Tropical and Subtropical Agroecosystems, 15 (2012): 273 - 300

MODELING GROWTH OF STAR GRASS (Cynodon plectostachyus) IN THE
SUBTROPICAL REGIONS OF CENTRAL MEXICO

[Tropical and
Subtropical
Agroecosystems

[SIMULANDO EL CRECIMIENTO DEL PASTO ESTRELLA (Cynodon
plectostachyus) EN LAS REGIONES DE CLIMA SUBTROPICAL DEL
CENTRO DE MEXICO]

G. Yong-Angel*; V.C. Pires-Silveira®; F. Avilés-Nova®
and O.A. Castelan-Ortega®

IFacultad de Medicina Veterinaria y Zootecnia, Universidad Autonoma de Chiapas;
2Centro de Estudios Rurales, Universidad Federal de Sta. Maria,

Rio Grande del Sur, Brazil;

*Centro Universitario Temascaltepec, UAEM;
*Facultad de Medicina Veterinaria y Zootecnia, Universidad Auténoma del Estado de

SUMMARY

The present work describes a mathematical model
that simulates growth and biomass production of Star
grass in the lowland subtropical areas of Central
Mexico. The Star grass model simulates growth of the
different plant structures such as the root, stem and
shoots, and it has five submodels: growth,
photosynthesis, mineral intake, ontogenic and
disturbances submodels. The growth submodel
simulates nutrient partition and growth of root, stem
and leaves. The photosynthesis submodel simulates
the transformation of solar energy and carbon into
biomass, and it is determined by irradiation, ambient
temperature and the leaf area index. The mineral
uptake submodel represents the interphase between
the soil and the plant, and it simulates a plant’s uptake
of nitrogen and phosphorous as well as the different
factors that determined their availability, such as soil
water content and the mineralization rate. The
ontogenic submodel emulates the vegetative phase
and the senescence of the plant. The disturbances
submodel simulates the effect of factors such as
harvest, fire and grazing on the above-ground part of
the plant. The original model was developed for C3
plants so it was necessary to modify its parameters for
simulating a C4 plant like Star grass. The parameters
of soil, drought tolerance, nitrogen content (in the
degradable fraction of the plant) and temperatures for
maximum and minimum plant growth were modified.
The phenological phase of the plant was modified and
the reproductive routine was eliminated since Star
grass is propagated by stolons and generally remains
in the vegetative stage. The re-growth of new shoots
begins when soil temperature is above 11° C and soil
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water content above 0.5. Minimum data set for model
development was collected from a sward planted with
Star grass and located in the Tejupilco municipality
(18° 45" 30” North and 99° 59" 07” West) México,
and data from literature was also used. Daily climate
data was obtained from the local meteorological
station. Model predictions were validated with data
sets collected from two more swards located in the
same region. Results indicated that the model’s
predicted dry matter yield during the entire
production cycle was very close to observed data
(R?=0.92, P<0.05), and also that precision was high
because observed and predicted regression lines were
almost overlapping. Model predictions for the other
two paddocks were also very close to observed values
(R?=0.88 and R?=0.96, P<0.05). It was concluded that
the Star grass model was successful in predicting dry
matter yield for a Star grass paddock located in the
lowland areas of central Mexico.

Key words: Star grass; mathematical model; Mexico.

RESUMEN

El presente trabajo describe el desarrollo matematico
de un modelo que simula el crecimiento y produccién
del Pasto Estrella bajo pastoreo continuo en las
regiones subtropicales del centro de México. El
modelo de pasto estrella simula el crecimiento de las
diferentes estructuras de la planta tales como la raiz,
el tallo, y los rebrotes y se compone de 5 submodelos:
crecimiento, fotosintesis, absorcién de minerales,
fenologia y un submodelo que simula las
perturbaciones que sufre la planta. EI submodelo de
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crecimiento  simula la particion de nutrientes y
crecimiento de la raiz, tallo y hojas. El submodelo
fotosintesis simula la transformaciéon de la energia
solar y carb6n en biomaas, lo cual esta determinado
por la irradiacion, la temperatura ambiental y el
indice de area foliar. El submodelo de absorcién de
los minerales representa la interfase entre el suelo y la
planta y simula la absorcion de nitrégeno y fésforo
asi como los diferentes factores que determina su
disponibilidad, tales como el contenido de agua en el
suelo, y la tasa de mineralizacion. El submodelo
fenoldgico simula la fase vegetativa y la senescencia
de la planta. EI submodelo de perturbaciones el efecto
de factores tales como la cosecha, el fuego y el
pastoreo sobre la parte aérea de la planta. EI modelo
original fue desarrollado para plantas del tipo C3 asi
que fue necesario modificar sus parametros para
simular planta tipo C4 como el pasto estrella. Los
parametros del suelo, tolerancia a la sequia, contenido
de nitrégeno (en la parte degradable de la planta) y las
temperaturas para el crecimiento minimo y méaximo
de la planta fueron modificados. Las etapas
fenoldgicas de la planta fueron modificadas y la
rutina reproductiva fue eliminada dado que el pasto
estrella es propagado via estolones y generalmente
permanece en estado vegetativo. El retofio de las
hojas nuevas inicia cuando la temperatura del suelo

INTRODUCTION

Star grass (SG) (Cynodon plectostachyus) is the most
widespread grass in the tropical climate regions of
Mexico and Latin America (Caro-Costas et al. 1976,
Gredpac 1990, Manson and Burton 1982, Ortega and
Gonzalez 1990). Agronomic characteristics of SG
allow it to adapt to different soil types, to resist
grazing, to grow rapidly and to response adequately
to fertilization. It competes well with other grasses
and weeds due to its aggressive growth and rapid
propagation (Clayton and Harlan 1970, Pozo et al.,
2000; Porto et al., 2009).

In the Northern hemisphere the largest volume of dry
matter production of SG is observed during the rainy
season (June to October), production declines during
the dry season (February to May) and the lowest yield
occurs during the winter (November to March), as SG
growth is sensitive to low temperatures and a short
photoperiod (Ludlow 1985).

Nutritional characteristics of SG vary significantly
throughout the year because they are determined by
climate conditions and plant maturity. Lopez et al.
(2010) investigated the nutritional characteristics of
the SG grown in the tropical region of central
Mexico. These authors observed that crude protein
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esta por arriba de los 11 oC y el contenido de agua en
el suelo esta por arriba de 0.5. Los juegos minimos de
datos para el desarrollo del modelo fue colectado de
una pradera sembrada con pasto estrella ubicada en el
municipio de Tejupilco (18° 45" 30” norte y 99° 59°
07 oeste) México, también se emplearon datos de
tomados de la literatura especializada. Datos sobre el
clima fueron obtenidos de una estacién meteorolégica
local. Las predicciones del modelo fueron validados
con juegos de datos recolectados en dos praderas
localizadas en la misma region de estudio. Los
resultados indican que las predicciones del modelo
para produccién de materia seca durante el ciclo de
produccion del pasto estrella fueron muy cercanas a
los datos observados (T2=0.92, P<0.05), también la
precisién de modelo es adecuada. Las predicciones
del modelo para las otras dos praderas fueron también
muy cercanas a los valores observados en campo
(R2=0.88 and R2=0.96, P<0.05). Se concluyo que el
modelo de pasto estrella fue exitoso en predecir la
produccion de materia seca para una pradera de pasto
estrella ubicada en las regiones subtropicales del
centro de México.

Palabras clave: Pasto estrella; modelo matematico;
Meéxico.

(CP) content and dry matter digestibility of SG passed
from 15% and 65% in June to 4% and 50% in
February, respectively. These variations in the
nutritional characteristics of SG point to the need for
adequate management practices with both the grass
and the cattle that graze it. In vivo evaluation of
alternative management practices requires substantial
amount of resources including several paddocks
cultivated with SG and a large number of animals
(e.g. cows) to evaluate their productive response to
different stocking rates and feeding strategies based
on this grass. Even if these resources were available,
several years of work are needed to arrive at
conclusive results.

