # Zggd (14)
where:
x“df = As in (1), f signifying summation over
all constituents
Zosg = Total external breakdown of detritus type

d as in (15)

TOTAL EXTERNAL BREAKDOWN OF DETRITUS
TYPE d (Z..)
Z:q = 0, for above-ground d
and = (Plad . Zsaz X an ' ngz) ' P|4 ' Z]gk
*Zisg/(Pisg + Zisg), for d in environment z and k

utilizing d (15)
where:
P”d = A maximal breakdown rate, units broken
down per unit external enzyme (=
PH 'Zl:k)
Zzaz,

Zyiy & Zys, = Temperature, pH and water (oxygen)
coefficients derived for environmental
zone z by OPT and RAMP subroutines

P = Units enzyme normally present per unit
biomass present

Z”k = Biomass as in (12)

Zisg = Material d total carbon as in (8)

Pisg = A Michaelis constant for detritus type d

NITROGEN DEMINERALIZATION FROM DEAD
MATERIAL i (Z‘if)

Z‘if =0, forf#1
and = Z‘il —P;- Z“ki 'Zl'zk t ((an — Zzuk)le:lk),

for f = 1 and for proper k (16)
“'herﬂ:
Zy; = QOrganic nitrogen decomposition as in (7)
P, = The normal N concentration in decom-

posers, units N per unit biomass
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Ziigy = Growth of k on i as in (10)
Zyy = Biomass k as in (12)
Z”k = Total mineral N available to k; Zzﬁk =0
for above-surface k, ka =5 % x“hn
otherwise, for appropriate h
Zysg. = Total N available to k as in (8)
NITROGEN IMMOBILIZATION BY BIOMASS k
IN MATERIAL i (Z,;,)
Zﬁin =Zyy; Prayy X“jn/Z‘-’«k (17)
where:
Ly = Total N immobilized by biomass k in its
activity on material i as in (18)
P, = A preference factor, units n immobilized
per unit total immobilization
X“jn = Inorganic nitrogen type n that is available
to k, j here corresponds to the location of i
and k, as in (3)
Z“k = Total inorganic N available to biomass

k as in (16)

TOTAL N IMMOBILIZATION BY DECOMPOSERS k

ON MATERIAL i (Z.y;)
szi =Py Z“ki ! lek ! (Zztzk/zmk) (18)
where:
P, = N concentration in k as in (8)
Z.y; = Decomposer growth as in (10)
Zzzk = Decomposer biomass in in (12)
Zyoy, = Total inorganic N as in (16)
Zyyy, = Total N as in (8)

DECOMPOSER BIOMASS k DEATH WITH RESPECT

TO MATERIAL i (Zs;)
Zspy=Zuy* (1 —1 /exp (Zzl]ﬂ')) (19)
where:
Zay, = Biomass as in (12)
Zog = Death rate as in (12)
RESPIRATION OF CARBON TYPE f FROM
MATERIAL i {Z’if}
Z’ij = (1l —Ps)* Zzt‘fa iff =23
=0,iff<3 (20)
where:
Ps = Efficiency as in (9)

I

Z'if Decomposition of fraction f as in (7)
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TABLE OF VARIABLE NAMES

SYMBOL FORTRAN EQUATION UNITS E‘f’égg;
X“‘Tf AGAIN 6 g/ha
X“df CLIT(D,F) 1 g/ha
X“hf CORG(H,F) 9 g/ha
Xipg  CMIN(H,F) 4 g/ha
Xaapy SMIN(H,N) 3 g/ha
X”kj DUMBIO(K,F) 5 g/ha
Z‘if DLOS 1 g/ha - time
Zgif DMINRL 13 g/ha - time
ngf EXTLOS 14 g/ha - time
Zu,if DMINR 16 g/ha - time
Zski VD 10 g/ha - time
Xojn DIM 17 g/ha - time
Z’if R 20 g/ha - time
Zy; DPROTC 8 g/ha - time
Zy; — 7 dimensionless
Zyy; DORCC 9 g/ha - time
Ly, GRDEC 10 1/time
Zysg), CBIO(K) 12 g/ha
Zisy RNITNC 8 g/ha
Zyy; PROTC 8 g/ha
Z]_r,i RCARB 8 g/ha
Zys GRC 11 1/time
Ly, TCC 11 dimensionless
Zisy PHCC 11 dimensionless
Ly, SCC 11 dimensionless
Zso, WCC 11 dimensionless
Z“ki D 12 1/time
P VR 15 g/ha - time
Zsa, TRC 15 dimensionless
Ly, PHRC 15 dimensionless
Zys, WRC 15 dimensionless
Lo TNC(K) 16 g/ha
Loz DIMMO 18 g/ha - time
Plkf CFEPCT(K,F) 1 dimensionless .05
P, PC2PN il dimensionless 4.
P BN 8 dimensionless .10
P, BC2BNE 8 dimensionless 1.25
P EFC 9 dimensionless 40
By MAINC 9 1/time .0005
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Table of Variable Names, continued

SYMBOI. FORTRAN EQUATION UNITS T\Z;TS?%
Py KMC 10 g/ha 10000.
P KMN 10 g/ha 10000.
P, cC()) i 1/time .005(SOM)
P Dl 12 1/time 020
Py D2 12 1/time .002
P.Ef E2CPCT(F) 13 dimensionless 5
Pisg KHC(D) 15 1/time 10.

Py BE 15 dimensionless 0001
Pisg KMR(D) 15 ¢/ha 5.0
Pug,, BNFAC(N) 17 dimensionless 1.2(WH,)

COMPUTER IMPLEMENTATION

DATA REQUIREMENTS AND EXECUTION
CHARACTERISTICS

The NITRO and SOILS subroutine write-ups should be
referred to for notes on these related programs. For
execution, one needs to make linkage with OPT and RAMP
subroutines, also (Parnas, 1975; Lommen, 1974). NITRO
is not essential, technically speaking.

Environmental zones must first be defined. There is one
per horizon plus option for adding distinct zones for surface
and standing dead (maximum NZONES = NHORIZ +2). If
ISURF = NHORIZ, surface litter will be treated as part of
horizon 1. Otherwise, ISURF should equal NHORIZ+1 (if
surface and above-surface materials are considered at all).

CRIO biomass values should be one per horizon plus one
value for surface (if considered at all and separate from
horizon 1) and one value per standing dead type (if
considered in addition to surface). GC growth rates are
specific to the type of dead material with one value for soil
detritus, one for SOM and one value for each separate other
detritus type.

One should be doubly sure that CLITT has a non-zero
value and that all common blocks (especially STAT and
CHNG) are properly complete and aligned.

A flow chart of the decomposition submodel is provided
in Figure 4.
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BC2BNE

BE
BN
BNFAC(N)

CBIO(K)

PARAMETER EXPLANATIONS

This is the expression a/f, which equals
the fraction of carbon in decomposer cells
divided by the product of fraction of nitro-
gen and assimilation efficiency (units C
assimilated per unit C decomposed).
Ratio of units external enzyme present per
unit decomposer biomass.

Units of nitrogen normally found per unit
decomposer biomass (CBIO) in general.
Immobilization preference factor for in-
organic type of nitrogen N.

Some measure of total biomass of decom-
poser biomass k.

CFEPCT(K,M) Normal concentration of M in decomposer

DUMBIO-
(K,M)

D1
D2

EFC
E2CPCT(M)
ce()
IAGN

1CO2

INH4
INIT
IPC

ISOM

ISURF

type k, units constituent in per unit total
biomass.

Dummy or equivalent biomass correspond-
ing to CBIO(K). Any net assimilation of
constituent M by CBIO(K) is added to
DUMBIO(K,M); any loss of M from
CBIO(K) by death of CBIO(K) is subtracted
from DUMBIO(K,M) and added to soil
organic matter or other appropriate com-
partment. Materials in DUMBIO are
neither decomposed nor decomposer but
may be used in other ways (by ANIMAL
subroutine, for instance).

Death rate under conditions of starvation.
Normal non-starvation death rate.
Efficiency of carbon assimilation, units
assimilated by CBIO per unit decomposed.
Unit f mineralized per unit f decomposed.
Maximal growth rate on dead material type
J by decomposer biomass (part of an expo-
nential expression).

Pointer for the AGAIN array used to specify
exchange of nitrogen with the atmosphere.
Pointer for the AGAIN array used to specify
exchange of carbon (CO;) with the atmos-
phere.

Position in the SMIN
occupied by ammonium.
The consitutent number of organic N
(usually 1).

The constituent number of protein or N-
containing carbon compounds.

Dead material residue number of soil
organic matter in general (usually 1); GC
(ISOM) is growth rate of decomposers on
soil organic matter.

Surface litter zone number. If ISURF =
NHORIZ, then surface litter is considered
part of the top horizon. Otherwise, ISURF
must equal NHORIZ + 1. Normally ISURF
= NHORIZ.

(N,INH4) array

KA

KHC(IX)

KMC

KMN

KMR(IX)
MAINC
NNAMLS
NNIT

NRI

NZONES

PC2PN

PHC(]])

PHCE(]])

SAC(T)

TG

TCE(]])
TNC(K)

WwC())

WCE(]])

WRTBIO

Auxiliary Submodels

Exchange route of AGAIN corresponding to
the atmosphere. Normally KA = 1.
Maximal external breakdown rate by
enzymes, unit broken down of dead
material IX per unit enzyme.

Michaelis constant for carbon for regular
decomposition (calculation of GRDEC
rate).

Michaelis constant for nitrogen for regular
decomposition (calculation of GRDEC
rate).

Michaelis constant for carbon for external
breakdown of dead material type IX.
Maintenance carbon requirement of a
CBIO biomass in units decomposition
required per unit CBIO.

If .EQ. 1, PARNAS namelist is printed out.
Number of inorganic nitrogen pools plus 1.
Value should be 4.

Number of types of dead organic materials
available to CBIO(K) when one is in the soil
and attempting to utilize soil organic matter
and dead roots. Value should usually be 2.
Number of environmental zones. If only soil
horizons are used, NZONES = NHORIZ. If
standing dead is dealt with, add 1 to
NHORIZ; if surface litter is ever separated
from top horizon decomposition, add
another 1 to NZONES.

Units of protein carbon normally found per
unit protein nitrogen in protein (nitrogen-
containing compounds) of dead organic
matter in general.

JJ = 1 gives the pH value below which

growth is zero; J] = 2, J] = 3 give a range
of pH’s in which growth coefficient = 1;
J] = 4 gives pH value above which growth
is zero.

Same as for PHC but for external break-
down.

JJ =1,]] = 2and 3 and J] = 4 give the
same type points as for pH, but this time for
salinity.

JJ = 1,]] = 2 and 3 and J] = 4 give the
same type points as for pH, but this time for
temperature.

Same as for TC but for external breakdown.
Total inorganic nitrogen available to
CBIO(K).

J] = 1,]] = 2 and 3, J] = 4 give the same
type points as for pH, but this time for water
potential (an expression of oxygen content
of soil).

Same as for WC but for external break-
down.

A logical switch which is set to “Time” if
one desires print-out of CBIO values each
simulation time unit.
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APPENDIX 1
ProcraM LiIsTING

Subroutine NITRO

cUReNTINE NITER

ATMENSTON TUSe ) PHE G s 1o SAIS o B oW {Se 81,0151 +GHIS e ERISI CHIT)
L OPTOHI4aS) oS 1eDt5) 1463 eD2IE) +CFEPCTIHeE)

COMMONZACCTHE/ ACATNGE 2041 DUHACERY

COMMON ATPES/ STOMIITT }aNHORT? pSPOUMZISL1) s NFRELM» NFRACT Y

1 TPDUMIOICE)  TOTNa ST o ILTIT ¢ JLIT+TLHeSPOUMNL 11

COMYON/TOTALSZ TOUMT (41T )e ALTT(15) +AORCIS) »TDUR2(1022)
COMMON/TTAT/ SPUMLI14TC)sCLTITI15¢612 CORGES+6) e CHINIS 6 )0

LOTPUMT(2 ) TIOVIT T PUMS (61) o SHTRIS 4 450U (BT +FIXNZ(S)+DUHMYT148)
COMMONACHANCE /O UM 1014 7O CLITROULISF) sCORGOGISeE) o CHINGA{SsR )y
1 CAUMIETOY «SHMIRAN(T 4) o “DEGNAGLSL o FTXN2ALS ) s DUMMY G {184 }
COMMON/TOINIT/ CTCS) sAUTGRN» AUTHTTSYMNTTIS) #B115)
COMMAN/ZQIDTCr CVTNF Ly rBI 0011}

COMMON/SOTENY/ TEUP{7) PHETY +SSIT) o WATPOTL T o TNC (B

LOPTCAL SYMPIY«MTTOT X VOLATL WMRTNIT

PEAL KI+KHToHY My MATH I o MATHNG

DATA SYHNFIYZ.1 WA TFIN/TPUE L/ o VOLATLY oTRUE ./ «WRTNIT/.FALSE./
«HARELIZY QF PARAMETERS

LFOP DOCTAIL Sy RFF 1973 BTOME SEPAPATFS

HELIFT JHAMNA / A3 hy » S WPION .
(L] PENHE aPH02 L BNODT SP7 v By +CRFAC +CFEPCT»
+ 2TON e CH «1 whe #FUNHE ¢ OM rHETFIXTABH o
© TPO™ L INHE S THTT S THDZ #THOT 4 IR KA WK H3 KM .
. KT ¥y sl PUS o MATHT oMATHNG s NNAMLS ¢« PHK *PHHAX +PHMIN »
¢ SA ASYHE LY T v THAX yTHTH s VHAX  sVOLATL W - PWRTNIT ~

TTROGrY TTANSIOR4ATIONS 07 FACH S
DO 17 NZ1sMHOPTT

Do T T=1.IP

SFNVIPONMENTAL COCFFICIFHTS FOR EACH TRANSFORMATION TYPF I
CALL OPTETIIwl 1o (w20 o T{Ta3 e TAIsa) +TEHPINTTC)

CALL OPTIPUMEIal 1p HKI Ty 2} s PHKIT T 1o PHRIT o 4] s PHIN) o PHE)

IL HORIVON

CALL 2P7(SAITa11a%A0 T 23 SALTr N o SALTIr 8125 (N1 #SCD

FALL OPTIN (TeldoW (Te2)ed (TrX) oW (Tru)aWATPOTINDINCD
FusssessaaGRCHTH TATF FOP RIOMAST TNVOLVED TN TRANSFORMATION I