Modeling SG growth and production offers the
possibility to evaluate alternative production
strategies under different climate and management
scenarios. Different grass models have been
developed, for example, Johnson and Thornley (1985)
developed a model for a temperate climate grass like
the ryegrass, Herrero et al. (2000) developed a model
for Kikuyu grass (Pennisetum clandestinum), a sub-
tropical grass, Silveira (1999) developed a multi-grass
species model for temperate climates. However, there
are no models published in the literature for SG, even
though it is one of the most widespread grasses in the
world’s tropical regions.
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Therefore, the objective of the present work was to
develop a mathematical model that simulates growth
of a vegetative sward of Star grass.

MATERIALS AND METHODS

Model description

The SG model was derived from the ryegrass model
developed by Silveira (1999). Silveira’s model is
based on the model developed by Johnson and
Thornley (1983, 1984, 1985, 1987) that simulates
Ryegrass growth in temperate climates (Thornley and
Verberne 1989, Moore et al. 1997). The model was
built in Model Maker software (Zethon Tech,
Nottingham, 1994, UK) and it simulates growth,
nutrient partitioning, plants’ respiration flow between
categories, mineral absorption, senescence, grazing
and management practices such as the use of fire to
eliminate dead standing material. The SG model is
subdivided into five submodels: grass, soil, animals
and climate. This paper describes the structure and
functioning of the grass submodel, and its general
structure is outlined in Figure 1.

The grass submodel is divided into roots (R), and
stems + shoots (Sh), all in four age categories
(Figurel). The main changes introduced to the
Johnson and Thornley (1984) model in order to make
it simulate SG are:

1. The original parameters used to simulate C3 plants
were changed in the SG model in order to simulate a
C4 plant. The parameters changed are: drought
tolerance coefficient, fractional nitrogen content in
degradable structure, maximum and minimum
temperature for positive plant activity, minimum N
soil content without affecting mobility, optimum
temperature for positive plant activity and maximum
growth rate.

2. For modeling purposes it was assumed that SG
plants remain permanently in a vegetative stage
because their propagation is by stolons and not by
seeds (Mislevy et al. 1989; Mislevy and Brown
1991). Thus, to simulate the vegetative growth of SG
the subroutine used in the Johnson and Thornley
(1985) and Thornley and Verbena (1989) models for
vegetative growth was used in the present SG model.
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3. The lineal effect of temperature on plant growth
described by Johnson and Thornley (1984) and used
in the Johnson and Thornley (1985) model was
replaced by a bell function as described by Hanson et
al. (1988). This bell function is more adequate for
simulating C4 plants because, as mentioned by
Hanson et al. (1988), the lineal function is more
appropriate for plants growing in temperate climates
and the SG is a tropical plant.

4. A new subroutine was introduced to calculate the
Angot value, which is used in the SG model to
calculate extraterrestrial solar radiation and plant
photosynthesis.

5. A subroutine that simulates absorption and
utilization of phosphorous by the plant was
introduced.

6. A subroutine that simulates the intake by animals
of the different fractions of plants (e.g. leaves and
stems of different compartments) was introduced.

Model Structure

Symbols and definitions of variables and parameters
used in the model are given in the Appendix. The
model assumes that above-ground dry matter weight
occupies the eight compartments described by
Johnson and Thornley (1983): growing sheath-stem,
growing leaves, first fully expanded sheath-stem, first
fully expanded leaves, second fully expanded sheath-
stem, second fully expanded leaves, senescing sheath-
stem, and senescing leaves, plus a new compartment
added by Silveira (1999) that describes standing dead
material (Figure 1). Every live leaf compartment has
one corresponding leaf area index compartment. Each
nutrient simulated in the model has a soluble pool, C
from photosynthesis, and N and P from soil uptake
flow into the model through respective soluble
compartments. Roots are considered in the same way
as the above-ground material representing the
transition from growing to dead roots, as in Thornley
and Verberne (1989). However, roots were split into
two types, structural and active roots (Figure 1), as in
Silveira (1999).
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Fig. 1. Schematic representation of the Star grass model, as modified from Johnson and Thornley (1983) and Silveira

(1999).

General structure of the submodel

The SG model requires a minimum soil temperature
and soil moisture content to initiate re-growth. Thus,
average soil temperature over the previous ten days
(T10) must be higher than the minimum threshold
temperature  (Tin=11°C) and lower than the
maximum threshold temperature (Tpa=45° C). The
superficial soil moisture (MSoilsup) must be greater
than the drought tolerance coefficient (DTC). DTC is
0.5 for most C4 plants (Ngijyen 2005). Therefore, re-
growth begins after the following conditions are met:

Tmin <T10<Tmax- (1)

MSoilsup> DTC.
)
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The live structural shoot (Sh) and root (R) dry matter
weight (g m?) comprise four age categories, as in
Thornley and Verberne (1989) (Figure 1): Wsh,,
Wr.;, i=1,2,3,4; the shoot and root structural dry
matter, Sh, R are:

Sh =Sh, +Sh, +Sh, +Sh,

R:R1+R2+R3+R4 )

The total live structural dry matter (SDM) is (g
structural dry weight m™):

SDM= Sh+R (4)
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The total leaf area index (SLAI) is divided similarly
into four live structural leaf compartments:

SLAI =LAl + LAl + LAl + LAI, ()

The shoot dry matter components are subdivided into
lamina (Leaff) and sheath-stem (Stem), and comprise
four age categories, as in Thornley and Verberne
(1989). As mentioned earlier, roots were split into
two types, structural and active. The response to
deficiencies in soil-based resources exerts a change in
the pattern of growth, favoring root growth over shoot
growth. However, increased root growth will not
necessarily result in increased nutrient uptake, and
hence in alleviation of the deficiency. Since nutrient
uptake depends to a greater extent on the geometry of
the root system, the greatest return on this investment
will be achieved if root length is maximized. This
implies that the production of fine roots will be
favored, since they achieve the greatest root length
for a given weight (Fitter 1997). Therefore, in the SG
model the active roots (Rac) (g m?) represent the
thinner roots (feeder roots), while structural roots
(Rst) (g m™) represent the thicker roots. These types
of roots influence the rates of mineral uptake. The
roots dry matter (R,) are (g m™):

Ro=Y"i=1(Rac; + Rst) (6)

In addition to these original live compartments, a
stand dead compartment (ShDead) (g m™) and a roots
dead compartment (RDead) (g m?) were added by
Silveira (1999) to the original model constructed by
Thornley and Verberne (1989) (Figure 1). These new
compartments link the plant and soil models (not
presented in this paper) in order to arrive at a better
representation of senescence and recycling of
nutrients, as will be described later in the senescence
and recycling submodel section.

There are three plant substrates (g m™): substrate C
(SC), substrate N (SN), and substrate P (SP). The SC
is represented in the model by the following equation
from Thornley and Verberne (1989):

dsC ..
T = Cinput + SCS - Rg-Rm-Rmu @)

where Cinput (g m?) is the daily carbon input from
photosynthesis (Figure 1), and SCS (g m™) is the rate
of C supply from recycling. The terms Rg, Rm and
Rmu (g m™) represent the C loss by substrate pool to
growth, maintenance and respiration associated with
mineral uptake. The C loss associated with the
reproductive stage was eliminated in the SG model
because it does not simulate the reproduction process,
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and therefore no C has been allocated to seed
production. The plant emergence subroutine
described in Silveira’s (1999) model was also
eliminated because Star grass is propagated by
stolons and it was assumed that the plants remain in a
vegetative stage. Authors acknowledge that the star
grass plant produces seed throughout the year,
however it does not play an important role in the
propagation of the plant and in modeling terms it
would had added a complex subroutine with little
application in practical terms, thus it was decided to
leave seed production out the model. The model
assumes that during the first days before Sh appears,
plant maintenance is obtained from the root’s soluble
carbon (SC) (R) (Silveira 1999). This process is
represented by:

dsC .. 8)
CGMax T_Clnput+(CGMax)

(g m?) is obtained by:

CGMax = 0.2 FC )

FC (g C (g structure)™) is the parameter fraction of C
in the plant structure. The value 0.2 is the numerical
assumption obtained from Johnson (1985). In
optimum conditions 16% of FC in the plant could be
assumed as soluble.

The substrate N (SN) (g m™) is calculated by:

(10)
dj—l\' — Nu+SNS- (FNx (GSh+GR))

The daily amount of nitrogen uptake (Nu) (g m™) and
the rate of supply from senescence (SNS) (g m®) are
the inputs to the substrate pool. The fraction of N (g
N (g structure)™ ) in the live plant structure (FN)
utilized in the synthesis of new shoot (Sh) and root
(R) (g m™) represents the N loss from the pool. As in
the C subroutine, the translocation of N to seed was
eliminated.

The same assumption for C is made for N after the re-
growing. Consequently, the SN (g m™) during this
time is represented by Silveira (1999) as follows:

NGMax = 0.5FN (12)
‘f—l\lz Nu + (NGMax) (12)

Johnson (1985) contemplated 33% as an optimum
value for soluble N in the total plant N. Therefore, the
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N soluble can be calculated as 50% of plant structural
N that corresponds to 33% of N.

The subroutine for P substrate follows the same
approach as for C and N. The total storage dry matter
(TSDM) (g structural dry weight m?) in the Star
grass model is represented in the same way as in
Thornley and Verberne (1989):

MC MN MP (13)

TSDM=-—-SC+—SN+-—SP
12 14 32

where MC, MN and MP are the molecular masses of
the C, N and P substrates relative to '2C, N and *2P,
respectively. The C, N and P substrate concentrations
(C,Nand P) are:

c==C (14)
SDM
SN SP
N= — pP=——
SDM SDM

SDM (g structural dry weight m?) is the total live
structural plant. The fractions of the structural dry
matter in the shoot (FSh) and root (FR) are:

Fsh=="  Fr=-~_
SDM SDM
(15)
Assuming that the substrates are uniformly

distributed, FSh and FR also describe the fractions of
the total dry matter in the shoot and root. The total
dry matter values of the shoot (ShTot), root (RTot)
and plant (Tot) are (g structural dry weight m?):

ShTot=Sh+ FShTSDM
RTot=R+FR TSDM

Tot=ShT+ RTot (16)

The total C, N and P concentrations in the live plant
material are:

SC+FC SDM (17)
CPlant= 222227 NPlant=
SN+FN SDM SP+FP SDM
Tot Tot

Growth and partition of nutrients

The rates of synthesis of new structural dry matter (g
m?) in shoot (GSh) and root (GR) are given by
Johnson and Thornley (1987):
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GSh =Gc CN Pych Sh

GR=GcCNPJRR (18)

The growth coefficient (Gc) is obtained from Johnson
(1985), amended by Silveira (1999), with the latter
including a new coefficient for P in addition to the
existing coefficients for C and N substrates:

Ge = PGR
0.5 CGMax NGMax PGMax

(19)

PGR is the potential growth rate(g m™), and CGMax,
NGMax and PGMax are the optimum substrate
concentrations at the potential growth rate (g m?).
The potential growth rate for seeding plants is
represented in the Star grass model as follows:

PGR=SGR (20)

SGR is the maximum growth rate (g m™). In equation
18, yShs and yRs are dimension-less functions that
determine the relative partitioning between shoot and
root. It is assumed that, ySh + yR=1. ySh and yR are
determined in relation to the partitioning function
(PT) described by Johnson and Thornley (1987):

PT
1+ PT

YSh = (21)

YR = 1/(1 + PT)

The model uses a teleonomically determined
partitioning function that leads to maximum growth
rate, considering two root functions (N and P),
following Johnson and Thornley (1987):

FR [(N+FN)N+(P+ FPYP|™

PT=
FSh c(c+FcC)

(22)

One of the main contributions of the present work to
the general structure of the original model constructed
by Thornley and Verberne (1989) is made in the
model’s root structure. The partitions of roots
between structural and active roots play an important
role in simulating plant adaptation to the soil
environment. The use of the same teleonomic
approach, used by Thornley and Verbene (1989),
simulates allocation of nutrients to shoots and roots
and captures soil environment deficiency. The
partition between structural and active roots is
directly linked to yR. When there is a mineral
deficiency in the soil, yR will be greater and active
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roots will grow more actively. In contrast, in a soil
with a richer mineral environment, yR will be small
and more structural roots will grow.

Leaf area index

New structural shoot growth (GSh) produces new
lamina (g m™), or new sheath plus stem. Thus, the rate
of production of new leaf area (GLAI) may be
expressed, as in Johnson and Thornley (1985), as:

GLAI =7 FlamGSh (23)

Flam is a fraction of new shoot growth partitioned to
lamina. 1, is the incremental specific leaf area (m? per
grams of structure) and is defined by Johnson and
Thornley (1985) as:

" =7m(1-<T) (24)

where nm is the maximum value of the incremental
specific leaf area and ¢ is the incremental specific leaf
area parameter.

Substrate utilization and respiration

The growth rate of new shoot structure (g m™) is
GSh plus GR, which requires fluxes of C, N and P
from the respective substrate pools. C can be lost by
respiration associated with growth, maintenance and
mineral uptake. C loss subroutines associated with
growth and respiration can be seen in Thornley and
Verberne (1989). Silveira (1999) introduced a new
subroutine to deal with

C loss associated with respiration costs of N and P
uptake (RMu) (g m?). It was used in the present
model and is represented by:

RMu = aM (Nu + Pu) (29)

The parameter aM represents the respiratory costs of
mineral uptake. Nu and Pu are the daily amount of N
and P uptake.

Fluxes between age categories

The fluxes of plant structure between the
compartments are associated with a temperature-
dependent rate parameter, ySh; in shoots and yR; in
roots. Therefore,

R,—R,:2y2yRc, , 292, RSt
R, >Ry vy R , , 7 < RSt, (26)
Rt; > R,:yyR R, , 7 ¢ RSt,
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Sh; > Shy: 2y 2ySaf;, 2y tem @7
Sh, > Shg: y pSh f, , y  Stem,
Shy - Shy: y pSh f, |y Stemy

Note that Silveira’s (1999) model adds a new
subroutine (equation 37) to the Thornley and
Verberne (1989) model, in order to account for the
different types of roots, specifically structural (Rst)
and active (Rac) roots. The factor of 2 in equation 37
(RC) arise because the weight of the average leaf and
root passing from compartments 1 to 2 s
approximately twice the weight of the average for the
first compartment (Thornley and Verberne, 1989).

After the plant emerges, when the seed phytomass is
allocated in the first shoot and root compartment, the
fluxes between compartments are altered. This
happens because the new plant has only growing
leaves (first compartment), and consequently the
second, third and four compartments are empty.
Therefore, the flow between the first and second
compartments initiates when the number of days after
emergence meets the variable time to end leaf as
growing leaf (TEFL). The same procedure is adopted
to start the flux between the second and third
compartments, when the number of days meet the
variable time to end leaf as first fully expanded leaf
(TESL). The same procedure is followed for the
flows between the third and fourth compartments and
to the flow out of the fourth compartment. Therefore,

TE L - 1 (28)
. ~ ySh
TE,L =2 !

2= ySh
TE;L =3 !

3= ySh
TELL =4 !

L ySh

The same procedure is followed for the below-ground
compartments:
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TER—l (29)
TR
TER—Z1

2T 4R
TER—31
TER—41

=R

The fluxes between aerial compartments may also be
modified due to frost stress, harvest or animal
breakdown.

Photosynthesis submodel

Diverse models of photosynthesis are available in the
literature, separately or as part of plant models with
different degrees of complexity (Detling et a.,1 1979;
Monteith 1981; Johnson and Thornley, 1983, 1984;
Rimmington, 1984; Johnson et al., 1989; Hanson
1991; Johnson et al., 1995). The photosynthesis
submodel used in the present SG model is based on
the photosynthesis model used by Johnson and
Thornley (1984), which considers only irradiance and
temperature  effects on leaf photosynthesis.
Modifications were made, however, in weight units
from kilogram to gram and with the inclusion of a
different approach to the temperature effect. The
approach used to simulate the effect of temperature
was modified from the linear effect adapted by
Johnson and Thornley (1984) to a bell function
following the Hanson et al. (1988) approach. Water
stress was also included as a factor to reduce the
photosynthesis rate. As in Silveira (1999),
competition for light was not considered in the model
due to the relative homogeneous leaf distribution in
the pasture canopy that is managed by grazing or
frequent cutting (Hanson et al. 1988, Thornley and
Johnson 1990).