CITI=GHMIT)sTCoPHCs Cal

er(TIz=r.C

«1saTOTAL SOIL TARCON TH DEAD MATERTALST
TETAC TAORCGINI+ALIT(TL)
Cuoatesans SYHRIOTIC FIXATTON
TF 1L,HMOT.CYNFIX) G Tp 15
CREPISCI1IeCTAN)Z(CHM{1)+CTIND)
TEIEIIN) «GTafaMI011) D201}
fevese naaafFRFE AFTEROTROPHIC FIXATION
15 TF [«NOT.HFTIIY) 6° To 20
GOPI=FI2)eTOTAC/LCHIZ )+TOTOC)
TF (TOTOC «6T.C.M) DIZI=0Z(2}
YEPIZBICHIZ2e NI oL 1a=1 JEXPINET) )
CovernnsnOXIDATION COF NHG TC NO2
27 CRI3IZCEI)eSHINEN, THHY 1/LCHE ) +SHIHIN, INHA ) )
TF (SHININ«INHE) GT.0.C) DE3II=D2(T)
VESTA3#CRITI+HATINI 4K 32 B3 SHTNI Ny INHE }/
. CSHTHING THHE 1 sKMZ) ) e BIOKI Ty N)
VETNARIZAMINI (VP ,CR (71 BNeBTOM( IsN) /A 3)
DEATHIZRTOM(TeNYol1.-14/EXPDC3Y D)
CavssosassOXTOATION OF NO2 TO NOZ
CPIY)I=Cly)eSHININGTHOZ ) /ECHIB) +SHINCN: INOZ))
TF (SHININ«THOT).GT.0.C) DUBIZD214)
NT-UALSED(4)+M ATNG +K4s Bl e SHINE N TNO? )/
TMINONy TNOZ ) 4KME1 1eBICH (G 4N}
VTTOR4=AMINL (V 7T+ CR (4 1# BNeBIOMI 4o N) /A 4)
DEATHE s TOME4e N #(1a -1, /EXPIDE L) )Y
Casaws 2=« DENITRIFICATION BY PART OF DTCOMPOSER BIOMASS CRIO
EESC(S)eESHINIMy TNOZ 1+ SHININTNOZ) JoCION/C(SHININ :TNO2 1+
1 CHTN(H) IND3}+rHM (511 #(CTON+MATPOTINY ))
CPEE)=rCsTOTOC/ICH (6 )+ TOTOC)
TF {1TOTOC «GTaC.0) D5 I=D2(5Y
VABZAS!CRE5) e ET0(N)/CBFAC
Fansonn N3 VOLATILTZATION
TS (NaGT.1l.0R.(.NOT.VOLATL}) CO TO 18
CALL RAMPITHIN +T4AX+ TEMP (N} TCB)
CALL RAMPIPHMIMNyPHMA X PHI{N).PHCB)
CALL DCLTNIVMAYsTCOVER ,S0OCOC)
VIC=SHIN{NTNHG) sTC8 P HCBeSOCOC FYNHY
13

IHHGBILTZATT(\N OF MINERAL NITROGEN BY FIXERS
V111 T° GROMTH RTGUIREMENTs V11-- ARF UTILIZATIONS OF PARTI-
. CULAP TYPES OF N BASED ON PREFERENCFS
19 "'F [NaGTa1) VIT1Z(PRI1)sBIOMIL yNI+GRIZ)2BIOMIZ vN) 1¢BN
TF (NaLE«1) VII1=(CR(1)eBIOMI1I +NI+CRI2)sBIOMI2sN)+AUTERO) RN
VI1ZV111sTHCIN)ZITHCINI+CHIT D)
RECSULTANT CHANGES IN NITROGEN POOLS
Cuveasssa o AHHONIUN
TF (SHININ.INM4).LF.C.0) 60 TC IC
V11MHE =V 11 *BNHA s SHIN (He THHE) /THCIND
SHINRG(NrINHU ) =HINQQIMN: TNHG )-V11NH4 -VE-VL "
€0 To 35
Ir vip=c.r
V1I1INH4Z0 .0
v6=r.0
CosvwaraseNITRITE
35 TF (SHIN(NrINOT)LLE.NJD) BO T 40
VITHO2-VI1ePNOZsSHIN(NsIND2) /TNCIN)
38 THINOQININOT b= HTNGGINs THCZ 1-V1IND? +VF— VETOR3-VT-VBaSHIN(N: INOZ]
® /LTHIN(NSINOTI+SHIN (N THO2) )
N Yo 45
4D V1,0
VI1KN0230.0
Consaane s NITRATF
SHINGOIN+INOZ )= MTNG N+ INOZ )+ VE-VETOBY
45 TF _LSHININ+TNCT)LF.0.0) GO TO 50

VITROI=V1I+ENOIeSHIN [N+ INOT) FTNCEN)
48 SHINGIINTHO3I)I=CMINGOIN I INO T )-V11INO3+V 7- VT TOBY - ~VBSSHININJINCZ)/
®  FSHINCNe TNOZ1+SMIN (N+INDZ))
G0 TO 55
€0 VIINA3Z0.0
THINAQIN s INOI)=CMTHAQIN TNOZ }+ VT -VTTORY
CusuesvassBAIN TN ORCANIC ‘NITROGEN
SS AUTHITZC.O
TF (N.[N.1) AUTNITTAUTCROSRN
SYMMITINISCR(L)IeBTNHM(1 NI «BN
Casesssns«DHUMNI TS CONTRIEBUTION NF N TO SOTL ORCANTC MATTER VIA DFATH
DHUMNI={ V(7 1+DFATHI+CL ATHS ) o DN
CORGANIN ¢yINITI=CORCO GINy INIT J#DHUMNT
pr CHAMGES IN PTOMACSES AMND TN THE CLTITILPUMse) EQUIVALENT
00 £S5 ITied
A=BTOMIT N
BTOMIT)NI=TTOMET NI EXPIGRIII-DITY)
TF (T.LT.2) 60 TO €%
CHANGE=RIOM(TIsN)-A
N0 A2 K=y KFRELM
TF (CLITILTUMK) LLFLfaC) GO "0 67
CLITGQILDUMK)=CLITOGILOUMIKI# CFEPCT (T4 K) # CHANGF
COPrGINKIZCOPC AT ENIKI-CFEPCT (T oK) e CHANGE
62 CONTINUE
65 CONTINUE
CossnavansCHANGE TN DFLOMPOSERS NUF TO DENITRIFICATION
PCRTOZ(FXPITRIT)-N(% 1) =1.)1¢CRIOIN) /COFAC
CAToI{NI=CRTO(NY+DCAIC
Cuvensanse COHPUTATIONT NFEDED TO INTEPFACE WITH STMULATION SYSTEM
CLTTAQILDUM INTT1ZCLITAAELOUM, INTT)+VI11-AUTNIT~SYMNIT{N)=NHUHNT+
* VFTORI+VTTORH
AGATNOIK A, TAGN 1T ACATNG (KA
BLINI=PRTIOH{L1sN)
FIYNZRINISFTIXN A (NI +VI11-VIINH4-V1I1NOZ-VI1NO3
TL=TL+1
TF CWRTNITY WRTTFIEy 3imMe DHUMNT #V11oV111v VIINHE sV1INOZ s VLIINOZ VG
® VTeVBWVID
3 FAPHATIIS.1NCLr.5)
17 CONTINUE
RETURN
B e
CaveaconoaMAHELIST OFAD/WRITE
ENTRY SHINH
PEAD(S tHANNA)
TFINNARLS.LE JDIRETURN
WRTTELEr HANNA)
RETURN
HD