The single leaf gross photosynthetic rate (PLg) is
found by the lower root of a non-rectangular
hyperbola, which is:

PLg- %{al+me{(a+Pm)z-4z9a IPm}%} 0

| is irradiance (W/m?) in photosynthetic active
radiation (PAR). a and 6 are the leaf photochemical
efficiency (g CO? J%) and single leaf photosynthesis,
respectively. The light saturated leaf gross
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photosynthetic rate (g CO? m? (leaf)/sec.), which is
temperature dependent, is calculated by:

Pm - Polm*ETPP (31)

Polm is the optimum light leaf gross photosynthetic
rate (g CO? /m? (leaf)/sec.). The effect of temperature
on plant processes (ETPP) is represented by a
Gaussian function, following Hanson et al. (1988):

z

OptT-MinT
ETPP - w TMean—MinT [MaxT-OptT
MaxTOptT | OptT-MinT
(32)

MaxT, MinT and OptT are the maximum, minimum
and optimum temperatures for positive plant activity
(°C). TMean is the mean daily temperature (°C), and
Z is the shape parameter for the curve.

The Gaussian function was chosen because
physiological processes in plants normally have an
optimum temperature, and consequently temperatures
below or above this point depress plant activity
(Hanson et al. 1988, Mooney and Ehleringer 1997).
In the case of the SG, these temperatures are MaxT=
45 °C, MinT= 11 °C and OpT= 30°C. The ascending
arm of the curve represents a temperature-dependent
stimulation of photosynthesis up to an optimum level;
the descending arm is associated with deleterious
effects, some of which are reversible while others are
not (Taiz and Zeiger 1991). Thus, the bell function is
considered to be better than a linear equation in
representing the effect of temperature in plant
behavior. This equation is adopted in the SG model
for all processes in plants that are affected by
temperature.

The effective C available for plant growth can be
limited by water plant stress. The effect of water on
plant processes is represented in different models
throughout a scalar effect (0-1). The ratio of the
actual to potential transpiration is used by Verberne
(1992) and Moore et al. (1997), while Hanson et al.
(1988) used the water potential to establish this
relation. The SG model uses water content in the soil
(MSoilTot) in relation to field capacity (Wfc) and
wilting point (Wwp) from the water submodel to
establish soil moisture. This ratio is considered in the
SG model to simulate the effect of soil moisture on
plant processes (ESMPP) as follows:

MSoil Tot-Wwp
Wic-Wwp
DTC

(33)
ESMPP =

The drought tolerance coefficient (DTC) parameter
determines the minimum level of soil moisture at
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which plant processes are not affected. In the case of
SG, the DTC is 0.5, and from this point, the model
assumes the reduction of soil moisture as a linear
scalar effect until the wilting point.

Mineral uptake submodel

In the mineral uptake submodel, soil conditions
follow the approach of root activity in the nutrient
depletion zone. Nitrate is readily soluble and highly
mobile in the soil, while phosphorus is less soluble
and relatively immobile (Hopkins 1995). This is
considered in the model through the parameters for
minimum N soil (MNSoil) and minimum P soil
(MPSaoil).

NGMax plus the amount of structural N needed for
maximum daily growth are assumed to be the
potential N uptake per gram of roots (PNUGR) in an
optimum environment. PGR is the potential daily
growth rate (Silveira 1999).

PNUGR= NGMax+ PGR*FN (34)

In order to become quantitative, the theoretical
approach proposed by Tilman (1997) is used to
express the effect of N in the soil (ENSoil):

NAPL
MNSoil

ENSoil = (35)

NAPL is the amount of N in the soil that is obtained
from the soil submodel. The MNSoil is a parameter
that represents the minimum amount of N in the soil
when the flow of mineral to the nutrient depletion
zone is not affected.

The model assumes a scalar effect of plant nitrogen
(ENplant) that is represented in Silveira’s model
(1999) as:

NGMax + FN — NPlant
NGMax
2

ENplant = (36)

NGMax is the maximum soluble N in a plant and
NPlant is the total N concentration in a live plant
(CPlant, NPlant, PPlant). The parameter FN is the
fraction of N in a structural plant. Therefore, the
model assumes there is a maximum level of soluble
nitrogen in a plant (Johnson 1985, Murtagh et al.
1990) above which nitrogen uptake ceases. In
addition, it is assumed that there is a linear depressive
effect in the nitrogen uptake from this limit to 50% of
the limit.
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The model’s active roots are considered to be one
hundred percent capable of uptaking N and P, with
the exception of Rac, when the uptake efficiency of
the fourth compartment is assumed to be half of the
others because of the senescent stage of the roots.
However, structural roots are considered to have half
the capability of active roots to uptake minerals due
to their thickness. Therefore, root capability (RC)
according to Silveira (1999) is:

RC = Rac, + Rac,2 + Rac, + Rac, 0.5+

(Rst, + Rst, + Rst, ) 0.5+ Rst, 0.25 (37)

And thus, the potential N uptake (PNU) by roots is:

PNU = RC PNUGR ENSoil BNPlant (38)
Finally, abiotic factors must be considered, and
consequently the effective amount of nitrogen uptake
by a plant (Nus) is calculated after adjusting for
temperature and moisture effects:

Nu = PNu ETPP ESMPP (39)

Phosphorus uptake by a plant is simulated in the same
way as nitrogen uptake, but the symbiotic association
between fungus (mycorrhizae) and roots is also
considered. The mycorrhizal-enhanced plant growth
appears to be associated with a more efficient uptake
of nutrients, especially phosphorus in impoverished
soil (White 1987; Hopkins 1995). Mycorrhizal
association increases the roots’ area of contact with
the soil, and therefore infected roots can transport
phosphate at a rate more than four times higher than
that of an uninfected root (Taiz and Zeiger 1991). In
the model, the mycorrhizal effect (Meff) is simulated
as a linear effect in accordance with the phosphorus
available to the plant in the soil (PApI).

Meff =4—(1.5PApl ) PApl <=2
if
Meff =1 PApl > 2
(40)

In this way, the model behaves similarly to the model
proposed by Rowel (1994), or in other words, in soil
with large concentrations of available phosphorus,
mycorrhizae do not increase uptake, because the root
demand is easily satisfied by diffusion. The others
equations to simulate phosphorus uptake follow the
same approach as for nitrogen uptake, with only a
change of symbol (N for P) in the name of the
variable or parameter (e.g. Nu by Pu).
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Ontogenic submodel

In the model developed by Silveira (1999), the
ontogenic submodel of plant growth is represented in
four stages: stage 1 is from germination to
emergence, stage 2 is the vegetative period, stage 3 is
the reproductive period before flowering, stage 4 is
reproductive seed maturity, and stage 5 is senescence
or dormancy. As mentioned earlier, the reproductive
phase is not simulated in the present SG model.