MI+V]111-V1INHU-VIINO2-V1INO3-VA-V1C

Subroutine DECOMP

SUB ROUT INE DE COMP

DIMENSTON GCEL1Z )¢ KHCT1D1s KMRI101+BNFACIH) s F2CPCT (B4 CFEPCTIL10F)
DIMENSTON TCE&) oPHC (G )y SACIG) yWCIaY o TCF (434 PUCE (U] 2 HCElS )
LOGTCAL TINSOTL»SOM+EXTOFC«MRTRIO

REAL KHNsKHCrKM A MATHCs KHC

COHMON/ ACCINC / AGAING (3 44 )r NUKFACIE)

COMMON/SPEC/ SPODUM1(52) sHHORT 7+ SPDUHZ (51) ¢NFREL MiNFPACTy

1 SPDUMI (1061 IS TD ¢JSTOs TL IT+JLITs ILHe SPOUME (11)

COMMON/TOTALS/T CUMTI (1900 CLTTT(15) s TDUHZI2121 ALITIIS) +AORCIS )y
1 TDuM3I(1022)

COMMON/STAT/ SDUMLI14T0}+CLTITI15+6)+CORCISsE)rCHINIGSET .

1 SDUMZITO)+SHIN (5083 DUMBTIO (11+6) ¢ COZI15) +DUMKY {143}

COM MOM/ CHANGE /C DUNL (1870} «CLITOOE 15460 ¢ CORGAGIS#B)I1CHINARIS1E D
1 COUM2{TO)+SHINQQIS 4 ), DUMBTO [11,6)¢CN2G0QI1E)DUMYE (149D

COMMON/SOIENV/ TEMP (T)sPHIT)eSSIT)a WATP FT LTI TNCIE)
COMPMON/SOIDECS EXTDFC.CBIOII1)

DATA WRTBIOD/«FALSEs/

LNAMELIST OF PARAMETERS

FOR EXPLANATIONS OF PATAMETER MEANTNGS+ SFE THE DESTRT PICOME
JWRITE-UPISE PARATE PUBLICATION FOR 1973) WHERETN PARAMETERS
«ARE LISTED

Cavene

Covangn

NAMELIST/PARNAS / BC2BMNE »BE +PN 1AW AC 4CRTO  #CFEFCT 01 .
s 02 ¢DUMBIO EFC +E2CPCT»GC »TAGH »TCNZ  +TMHG  INTT o
s IPC sISOM = TSURF KA +KHC 1K MC v KMN oK MR *MATNC »
& NNAHLSsNNIT +NR1 AN ZONESs PC2P N «PHC +PHCE  +SAC v

* TC #TCE » WC #W CE » ¥R TB 10

T

I LH
e v
Cossnsnss «DECOMPOSITION FOR EICH ENVIROMIFNTAL ZONE TN SOJL AND ABOVE

Do 2000 I=1sNZONES

p=p1

TGR=0.0

INSOIL=TRUF.

IF (T.6T.NHORIZ ) INSOIL . FALSE.

Conasesss cDETERMINE ENVIRONMENTAL CCEFFICIENTS FOR PRESFNT TONE

CALL OPTETC (1) TCEZ s TC (3o TC U} TEM (T)9TCR)

CALL OPTUPHCU(L) oPHC (212 PHCI 31 4P HC 18) s PHIT }e PHCCY

CALL OPTUSACCL} vSAC(2Z)sSACI3) «SAC (4)+SS(T1SCOD

CALL OPTOMC (1)p HC 20 o NC €314 HC (4] s MATECT (T )y WCT)

IF (T.6Te TSURF .0Ra.NOT.EXTDEC) 60 TO 1%

LENVIRONMENT AL COCFF ICIENTS FOR ENZYMES THVOLVED IN FXTERNAL
«BREAKDOWN OF LTTTER AKD DEAD ROCTS

CALL OPTCTCECL) sTCFI2 1o TCEL T+ TCE (41 TEMP LTI, TRC)

CALL OPT(PHCE {1 1+4PHCE (219 PHCE (3) s PHCE (614 PH(T) s PHRT)

CALL RAMP(MCF (1 )4MCEI2) +WATPCTII) ¢MRCY
e «DETERMINE THE NUMBER (F TYPES OF OFAD MATERTAL 70O DFCCHPOSE
s <IN THE PRESFENT 70N .
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IF {INSOIL) GO TO 100G

TF (T.NF.ISURF) G0 TO 12

EXECUTION COMES TO THIS POLNT T€ SURFACE LTTTFR IS DEALT WITH
AS A PART DF THE TOP SOTL HORTZON ZOWE

G0 TO 1000
18 IRz ISTD-1

DIMKXO=0.0
SOM=.FALSE.

L=TL

wee«sFIND VALUFS FOR TOTAL CARPINs TOTAL NITROGEN AND PROTEIN CAR-
BOH FOR THE APPROPRIATF TYPE CF NEAD MATERTAL OR SOIL ORGANIC
MATTER

HOT, THSOTL 12 0R IR« ME
TRUE «

ISy BC YO 20

PROTC=CORGI I+ TP C)
G0 TO 30
20 IF {.NOT.INSOTL )
RCAPRZALITIL}
RNT T=CL TT (L +INIT)
PROTC=CLITILIPCY
30 CONTINUE
TF (RCARM,.LF.0.01 GO TO 300
Cesasssan«CAREON/NITROGEN RATTO
CN=0.0
IF (RNIT<GT 40401

L=TR

CN=RCARB/RNIT

<K IS THE BTOMASS MJMBER WITH WHICH ONE DCFOMPOSTS THE PRESENT
LDEAD HATERI AL BEING WORKED ON. J DFTERFTIMES THE CGROWTH RATE
.0F BIOHASS K TN PART &40 DFPENDS ON TY"r CF DEAN WATERIAL

K=T
IF (16T.ISURF) KZISURF ¢IR-TISTD+1
IF (INSOTIL) J=TP

IF («NOT,TIKSOTL ) J=J+1
sus sAVAILABLE NTTROGEN POCL
IF [TaLE«ISURFY RNITNC=RN IT +TNCI(K)
IF (I.GT.ISURF) RNITNC=RN IT
GRC= GC{J)=TCCs PHCC#+SCC+R CC
Cuse-nseesBROEC TS GROWTH RATE OF K ON PRESENT DEAD MATERIAL TYPE
GROECZGRC*RCARE sPNITNC/ ({ KMC+RCAR B) s L KM N+ RN ITNC) )
TGR =TGR +GRD EC
Cawsssn=ssTOTAL CARBON DECOMPOSITIIN
DOR GC=( GRDE C/EF C4HATNC) +CBICE KJ
DCO2=(1 «—EF C) =P ORGC
COZREQILI=CO208 GILI+DCO 2
Cenneness «PROTEIN CARBON DECOM CSTITION
IF (CN«GELPCZBNE) GO TO 107
DPROTC=DORECs PROTC/RCARE
GO0 TO 105
103 DPYCTC=PC2ZPHBN +GROFCCBI Cf K1 R NT T/RNTT NC
Cisnsenes «OTHER CARBON OECOMPOSITID K
105 DOTHR U= UORG C- UF ROTC
Caw «s sPROTEIN NITROGEN DECOMPOSITION
ORGN=DPROT C/PC 2PH
Casssoves «:MINERAL TZAT JION/ THMORILIZATION
DHI NR=D ORGN-BNs GRDE CoCBI0 (K 1+ A TT /R NITNC
DTHHOBENs GRDE Co CB TO UK F# IRNT TN C=PNIT}/PHITNC
Casssaves c+EXTERNAL BREAKDOWN
TF (SOM«ORaTaCT JTSURF .0R« (o NOTLEXTDEC)) GO TO 11D
IXx=Ixel
KEXZKHC (IX) +TRC +PHRC* WRC
VRZKEX* BE +C 8T 04 K) #® CARR /1 KMR{ IX )+ RCARB)
110 CONTINUE