Senescence and recycling submodel

The senescence and recycling submodel was
developed to make the link between plant and soil
models. It considers the recycling simulation
processes described by Thornley and Verbene (1989)
and the individual mineral inputs required by the
Century model (Parton et al., 1987) to simulate plant
litter degradation. The fluxes out of the fourth leaf
and stem compartments (FOLeaf, ; FOStem,) and the
flux out of the fourth root active and structural
compartments  (FORAc,; FORSt;) are simulated
according to the approach proposed by Silveira
(1999):

FOLeaf, = y ySh Le,
FOStem, = y ySh St ,
FORAc, = yyRR,
FORSt, = y yR R,

(41)

FOLeaf, = y ySh Le,
FOStem, = y ySh St ,
FORAc, = yyRR,
FORSt, = y yR R,

Therefore, the total flux out of shoot (FOSh,) and root
(FOR,) live compartments are:

FOSh, = FOLeaf, + FOStem, (42)
FOR, = FOAc, + FOSt,

It is assumed that there is no loss of substrate C, N or
P with these fluxes, but some structural C, N and P
could be returned to the respective substrate pool,
thereby simulating recycling of nutrients in the plant.
The amount of recycled N and P depends on the
substrate concentration, and C is assumed to be
associated with N recycling. The parameters’ value
for structural degradation of N and P (SdN;; SdP;)
and the substrate concentration determine the

recyclable fraction of N (¢ N) and P (@ P), so that:
N= SdN/(N+SdN)

@P=SdP/(P+SdP) (43)

Thus, according to Moore et al. (1997), the amount of
N supplied from recycled shoots (SNSSh and roots
(SNSR) can be expressed as:

SNSSh = p NFNR--Y_FOsh,
FNR

(44)

FN
SNSSh = QNFMR mF0R4

FNR is the nitrogen fraction in the degradable
structure. As with N, the amounts of P supplied from
recycled shoots (SPSSh) and roots ( SPSR) are:

FP
SPSSh = pPFPR __ FOSh, (45)

SPSR = pPFPR = FOR,
FPR

As in Moore et al. (1997), the amounts of C recycled
from shoots (SCSSh;) and roots (SCSRy) are:

SCSR =¢N FCR N FOR,
FNR

FN (46)
SCSshs = 9N FCR——_ FOSh,
FNR

The rates of supply of C, N and P from senescence
(SCS; ;SNS, and SPS;) are simulated by (Silveira
1999):

SPS = SPSh + SPSR

SCS = SCSh + SCSR
SNS = SNSh + SNSR (47)

To make the link between the plant and the soil
models, the attached shoot and root compartment
were divided by each element of the model.
Therefore, C, N and P have a dead shoot and dead
root compartment. The individual dead shoot
compartments for each element (ShDC; ShDN and
ShDP) are, respectively,

RDN = FNDR —(RDN DecayR)
ShDC = FCDSh — (ShDC DecaySh )
ShDP = FPDSh — (ShDP DecaySh )

48
ShDN = FNDSh —(ShDN Decay Sh) (48)
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In the same way, the dead roots compartments (RDC;
RDN and RDP) are:

RDC = FCDR — (RDC DecayR )
RDP = FPDR — (RDP DecayR ) (49)

DecaySh and DecayR are the parameters that
represent the decay rate from dead shoots and roots to
litter in the soil. The FCDSH, FNDSH and FPDSH
are the flow of C, N and P from live shoot to dead
shoot pools:

FCDSh=(FC FOSh,)-SCSSh

FPDSh= (FP FOSh,)-SPSSh

FNDSh = (FN FOSh, ) -SNSSh (50)

The flows to dead roots (FCDR; FNDR; FPDR) are
represented by:

FCDR = (FCFOR,) - SCSR (51)
FPDR = (FP FOR, )-SPSR

FNDR = (FN FOR, )-SNSR

The shoot dead pool (ShDead) is calculated by:
ShDead = FOSh, - (ShDead DecaySh ) (52)

In the same way, to link the plant and animal models,
the SG simulates the fractions of C, N and P in the
dead shoot material:

FCShD= Sshhgcd
eal
(53)
FNShD = ShDN
ShDead
FPShD = ShbP
ShDead

The amount of N in the surface and root litter

(Nsl;Nrl) is represented by:
S
Nsl = " (ShDNDecaysh ),

i=1
Nrl =" (RDNDecayR),

i=1

(54)

And P (Psl;Prl) is represented by:
S

Pri=">"(RDPDecayR ),

i=1
S

Psl="" (ShDPDecaysh )

i=1

(55)
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C is splitinto a lignin and C fraction:
S

Crl =" (- Plig) RDC DecayR )
il
Csl = ) ({1 Plig)ShDC Decaysh )
i=1

(56)

The fraction of lignin (Lrl;Lsl) is represented by:

S
Lrl =" (PligRDC DecayR ),
i=1
S
Lsl =" (PligShDC Decaysh ),
i=1

(57)

The percentage of lignin (Plig) is obtained by:

Flplants (58)

Plig = o
where the parameter value for the fraction of lignin in
the plant (Flplant;) is ontogenic-dependent.

LeafRe , =1 ShHarv <50
LeafRe , =1.2—-.004ShHarv if  ShHarv >50and < 200
LeafRe , =0.4 ShHarv > 200

Disturbances submodel

Two types of disturbances are contemplated in the
SG: natural disturbances and human disturbances.
Drought is considered to be a natural disturbance,
while harvest or cutting, fire and grazing by large
mammals are considered to be human influences that
can modify plant processes. The effect of drought is
simulated through the effect of soil moisture on plant
processes (ESMPP), as described in the
photosynthesis section. In Silveira’s original model
(1999), frost is considered to be a natural disturbance,
but it was not included in the present model because
frost is absent in tropical climate regions.

Fire

A plant is considered to be dead when fire occurs.
Therefore, all live and dead compartments above-
ground of plants are considered empty and the
minerals (N and P) go directly into the available plant
mineral pool (NApl and PAplI) in the soil submodel.
The C, N and P present in the live compartments
below ground are allocated to the corresponding dead
root compartments, RDC, RDN and RDP.
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Harvest or cutting

To calculate the dry matter yield from cutting, the
increments in shoot structural dry matter are first
calculated, and the harvestable dry weight (HarvShs)
is obtained as proposed in Johnson and Thornley
(1985):

Harvsh =Sh —Sh (t-1) if Sh—sh(t-1) >0

HarvSh =0 if
(59)

The total harvestable dry weight (ShHarv) is then
taken to be:
s (60)
ShTotx )" Hsh,
i=1

Sh

ShHarv =

The effective shoot harvest (EShHarvs) at the
moment of cutting must be related to the amount of
forage that remains in the field. This is simulated by
the proportion of material in the third and fourth leaf
compartments that remains in the field (LeafRes;
LeafRe,).

Sh—sh (t-1)<0

Therefore, according to Silveira (1999): (61)
LeafRe ; =1-0.017 ShHarv ShHarv <50
if
LeafRe; =0.15 ShHarv > 50
(62)

The same assumption was made for the third and
fourth stem compartments that remain in the field
(StemReT; StemReyy).

The percentage of harvestable forage that remains in
the field will be higher when less forage is available
to be harvested, mainly at low levels. Therefore, the
model assumes that the effective harvest by plant or
functional group (EShHarv) is simulated by:

(63)

And the total harvestable dry weight (ShHarvTot) is:

s (64)

ShHarvTot = Z EShHarv
i=1

After harvest or cutting, the model assumes that the
first and second above-ground compartments are
empty, so the flux between the two compartments and
the flux between the second and third compartments
of the model are altered. Consequently, the flows

EShHarv = ShHarv — (LeafReT + StemReT + LeafRe , + StemRe, )ShT
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between compartments begin again when the number
of days after harvest meets the TEFLs; and TESL
variables, respectively.

When whole-plant photosynthetic capacity is reduced
by substantial defoliation, the effects of reduced
carbon supply rapidly propagate through a growing
plant, affecting shoot growth, root respiration,
nutrient uptake and root growth (Richards 1993).
These effects are simulated in the model as follows:

Flows between the third and fourth compartments and
the flow out of the four compartments are double
delayed, simulating the recover of leaf photosynthesis
activity.

These two last effects cease when the C balance
becomes positive. The C balance (CBalances) is
simulated by:

CBalance = Cinput+SCS-Rg-Rm-Rmu  (65)

Grazing

Grazing by cattle is simulated by the direct impact in
the above-ground compartments. Each above-ground
compartment (alive and dead) can give some
contribution to the total daily animal intake. The
amount of biomass of each compartment is defined in
the animal submodel, not addressed in this paper.
Therefore, the amount of biomass from each
compartment consumed every day by an animal (e.g.
intake of shoots from the first compartment, Leaf;
plus Stem;) is subtracted from the biomass of these
compartments (e.g. Leaf; and Stem;). The amount of
forage consumed by each head of cattle per day is
restricted to 1% of their live weight, because it is
assumed that they receive supplemental feed. So
when the dry matter intake (kg DM day™) reaches 1%
of their body weight the animal stops eating. The
number of head of cattle per hectare is a parameter
that is set by the model operator, because it depends
on forrage availability.

The biomass trampled by livestock (BTLS) is
represented in the model according to the approach by
Hanson et al. (1988):

BTL=Sh(l-ep(-TSSR*ASR))  (66)

TSSRs is the parameter tolerance to stocking rate as
in Silveira (1999) and ASR is the animal stocking
rate.

The effect on each compartment is proportional to
compartment contribution to the total plant biomass.
Therefore, the effect on the leaf first compartment
(BTLeaffs) is simulated by:

Leaf;
Sh BTL (67)

BTLeaf; =
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The same method is used to simulate the impact of
trampling on the other above-ground compartments.

The amount of N, P and C present in the biomass
trampled by livestock (BTLS) is directly added to the
N, P and C in the surface litter (Nsl; Psl; Csl and Lsl,
equations 54, 55, 56 and 57).

Summary of minimum data set used for the SG
model development and validation

Data on SGused for our model development was
gathered from the literature (Caro-Costas et al., 1976;
layton and Harlan 1970; Gredpac 1990, Manson and
Burton 1982; Ortega and Gonzalez 1990; Pozo et al.,
2000; Porto et al. 2009), and from direct
measurements on three paddocks comprised of Star
grass, named A, B and C. The paddocks were located
in the Tejupilco municipality in the southwest region
of the State of Mexico, at 18° 45307, 19° 04'32”
North; 99° 59” 077, 100° 36" 45”West; at an altitude
of 1,340 m. The predominant climate is warm sub-
humid (A(C) w2 (w) (i’) g) (Garcia, 1973).

Agronomic data collected from Star grass

paddocks
Tree small-scale dairy farms were surveyed from
April 2006 to May 2007, and three Star grass
paddocks of 1 hectare each from these farms were
used for this study (named A,B,C). The farmers used
a continuous grazing system and the stocking rate
varied according to the seasons, but three cows per
hectare were grazing in the experimental paddocks on
average.

3000
2500
2000

1500

kg DM ha-1

1000

500

The agronomic variables evaluated on each paddock
included: forage availability (kg DM ha™), amount of
live-dead grass material (kg DM ha™) and stem-leaf
ratio. The techniques proposed by Hodgson (1994)
were used to measure these variables. The agronomic
variables and leaf area index were measured monthly
over a period of one year, and the results for paddock
A are shown in Figure 2 six exclusion cages per
paddock were used to estimate forage accumulation
and availability. In addition, SG forage samples were
collected in order to determine the crude protein (CP)
content, the monthly average CP concentration for the
three experimental paddocks are shown in Table 1.
The extinction coefficient necessary to calculate
photosynthesis was estimated according to Ludlow
(1985).

Leaf area index estimation

In experimental paddock A, an area of 37.5 m® was
protected from cattle grazing with a fence. Then, all
the grass within the protected area was cut at ground
level and this was considered as day zero.
Subsequently, ten plants within the protected area
were marked with a permanent red mark in order to
measure leaf growth rate and development every
eight days during a total of 72 days. Leaf area index
was then estimated for each leaf by measuring leaf
length from the ligule to the apice, and leaf width
measured at the middle point of the leaf with the use
of a digital vernier. The leaf area index in relation to
the number of leaves and the age of the plants is
shown in Figure 3.

0
Apr May Jun  Jul  Aug Sept Oct Nov Dec
Month
—&— Yield ——Deads —k—Stem ==-x=--leaves

Feb Mar

Jan

—E—Live

Figure 2. Agronomic sward variables measured monthly in the experimental Star grass paddock A used for model

development.
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Table 1. Monthly average Nitrogen and crude protein concentration of the three experimental paddocks planted with
Star grass (, g kg™ DM) in the municipality of Tejupilco, Mexico

N CP
Months R Sd ;
(g kg'DM) (g kg™ DM)
30.1
April 481 0.32
68.4
May 10.95 0.32
139.3
June 22.29 0.47
140.9
July 22.55 0.50
127.3
August 20.36 0.14
110.5
September 17.68 1.59
96.7
October 15.47 0.64
84.9
November 13.59 0.43
84.3
December 13.49 1.54
61.4
January 9.83 0.16
54.6
February 8.73 0.33
33.1
March 5.30 0.02
Sd=Standard Deviation. CP=crude protein
450 - - 2.5
400 -
350 - - 2.0
<, 300 -
£ - 1.5 ~
2 250 E
g 200 L 10 =
3 150 A
100 A - 0.5
50 -
0 - 0.0
6 12 17 24 31 39 46 51 60 66 72
—#— Lecaves plant-1 —@—LAlcm?2

Figure 3. Behavior of the observed leaf area index (LAF) as affected by the age of the plant and number of leaves for
the SG paddock A in the southwest region of the State of Mexico

Coefficient of extinction (k1)

Thes coefficient was not measured in the field,
however there are reports of a range of 0.36 to 0.94 in
tropical grasses. Ludlow (1985), for example,
estimated a k1 value for Kikuyu grass (Pennisetum
clandestinum) of 0.53 to 0.63. There were no k1
values found in the literature for SG and therefore in
this study a value of 0.6 was used, since this value
applies for most tropical grasses (Ludlow 1985).
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Climate variables

Table 2 shows the average climate variables
registered during the experimental period. Note that
for model development daily climate data was used.
Climate data was obtained from a climatic stations
near the study area.
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Table 2. Average annual climate conditions in the Tejupilco municipality in the southwest region of the State of

Mexico

Variable Description Value
Rain rainfall, mm day * 2.8
RH relative humidity, % 64.2
Sun bright sunshine hours per day, h 6.4
TMean mean daily temperature, °C 20.8
TMax maximum daily temperature, °C 21.7
TMin minimum daily temperature, °C 14.9
T10 ten-day average air temperature, °C 20.8
Wind mean wind speed at 2 m height, km h™* 2.5

Source: Comision Nacional del Agua. Delegacion Estado de México.

Soil parameters

Soil samples were colleted in order to determine the
soil characteristics in the paddocks that were used for
model development and calibration. A random
sampling was carried out at each of the three SG
paddocks. Soil samples were collected every 20 cm
up to a one-meter depth, and then all samples were
mixed up and homogenized in order to get one
sample for soil analysis. Results for soil analyses are
shown in Table 3.

On average the soils of the experimental paddocks
had 0.35 sand, 0.38 clay and 0.27 loam. The Century
soil simulator
(http://www.nrel.colostate.edu/projects/century/
accessed 20/01/2011) was used to estimate the wilting
point (0.1780), field capacity (0.3623) and saturated
hydraulic  conductivity (0.0006). The drought
tolerance coefficient (DTC) was lowered from 0.6 in
C3 plants to 0.5 in C4 plants, since Star grass is more
tolerant to drought periods (FAO, 2010) than
temperate grass species.

Table 3. Physical and chemical characteristics of the soil at the experimental Star grass paddocks in the Tejupilco
municipality in the southwest region of the State of Mexico

Water-

Organi Ca P - . Bulk  Organic
c pH (cmol/k (cm'\c/)llg/]k) (mg/ (Q') Te>;tur H“r(';/";'t :;I:(I;?tg density carbon N
matter 0) g kg-1) 0 y o ?%) y (g/cm3) (%)
Sandy
(0-20cm) 261 413 0.0 2.60 10.75 0.17 loam 14.23 51.66 1.17 449 3
(20-40cm) 152 432 135 2.55 8.62 0.10 Sandy 15.38 54.80 111 262 3
(40-60cm) 125 463 0.00 1.85 7.70  0.06 I%Z% 16.20 52.26 1.26 215 3
(60-80cm) 133 485 0.80 2.80 7.83  0.06 I%';?/] 15.84 51.40 124 229 3
(80- 156 497 080 500 800 008 % 1358 5058 118 269 3
100cm) loam
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RESULTS

Comparison of model predictions for forage
availability vs observations measured in
experimental padocks

Dry matter availability data measured in experimental
paddock A was used for validating the Star grass
model's predictions. The confidence intervals for
observed dry matter availability data were calculated
as in Steel and Torrie (1980), and plotted against the
model’s predictions as shown in Figure 4. It can be
seen that the model’s prediction for dry matter
availability values during most of the year fall within
the confidence intervals of the observed data
(P<0.05). The SG model is also capable of simulating
the growth pattern of the SG throughout its growing
cycle, as shown in Figure 4.