G
[

« «CHANGES TN CONCENTRATIONS OF DEAD MATERTAL CONSTITUENTS
TI=7
IF (-NOT«INSOIL)
Do » NF RELM .
TF (1SOMe AND2CORGIITy M) uLE.D)a @R of «NOT 2 SOM o ANDCLTITIL M) oL Fa04))
* Go TO 200
0LOS=0.0
EXTLOS=0.0
TF (.NOT.SOM) EXTLOSZ(CLITILsK) /CLITTLL) Qe VP
IF (M.EQ0.INIT) DLOS=DLOS+DORCN
DHI NRL=0.0
L.CFEPCT DETERMINES THE RFOUTREMENT OF RIGMASS K FOR CONSTITUFNT
«H RELATIVE TO TOTAL CARAD N DECOMPONSITION. EZCPCT IS LIKE AN
JINEFFICIENCY OF UTILIZATION OF CONSTITUFNT H--UNITS M MTNERAL-
JIZEC PER UNTIT M ASSTM ILATED
(MeNE, INIT<AND M oL Ta NFRACL]
(HEG.IPC) DLOS=DLOS+DPROTC
[MeFN.IPC.OR oMol T WRACI) GO TO 140
(SOH) DLOS=DLOS* (CORG(IT«H}/(ACRCITI-PROTC})eDOTHRC
{.NOToSOMI DLOS=DLOS +{CLTT (LeM) /{ALTITIL)-PROTC}I+DOTHRC
CavasssnneADD AND SUBTRACT CHANGES
140 TF (SOM) COOGAG (T+¥)=CORGAO (T+HI-NL CS-DMINRL
IF (.NOT.SOM) CLITGA(Ly M) =CLITQ Ol Ly ¥I-DLOS-FXTL 0S-DMIAL
CORGAOI II+MISCORGRG(I T+ M) +EXTLOS
CHI HGGE ITyMIZCM TNRGIT I+ M) +DHMI KR L
Cosesssce sdRESPIRATION
R=0 .U
IF (H.GF+WFRACL) R=NCO2=(DLOS/DORGEY
Ceseseses«DUHBIO IS A STATE VARIAALE EDUTVALENT TC CEBIO
DUMPIGIKs M) DUMBIQ( Ky K} #D LD S-R
AGAINGIKA+ICOZ) SAGAINGIKAICO 21-R
145 TF [HM.NE.INITY CO TO 200
IF (DIMMO.L FuDa0.0RT4GT ISURF) GC TO 160
DO 150 N=2rNNTIT
IF (SMINLITWN)

I=1

DHINRL=EZCPCT (M) «CFEPCT(K+H)*DORGEC

LE.O-0) GO TO 150

120

DIM=DIMHO#BENF AC IN)#SM IN (I Lo N) /T HC (K)
SHINGGl TTeN) =SHINGG(IT«N) -DIM
DUMBI QI KoM)=DUMBIO( Ks M) D IM
150 CONTINUE
160 IF (SOM) CORGGA(IT+M)I=CCRCOM TI+HI-DMINR
TF [.NOT.SOH) CLITEACLs MISCLITOGI Ly ¥)=DNETMR
SMI KGQl IT+THHG] sSHINGA! TT«T K14 ) +D HT MR
Z00 CONTINUE
Ffasssanne +DEATH RATE OF DECOMPDSFRS
IF (RCARB.6T.0.0) D=02
300 IF (I.LE.ISURF) GO TO 1500
Ceasasasas «BIOMASS OF CECOMPOSERS TN STANPTING DEAD
VO=CBIOIK)® (1.- 1. /EXP (D)
D0 1800 M=1+NFRFLH
IF (DUMBIO{K+M) L E.D.O) GC TO 1400
DUMPIGIK+M)=DUMBIQ( Ky M) ~CFFPCTI Ke M1 #YD
CLT TRGQULyH) =CLI TAQ( Ly K) CFEPCTI Ko K) sVD
1400 CONTINUE
CBT O{K) =CBTO{K) «F XP (GRDEC-D)
0=01
«sIF THERE ARFE ANY MORE TYPES OF TEAD MATERTVAL AVAILAALE TOR
ees«THIS ZONEs GO GET THE NWFXT TYPF. FLSEe G0 TO NEXT ZONE
1500 IF [IR«LT«NR) CO TO 1000
& 22 2
IF (1.67.ISURF) GO TO 2000
TF (INSOIL.AND. ISURF.EQ.NHIRTZ.AND. T.ER.1) 30 T0 1600
Cevsenves «BIOMASS OF SURFACE AND/OR SOITL DECOM OSER P OPUL AT IO NS
VDS CBIO(KI# (1.-1./5%P (DY)
DO 1550 H=1NFRFLM
IF (DUMBIO(KsH) JLE.0.0) GO TO 1550
DUMBIQfK+HM)=DUMBIQ( Ks M) ~CFEPCT( Ky M) VD
CORGAOE TT+M)I=CORGAQ (I Is M) #CFFPCTI Ko M) s¥ "
1550 CONTINUE
CBT OI1K) =CBIO(K) =EXP (TER-D)
1600 IF ¢.NOT.INSOTL )Y GO TO 2000
<00 THIS WHEN SURFACE LITTER IS BEING DECOMPOSFD BY HORIZON 1
«POPULAT TON
L=TLe1
IF (ISURF.NE.NHOPTZ .0R« Ta NF.l)
INSOIL-.FALSE .

G0 To 2000

G0 TO 16
2000 COMTINUE
B mm = S S R i i e e e e =
IF (MRTBION) WRITE(6+222) (CAICIK)+K=1e10)
222 FORKATIZX.10€12 .3)
RETURN
[ S S

CansssenaaNAHELIST INPUT/WRITE-QUT
ENTRY SNIN
READISy PARHAS)
TFINNAMLS SE Q1) MRITF I Gs PARN AS)
RET URN
END

Subroutine OPT

SURROUTINE OPT (AHIN1 (AMAXLeAHAXZ yAHTNZ ¢RXsFR)
TF4oX,LE.AMTNL .OR.RX.GE.ANTN?Y GO TO 110
TFIRX.GE «AMAYL AND.RX.LE.AHAY?1GO TO 101
TFIRX.CT.AMINL .AND.RY.LT.AMAX] IGO Y0 102
TFIRXaGT«AMAYX2 JARTRX.LTLAHTNTIGO TO 102

110 FR=D.0
6p 0 1CH
101 FR=1.0
Go TO 104 =
102 FR=(RY-AMTNL J/(AMAY1-AHTIN]1)
GO TN 1TH
103 FRZ(RY-AMAY? 1/ (AMINZ-AMAX2)
10y RETURN
END
Subroutine DCLIN