The observed and predicted data of forage availability
for SG experimental paddock A in different harvest
periods were also analyzed using regression analysis,
as suggested by Tedeschi (2006), in order to
determine the accuracy and precision of the model’s
predictions as seen in Figure 5. It can be observed
that the predicted data were accurate because they
were very close to the regression line (dotted line,
R?=0.92), and also precise because the two regression
lines are almost overlapping.

Model validation

A minimum data set similar to that used to develop
the SG model was collected in paddocks B and C.
This data was inputted to the model, and plant growth
and forage production were simulated and then

3500 -
3000

. 2500 -

h

< 2000 -

g

5 1500 -
1000 -

500 -

compared using regression analysis with observed
values. Figures 6 and 7 show the relationship between
observed and simulated data for forage
availability.Figures 6 and 7 show that the SG model is
successful in simulating forage availability for
paddocks B and C (P<0.05, R?*=0.88; R?=0.96,
respectively).

CONCLUSIONS

This study showed that it is possible to adapt a grass
model developed for temperate climates in order to
simulate growth and development of a tropical grass
species. The model was accurate at simulating Star
grass gowth for the particular conditions fo central
Mexico. However, during the model development
process it became evident that there is little
information published on plant physiology for
tropical grasses such as Star grass. Thus it is
necessary to conduct more research in this area,
particularly on the effect of the photoperiod on
photosynthesis and the growth rate. There is also a
need to generate more information on  growth,
development and response of Star grass to different
climate and management conditions in the tropics,
including irrigation, fertilization, stocking rates, and
different grazing frequencies. After this information
has been collected, it will be possible to challenge the
Star grass model for different situations and generate
alternative management scenarios.

Acknowledgments

This research was founded by Universidad Auténoma
del Estado de Mexico grant 2344/2006, ICAMEX
grant 2389/2006E.

I

104 136 164 192 221 241 276 303 331 350 371 402
Harvest day

- - - Lower limit —#— Simulated

--4--- Upper limit

Figure 4. Comparison between the SG model’s predictions with adjusted (95%) confidence intervals for dry matter
yield observed for experimental paddock A during an annual growing cycle.
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Figure 5. Accuracy and precision of the SG model predictions for DM availability, kg DM ha™® (observed vs
predicted regresion lines) for experimental paddock A.
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Figure 6. Observed vs predicted DM availability (kg DM ha™) for the experimental Star grass paddock B.
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Figure 7. Observed vs predicted DM availability (kg DM ha™) for the experimental Star grass paddock C.
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APPENDIX

Parameter used in the Star grass model.

Parameters Description Unit

Alpha Leaf photosynthetic efficiency g C0o,J?!

AlphaM Respiration costs of mineral uptake g C (g mineral) *

Ceiling Ceiling parameter

DecayR Decay rate from dead root to litter -

DecaySh Decay rate from dead shoot to litter -

DTC Drought tolerance coefficient -

Etam Incremental  specific  leaf area m? (g structural dry
parameter (maximum value n) matter)™

FC Fractional carbon content of live plant g C (g structure)™
structure

FCR Fractional carbon content of degradable g C (g structure)™
structure

FLamveg Fraction of new shoot growth -
partitioned to lamina in vegetative
stage

FLigSen Fraction lignin in senescence stage -

FLigVeg Fraction lignin in vegetative stage -

FN Fractional nitrogen content of live plant g N (g structure)™
structure

FNR Fractional  nitrogen  content of g N (g structure)™
degradable structure

FPs Fractional phosphorus content of live g P (g structure)™
plant structure

FPR Fractional phosphorus content of g P (g structure)™

degradable structure
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Value

10°

0.5

0.12
0.1
0.5

0.025

0.45

0.4

0.55

0.29

0.03
0.015

0.072

0.002

0.01

Origin
Johnson & Thornley,
1985

Johnson & Thornley,
1985

Johnson & Thornley,
1985

Johnson & Thornley,
1985

Johnson & Thornley,
1985

voor
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Parameters

Frostresist

GammarOpt

GammashOpt

K
LePhoto

MaxT

MC

MinT
MN

MNSoil

MP

MPSoil

MrOptf

MrOpts

MrOptt

MrOptfo

MshOptf

MshOpts

MshOptt

MshOptfo

OptT

Pi
PMfrost
SdN

Description

Plant frost resistence

Rate parameter for root turnover at
optimum temperature

Rate of leaf appearance at optimum
temperature

Canopy extinction coefficient

Light saturated leaf
photosynthetic rate parameter
Maximum  temperature for plant
activity

Molecular mass of substrate carbon

(sucrose) relative to **C
Minimum temperature for plant activity

Molecular mass of substrate nitrogen
(nitrate) relative to **N

Minimum N soil without affect
mobility

Molecular mass of substrate
phosphorus (phosphate) relative to *°P
Minimum P soil without affect

mobility

Maintenance coefficient of first root

structural component

Maintenance coefficient of second root
structural component

Maintenance coefficient of thirst root
structural component

Maintenance coefficient of fourth root
structural component

Maintenance coefficient of first shoot
structural component

Maintenance coefficient of second

shoot structural component

Maintenance coefficient of thirst shoot
structural component

Maintenance coefficient of fourth shoot
structural component

Optimum temperature for plant activity

Proportion of mortality by frost

Structural N degradation parameter

Unit
°C

-1

day

-1

day

gross(g CO2 /m2 (leaf)/sec.).

°C

°C

agm

agm

day

day

day

day

day

day

day

day

°C
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Value

8.0
0.035

0.15

0.60
0.0014

45.0

285

11.0
62

2.0

95

0.6

0.02

0.01

0.015

0.01

0.01

0.02

0.015

0.01

30.0

3.1415927

0.1
0.002

Origin

Johnson & Thornley,
1985

Johnson & Thornley,
1985

Ludlow, 1985

Johnson & Thornley,
1985

Hanson et al., 1988

Johnson & Thornley,
1985

Hanson et al., 1988

Johnson & Thornley,
1985

Johnson & Thornley,
1985

Johnson & Thornley,
1985

Johnson & Thornley,
1985

Johnson & Thornley,
1985

Johnson & Thornley,
1985

Johnson & Thornley,
1985

Johnson & Thornley,
1985

Johnson & Thornley,
1985

Johnson & Thornley,
1985

Johnson & Thornley,
1985
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Parameters Description Unit Value Origin

SdP Structural P degradation parameter - 0.0002 -

SGR Maximum growth rate - 005 -

SRact Structural root activity - 0.5 -

Tau Leaf transmission coefficient - 0.1 Johnson & Thornley,
1985

Theta Leaf photosynthesis parameter - 0.87  Johnson & Thornley,
1985

Y Yield factor for structural growth - 0.75  Johnson & Thornley,
1985

Zetaslm Incremental ~ specific  leaf  area - 2.5  Johnson & Thornley,

parameter 1985

Variables used in the plant sub-model.