SUBROUTINE DCLIN CAMA XK yRX ¢ FRAC)
MX A HAXX -
IF{KX.[8.0150 'T0 302
TF(PX.CE.AMAYXIGO TO 300
FRACTL.O-RY/AHAY X
6o To0 301

300 FRACZ0.0
G0 To 301

302 FRACTL.0

301 RFTURN
EMD

Subroutine RAMP

SUBAOUTTNE RAMPOAMIN M AMAX Xy FX sFRACI
TFIPX.OCE.AMAXX)GO TO I

IF ("X LC.AHTNXIGO TO 2
FRACTIPX—AMINX )/ CAMA X -AHINY }

g v0 3
1 FeACS1.D

Go "0 3
2 FRACZ0.C
3 RETURN

END
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APPENDIX 2
InpuT/OuTPUT EXAMPLE

Data Listing

CHFfe= v0 COLDA

LICHFN HEATH WITH PATA F(R NECOMPOSITION RUN 1
r 3 Kl

C c i r o L] [+ > e F [y

1 1272 L1 o £ o

3] ] 1 ] r
“TTROGFN AN IDNS CAYIPNS PROTFIN € RFSERVE C STRUCTURAL
MrAD LICHEN DEAD MOSS wooDY LITICR

MERAACEOUS LITTER

N ROOTS M =2CH

CEAD RNOTS 2-BCH

NFAL RAOTT 8-18 CH NTAD ROOTS 18-25 CM PUMMY MICROBESINY
fuyMuy FYCCORET (DY
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1.00 t.ar 1.rn 1.8% 2.5
1.00 l.00 1.r0 la87 7.5
(4 Ce ra 2 2.rr
c c 1 L] L L]
20, RO 18C. 360,
2trr. 750 1500, 8595, 47807, 144000 OFAD LICHFN
i58. an. 28, 1272, 2710, DEAD HOSS
NG . 52 20. 3252. 188, LITTER wOOr
18 370, 755. 1800. 49230, Ba4=D, LITTER HEP=ACEOUS
21T 12. LN T45. T ROQGTS-2
1807, 100. Xx8. E21N, 3101, RODTSE
11€E. B3 235. T9TSs. 7042, ROOTS-18
433. 25, 89. 1490, T66. ROOTS-35
icen. 10ce. 1cnnt. mneec. 1rorg. PUMMY MIFRCAFS
1100000. 110000C. 1100000, 1100M00. 1100000. 11000P0.  DUMMY HICROAFS (N )
956 377. J114aC. 1EEC30. 3287550, RE4450. 1E608000. ORGA. MATTER r-2
149, ir00. 77800, 5.5 - - MINERALS -7
187928, 140804 Te83C. 133¥500. 25TTCN. 7768BNC. ORG. HATTER 2-P
87. 1100. PEAO. 11. . . MTNERALS 2-8
797237, 28800, 1°360C. 2740500, 52I50C, 15936rnn. ORG. MATTFR B-18
664 16000, 27200, 13. - . MINERALS R-1
2E6867. 16320, ETHC. 91598C. 172r2r. 97920rC. ORC. MATTFR 18-135
36. 27290, arscn. O. . . MINFPALS 1R-3%
a3

TOTAL “OM CAPRON IN TOP P-2Xw
FRAMS PER HECTARF

1C45191M8 201042210825

TRTAL CAPRON IN LITYTFR TYPfC
FRAMS PET HECTARF

NEAD Mnce

wooDY LIYTED

DFAD PAOTS 0-2CH

FEAD POOTS 18- 3S5CH

r1636

AMHONTUM TN TOP PCM
PHIHA

1701 1706

M0Z AMD NO3 IN TOP 20w
FRAMS FF® WECTARF
NAZ p-2CM
urI C-2CH
1781 1787 1783 1706
C0C EVALUYION — CURWL ATTVE CAREON
"RPAHT PFO HECTARF
-2 CH
o-8 €M
A-18 CM
18-315 CM
1792 1797 1734 1795
NTTROGEN FYCHANGT WITH ATMOSPHERF
eI
t-z c»
?2-8 €M
e-18 CH
19-35 C™
£IM
=1+
MOUM=IC,
SMTNZS 00000, +1428. 9770 @ 1as 210l us
TCOVFR=.5Cs
PZ20% 4.0r 20% 4.7 20 . 4.Bs P0s 5,7,
ST14006.00
TZ2Ce 11.0s 20¢ 9.9s 20¢ 9.5: e 9,2,
WSZ20e-1C.0s 20% ~8.0y 208 -3,0y 70# -8.04
SEND
THANNA
AIT16er A4T1C. e A5Z.50,
SHe0.r 49,100 4*a15 4s.1Cs 4e,30y 40,05,
TOus H8ar WGas  TTaw PuDe
TOer 84y U4es TTas Dal
TOwr  Ber G8as TTew DaPy
150.% 5Cur 50e9 157 . Das
BN=. 10+ 8SNHGZ1.00 PBNO2:.10s BNO3=.3Ms
Cr CIONZ-,00001,
10000«s 177 ee 1(00.s 1000.y LCOCO.r 10004+
F2s D2=5+.007: FVNHI=.D1s
lsr o700 7.0+ D001,
TRUF.¢ TACNZLy ICO2=3s
KAZ1r ¥M3Z1.0r KHM4Z1.0s

{ +INPUT — OQUTPUT )

58Csr 81.910.7252215.9040

B3=.0005y A8=.0r05.

]

THHa =2
K3=1.0¢

INTT=1,
K4z 1.0v

INOZ=3s  TNO3=He
LDUM=9,

HATNIZ.CO000S y MAING Z.N0OMDS,
NNAMLSS1y

PHK= Se0.0s 59740+ 59,0
PHHAXS 3.Cs PHMINST .O»

SAT SeDa0r S5eCaDr  Sel.ly
SYMFT TRUE . ¢

T=5e0. 5925.r 5e35.; SefS.y
THAX=SCas THINT10.+ VHAXZ.85,
W=Se-15.+ Se=2.00 5s—.10,
MRTNTT= o TRUE v

SEND

SPARNAT
BC2BNE=12.5:BE=.0001 v BN=. 10+ BMFAC=O.s 1.0s.10:.30¢
CBT0=70000.+s90000e911av5ur

CEEPCT=1190u v 13%.10s 11915+ 110210+ 110.30y 1le.05e

51100

5¢10.»

VOLATL= «TRUE.+»
Se0.0

Auxiliary Submodels
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DUMBTN=EE* 100000 .+
[11:4
wr 50,100
GC=Z 0501 050 «01le¢ o05¢ « 05 02
TAGN=1s ICP2-4s INHE =2s INTTZ1e TPC- 8y TSOM-1e¢ ISURF=GQ«

KA=1y KHC=4*549 20.v10.v2.005.0¢ KHC=10000s v KHN=10000a ¢
KMR=1C+S5.0», MATNC=.0005 HNAHLS =1+ NNIT=Hhs NR1=Ze
NZONE<=84s FC2PN=8.9

PHE=CaTsGualCrBa0e10.0 0

PUCEC P eT, 0 pB 029,585,

RESPAT=380.s.3Meo500.200

012520354950

WRTBTO=.TRUE . ¢
SEND

Simulation Run
LICHEN HFATH WITH DATA FOR DECDHMPOSITION RUN 1

INTTIAL RYPORT ON JAN 1 1378

CONSTITUENTS OF DEAD ORGANIC MATERTAL. G. OR KCAL.
TYPF OF MATERTAL NITROEFN ANTONS
DEAD LICHCN 250000 250.00
DEAD MODSS 358.00 50.00
WOODY LITTFR 946,00 52.00
HERBACEOUS LITTER 18320.00 755.00
DEARD ROOTS [O-2CH 217.4r0 1z.0C
DEAD ROOTS 2Z-BCHM 1807.00 i1o0c.ar
DEAD ROOTS 8-18 CM 1156.00 63.0C
DEAD RDOTS 18-35 CM §¥3.07 28.00
DUMHY MICROBES(N} ioec.or ooc.an
DUMHY HICROBESED) 1igo0Ce.0r 1100000.00

TOTAL 1122777.0C L10Z296.0C
SOTL VARTABLES
NITROCEM ANLONS
CONSTITUFNTS
20 MM.
£l MM,
180, MM,
350. MM.

ORE ANTC
FROM

HATTER
0. TO
FPCHM 20« TO
FROH 80. TO
FROM 180. TO
TOTAL
TN HINEPAL FRACTTI"H
FROM 0. TO 7C.
FROM 20. TO ac.
FROM B8Q. TO 187.
FROH 18C. TO XS0,
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8T.07
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R 3300.00C
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HH.
HH.
HM.
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STRUCTURAL CTOTAL C

1.092 SECONDS ELAPSED

c TOTAL C DRY MATTER
200000.00 4398663 .25
17920.00 BR621.20
3I4500.00 85104.20
o4 8000.0C 1106875.%8

8568.00 21208.75
T1is00.00 176738.50
45696.00 113110.25
17i36.00 42417 .50
3Ip00c.00 80500.00

3300000.00 1083%999.87

4173120.00 13008238.87

ORGaDNeMe

20760000.00 §1520000.0C
9360000.00 18720000.00
19200000.00 38800000.00
10880000.00 21760000.00
60200000.001 20400000.00

64 X73120.001333082 32 .00

64273120,00133804238.00
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00000

-000
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00000
00800
00000

000 .ooe
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«00000
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«00000
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«00000
ey
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INTRODUCTION

This portion of the animal submodel is being designed to
interface closely with the demographic section and thus to be
used in association with other submodels in the Desert Biome
whole-ecosystem model as described elsewhere. This report
summarizes the progress made to date in the conceptualiza-

tion of the structural framework for the physiological
sub-section and presents a discussion of the problems of
physiological-demography interface and programming
routine for one part of the animal physiological submodel.

DESCRIPTION OF COMPONENTS CONSIDERED

The vast number of species and the paucity of data on
physiological and demographic processes of these species
preclude the use of species as components in an ecosystem
model at this time. Consequently, we decided to organize
consumers into functional groups of species. The criteria
applied to the formation of a particular functional group
were: (1) The species included have common physiological
characteristics especially with regard to water requirements
and type of food consumed; (2) Demographic responses as far
as is known are directly linked to the physiological
characteristics in criteria no. 1; (3) That the assemblage of
organisms in each group be significant components in at least
one of the desert sites (significance determined on the basis of
hiomass, energy turnover, or identified rate regulators). The
functional groups erected for inclusion in the model with
representative taxa are shown in Table 1.

The breakdown in Table 1 is only a tentative division into
functional groups based on the behavior and physiology of
the organisms placed in each group. However, based on this
grouping, the form of physiological functions were developed
for several functional groups.

FUNCTIONAL GROUP 1

W ATER-INDEPENDENT, SEED-CONSUMING RODENTS

Reproduction

Reproduction is determined for two cohorts: adults and
juveniles. Reproduction is considered to result in a constant
increment to adult biomass because a fraction of the adult
population is receptive at all times if mean monthly air

temperatures exceed 0 C. If mean monthly air temperatures
are lower than 0 C for part of the year, reproduction is keyed
by photoperiod.

Juvenile recruitment into the population is a constant
percentage of adult biomass = 5% adult biomass. Peak
recruitment into the adult population occurred during one or
two periods as a function of the length of the growing season
(90 day growth and recruitment) and of reproductive
phenology of annual and perennial plants. The form of
reproduction function is shown in Figure 1.

Plant to Animal Transfer (Assume Diet of 100% Seeds)

Seed removal by rodents is equal to seed consumption plus
storage and is a function of seed availability. It is assumed
that rodents forage for 4 hr-day'l. Consumption (c) is a
function of animal size and is adjusted for lactation by the
percent of the population lactating attime t. Consumption of
lactating animals = ¢ x 4. Consumption is equal to energy
requirements for maintenance for 20 hr plus activity costs for
4 hr. Since these animals live in subterranean burrows in nests
(Kenagy, 1973), maintenance metabolism can be calculated
as standard metabolic rate at mean annual soil temperature
at 30 cm. No temperature-related increase in metabolic rate
is included since it is assumed that the increased heat
production due to activity supplies body temperature
regulatory heat requirements. Since seeds are assumed to
make up 100 % of the diet, fecal losses are assumed minimal
and an assimilation percent of 80 is used. Figures 2 and 3
show the form of relationship of metabolism to size and the
form of seed removal function, respectively.

Table 1. Functional groupings of consumers in desert ecosystems. Each functional group is shown with its primary
food source, general water requirements and representative taxa. Groups for which sufficient data are available to

support the group designation are indicated by an asterisk

Functional Group Water requirements

Primary food source Representative Taxa

1. Heteromyid rodents * independent,metabolic

water
2. Omnivorous rodents * dependent ,succulent
plant parts

dependent ,succulent
plant parts

3. Lagomorphs *

4. Harvester ants * partially independent

seeds and fruits Dipodomys, Perognathus

fruits, leaves, seeds
and insects

Peromyscus sp.

leaves, bark Lepus, Sylvilagus

seeds, fruits Pogonomyrmex, Pheidole

on insect availability,

metabolic water
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Sucking bugs *

. Leaf chewing insects¥®

Omnivorous ground-
dwelling arthropods *

Omnivorous ants *

Detritivores *

Nectivorous insects

. Ground-dwelling
sucking predators

Flying predatory
arthropods

., Small mammal
predators

Large mammal
predators

Raptors

, Lizards *
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Seed eating birds *

Large herbivores

Juvenile biomass

131

dependent on food

dependent on leaf
water content

dependent on water
content of food

dependent on water
content prey and
food

independent or partially
independent on
metabolic plus pre-
formed water

dependent on water in
food, plant phenology

dependent water in

food

on

dependent on water in

food
dependent in
food

on water

dependent water in

food

on

dependent on water in

foed

dependent on free water
and insects

dependent on free water

I
I
|
!

O ——— —

lime

30 days

Figure 1. Form of reproduction function.
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Figure 2.

Form of relationship of metabolism to size.
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Growth and Maintenance

It is assumed that growth is equal to a constant (k) when
seed storage reserves are greater than 0 and/or removal is
greater than consumption and mean ambient temperature is
greater than 5 C. This allows for growth (fetal growth) and
population increase as long as food is available, When
consumption is greater than seed removal and seed storage
reserves are 0, the value of k is negative and proportional to
the maintenance deficit. Figure 4 shows the form of growth
to food available and storage relationship.

"
Growth

0

m Consumption = m+g

Food available

Figure 4. Form of growth to food available and storage
relationship.

>

luvenile biomass

+ A vegetative perennials +/or +Ainsect biomass

Figure 5. Form of relationship between plant and insect
food availability and reproduction in water-dependent, om-
nivorous rodents.

=
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o

100"
% in diet
Figure 6. Form of the function describing the percent
composition of forbs and grasses in diets of lagomorphs and
biomass of these plants-ha-1.

FUNCTIONAL GROUP U
W ATER-DEPENDENT O MNIVOROUS RODENTS
Reproductive Increment

Reproductive increment is 0 unless there is a positive
biomass increment added to vegetative perennials, then
juvenile biomass is a function of the positive increment in new
growth of perennial plants and/or a positive increment in
insect biomass. Reproduction is tied to availability of water in
new growth vegetation or insects since this species group is
water dependent on preformed water in food (Fig. 5).

Plant to Animal Transfers

When increment to vegetative perennials is positive,
10 to 25% of the consumptive needs are from new perennial
vegetation; percent in diet f (new perennial biomass). When
insect biomass increment is positive, 0-15% of consumptive
needs is from insect biomass; percent in diet f(insect
biomass). Remainder of the diet is obtained from fruits and
seeds on the soil surface,

Consumption

Consumption is a function of size and lactation as in
Group L.

Fecal I.oss

Fecal loss is equal to (f, x % assimilation of vegetation) +
(f.x % assimilation of insects) + (f; x % assimilation of seeds)
where f = fractional biomass in diet of rodents.

Growth

Growth is a constant for adults if A vegetation > 0. If A
vegetation = 0, growth = (. Juvenile growth is a constant k,
if food availability is greater than some threshold value.

FUNCTIONAL GROUP III
L.AGOMORPHS

Lagomorphs are treated differently than omnivorous
rodents because: (1) they rarely use subterranean shelters and
as a consequence sense their thermal environment; and (2)
because they browse and graze on grasses, forbs and shrubs
with shifting food preference (Fig. 6).

Some assumptions regarding lagomorphs are: (1) they will
forage preferentially on new growth forbs and grasses. When
these are not available they browse on bark and woody
material from planis with a favorable water potential in the
tissues; (2) reproduction is keyed by photoperiod and allows
production of two litters on hot deserts and one litter on cold
deserts: (3) excretory losses as percent of material consumed
is a function of materials eaten -- green forbs and grasses
result in less than 20% excretory loss while loss from bark and
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woody stems is greater than 30%; (4) metabolic rate is a
function of mean daily temperature and body size and must
be corrected for lactation after females produce young; (5)
there is a probability of starvation which is a function of
crude protein available in the diet which also is probably
linked with tissue (Fig. 7); (6) adult growth equals 0 -- growth
is positive in the equation only in juveniles or during periods
of reproduction and is negative during starvation.
consumption, MR = metabolic rate maintenance, E =
elimination, G = growth).

="
|

Probability
of starvation

Y

0 Protein in diet

Figure 7. Function describing probability of starvation in
lagomorphs as a function of protein in diet.
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FUNCTIONAL GROUP IV
HARVESTER ANTS

Modelling social insect physiology is complicated in that
the activity and behavior which must be predicted are
related to foraging activity. While important, population
growth, reproduction and other activities of colonies in nests
below the ground are difficult to study and may be treated
as constants or functions of surface activity.

Assumptions are: (1) Foraging occurs when relative
humidity (weather station height) is greater than 50 % ; (2)
When foraging occurs, rate of seed removal is a function of
ambient temperature, number of foragers - colony-1, num-
ber of colonies - ha'l, colony satiation, and seed availability
as indicated by equation 1:

dr/dt = f(Ta)-f(Ng)-f(Dc)f(—Sa) (1)
(dr = seed removal rate, T, = ambient temperature, Ng =

foragers~colo11y'l, D, = density of colonies, —$, =
satiation % based on seed storage.

PROGRAMMING SCHEME FOR ANIMAL PHYSIOLOGICAL SUBMODEL

1 CONSUMPTION = 0.838 * (S ** 0.695) " 5

C Size-dependent consumption

C Seed biomass converted to calories

C See Golley (1961) and Chew and Chew (1965, 1970)
for values
IF BIRTH.EQ.1 CONSUMPTION = CONSUMP-
TION x 4

C Litter of young produced and lactation occurring

ASSIMILATION = 0.8 * CONSUMPTION

C  See Chew and Chew (1970)
MAINTENANCE = 70.5 * (S ** 0.734) + 0.86

C Basal metabolic rate plus activity at a rate of one-fourth
metabolic rate (Chew and Chew, 1970)
IF BIRTH.EQ.1 MAINTENANCE =
ANCE x 4

C Expense of lactation
IF SURFACE SEEDS.GT.10 * 6 SEED REMOVAL
=K
SEED REMOVAL = 7.6 * (SURFACE SEEDS ** 0.18)
IF GROUP.EQ.2 SEED REMOVAL = 239 * x
(SURFACE SEEDS ** 0.21)

C  Seed removal related to seed availability

9 STORAGE = STORATE + (SEED REMOVAL -
CONSUMPTION)
IF STORAGE.LT.0GOTO 2

C  Less food available on surface or in storage than
required for maintenance assimilation
GOTO3

MAINTEN-

C Food requirements met
9 ASSIMILATION = ASSIMILATION* (1 - [CON-
SUMPTION - SEED REMOVAL] =+ CONSUMP-
TION)
IF GROUP.EQ.2.AN.TEMP.LT.10 MAINTENANCE
= MAINTENANCE =+ 8
ASSIMILATION = 0
C Assimilation, when minimum food requirements are
not met Perognathus go into torpor (Hoover, 1973)
3 GROWTH = ASSIMILATION — MAINTENANCE
C Kcal in growth, either a + or — number
IF BIRTH.EQ.1 YOUNG = YOUNG + GROWTH~
1.03
C Kecal in growth which goes to youth after birth, in
grams (Chew and Chew, 1970)
C Goto CHECK if young are weanable
GO TO4
IF GROUP.EQ.2P = §
IF $.GT.40g.OR.P.CT.20g REPRODUCTION =
REPRODUCTION + GROWTH
PREGNANT DAYS = PREGNANT DAYS + 1

C  Adult energy expended on developing on fetal
components
IF PREGNANT DAYS.EQ.30 S = 40, P = 20
NUMYOUNG = REPROD =+ 3
IF GROUP.EQ.2 NUMYOUNG = REPROD

BIRTH =1
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C 30 days is term and young are born and adult weight is
reduced by the amount of young to 40 g
IFS.EQ.40GOTO1
IFP.EQ.20GOTO1
§S=S+ (GROWTH =+ 1.5)

C FEnergy expended for growth converted to grams
GOTO!1
IF GROUP.EQ.1 NUMBER = 25
IF GROUP.EQ.2 NUMBER = 10
IF YOUNG = NUMYOUNG.GT.NUMBER BIRTH =
0, PREGDAYS = 0

C Young are weaned adult growth then goes to repro-
duction
GOTO1

PROBLEMS OF INTERFACING DEMOGRAPHY
AND PHYSIOLOGY

In atempting to construct the logic scheme for
programming the functional relationships decribed in the
previous section, we soon realized that we needed inputs
from the demographic sections of the animal submodel. We
worked around this problem in part by making guesses
about probable forms of demographic functions and using
constants wherever possible. Future efforts in construction
of an animal submodel will have to focus considerable
attention on this problem.
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