State variables Description Unit

Leaffo Senescing leaves gm?
Leaff Growing leaves gm?
Leafs First fully expanded leaves gm?
Leaft Second fully expanded leaves gm?
Racfo Fourth live active root compartment gm?
Racf First live active root compartment gm?
Racs Second live active root compartment gm?
Ract Third live active root compartment gm?
RDead Root dead compartment gm?
Rstfo Fourth live structural root compartment gm?
Rstf First live structural root compartment gm?
Rsts Second live structural root compartment gm?
Rstt Third live structural root compartment gm?
sc Substrate carbon gm?
ShDead Shoot stand dead compartment gm?
SN Substrate nitrogen gm?
SP Substrate phosphorus gm?
Stemfo Senescing sheath-stem gm?
Stemf Growing sheath-stem gm?
Stems First fully expanded sheath-stem gm?
Stemt Second fully expanded sheath-stem gm?
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Rate variables

Variable Description

oN Recyclable fraction of N

oP Recyclable fraction of P

YR Dimensional function that determine the relative partitioning to root
ySh Dimensional function that determine the relative partitioning to shoot
BTL Biomass trampled by livestock

Chalance C balance in the plant

CGMax C needed to maximum growth

Clnput Daily input of C from photosynthesis

ENplant Effect of N in the plant (scalar)

ENSoil Effect of N in the soil (scalar)

EShHarv Effective shoot harvest

EShHarv Effective harvest by plant or functional group
ESMPP Effect of soil moisture on plant processes (scalar)
ETPP Effect of temperature on plant processes (scalar)
FCDR Flows of C from live root to dead root

FCDSH Flows of C from live shoot to dead shoot

FCShD Fractions of C in dead shoot material

Flam Fraction of new shoot growth partitioned to lamina.
FNDR Flows of N from live root to dead root

FNDSH Flows of N from live shoot to dead shoot

FNShD Fractions of N in dead shoot material

FOLeaffo Fluxes out of the fourth leaf compartment
FORAcfo Fluxes out of the fourth active root compartment
FORfo Total flux out of the live root compartment
FORStfo Fluxes out of the fourth structural root compartments
FOShfo Total flux out of the live shoot compartment
FOStemfo Fluxes out of the fourth sheath-stem compartments
FPDR Flows of P from live root to dead root

FPDSH Flows of P from live shoot to dead shoot

FPShD Fractions of P in dead shoot material

Gc Growth coefficient

GR Synthesis of growth root structural dry matter

GSh Synthesis of growth shoot structural dry matter
HarvSh Harvest shoot dry weight

LAI Leaf area index
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Unit

gm?
gm?
gm?
gm?
gm?
g N (g structure)™
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
g P (g structure)™
gm?
gm?
gm?
gm?
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Variable
LeafReFo

LeafReT

Meff
NGMax
NP
PGMax
PGR
Plig
PNUGR
PNU
RDC
RDN
RDP

Rg

Rm
Rmug

R

SCSR
SCS
SCS
SCSSh
ShDC
ShDN
ShDP
ShHarvTot
Sh
SNSR
SNS
SNS
SNSSh
SPSR
SPS
SPSSh
StemReFo

StemReT;

Description

Proportion of material in the fourth leaf compartment that remain on

the field

Proportion of material in the third leaf compartment that remain on the

field

Mycorrhizal effect (scalar)

N needed to maximum growth
Effective amount of N uptake by the plant
P needed to maximum growth
Potential growth rate

Percentage of lignin (Pligs)

Potential N uptake per gram of roots
Potential N uptake by roots

C dead root compartment

N dead root compartment

P dead root compartment

C loss by substrate pool to growth

C loss by substrate pool to maintenance
C loss by substrate pool to mineral uptake
Live structural root

C supplied from recycled roots
Supply of C from plant recycling
Rates of supply C from senescence
C supplied from recycled shoots

C dead shoot compartment

N dead shoot compartment

P dead shoot compartment

Total sward harvest

Live structural shoot

N supplied from recycled roots
Supply of N from plant recycling
Rates of supply N from senescence
N supplied from recycled shoots

P supplied from recycled roots
Rates of supply P from senescence

P supplied from recycled shoots

Proportion of material in the fourth stem compartment that remain on

the field

Proportion of material in the third stem compartment that remain on

the field
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Unit
g (g structure)™

g (g structure)™

gm?
gm?
gm?
gm?
g (g structure)™
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?
gm?

g (g structure)™

g (g structure)™
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Variable Description

TEFL, Time to end the first leaf as growing leaf
TEFoL Time to end the senescing leaf

TEFoOR Time to end the fourth compartment root
TEFR; Time to end the first compartment root
TESL, Time to end as first fully expanded leaf
TESR, Time to end the second compartment root
TETL, Time to end the second fully expanded leaf
TETR, Time to end the third compartment root

Parameters used in the soil sub-model.

Parameters  Description Unit Value

Mineral

sub-model

CN C:N ratio soil type dependence - 10

CP C:P ratio soil type dependence - 110

DBD Dry bulk density gem® 117

ESNo Estimates of soil N mineralization potential ppm 32.1

Kas Maximum decomposition to secondary P - 0.0016

Kfbd Maximum faeces breakdown - 0.024

Kfn Maximum rate of N metabolic faeces decomposition - 0.024

Krl Maximum rate of metabolic root litter decomposition - 0.05

Ksa Maximum decomposition to available P - 7.2°

Ksl Maximum rate of metabolic surface litter - 0.04
decomposition

Kso Maximum decomposition from secondary P to - 3.3°%
occluded P

MinRate Mineralization rate constant at 35 °C - 0.09

NP N:P ratio soil type dependence - 11

RAE Relative agronomic effectiveness - 0.8

Water

sub-model

Aa aa is a constant adjusted so 2 Wf,=1 - 1.3185

Alpha albedo reflection coefficient surface - 0.2
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Unit
days™
days™
days™
days™
days™
days™
days™
days™

Origin

ICAR Lab 2009
Parentoni et al., 1988
Parton et al., 1987

Parton et al., 1987

Parton et al., 1987

Parentoni et al., 1988

Leon et al., 1986

Supit et al., 1994
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Variables used in the soil sub-model.

State variables
Mineral
sub-model
CMety
CMet,
NApl
NMfaeces
NMetsl
NMetrl
PApI
Plfaeces
PMetsl
PMetrl
SecP

Water
sub-model
W,

W,

Rate variables

Mineral
sub-model
CFsl
CFrl
CNsl
CNrl
CPsl
CPrl

Csl

Crl
ETBDf
EMD
ETD
EMDf

Description

C metabolic from surface litter
C metabolic from root litter

N available to plant

N metabolic from faeces

N metabolic from surface litter
N metabolic from root litter

P available to plant

P inorganic from faeces

P metabolic from surface litter
P metabolic from root litter

Secondary P

actual soil moisture content in surface layer

actual soil moisture content in layer z (2 ... n)

Description

C flow from metabolic surface litter to soil organic matter
C flow from metabolic root litter to soil organic matter
Content of N immobilized from structural surface litter
Content of N immobilized from root surface litter
Content of P immobilized from structural surface litter
Content of P immobilized from root surface litter

C in surface litter

C in root litter

Effect of temperature in breakdown of faeces

Effect of moisture on decomposition

Effect of temperature on decomposition

Effect of moisture in faeces degradation
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Unit

gm
gm
gm
gm
gm
gm
gm
gm
gm
gm

gm

cm*H,0 cmsoil

cm*H,0 cmsoil

Unit
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Mineral
sub-model
ETDf
ETMFavol
ETMUavol
Fmrl
Fmsl

ISP

NL

PL

Lrl

Lsl
Nlvaf
Msoil
Nfaeces
Nimrl
NImsl
NFa
NFe
NSOM
NStrusl
NStrurl
NMrl
NMsl
NSsl
NSrl

Nsl

NR

Nrl

NU
Nurine
OclP
OSP

PFe
Pfaeces
PiFaeces

PImsl

Description

Effect of temperature in faeces degradation
N losses through ammonium gas in fertiliser
N losses through ammonium gas in urine
Metabolic fraction of root litter

Metabolic fraction of surface litter

Flow from SecP to PAplI

Leaching N from root zone

Leaching P from root zone

Lignin in root litter

Lignin in surface litter

N loss through ammonium volatilization
Moisture in soil (scalar)

N from faeces

N immobilised from metabolic root litter
N immobilised from metabolic surface litter
N mineralization from faeces

N mineralization from fertiliser

N mineralization from SOM

N structural from surface litter

N structural from root litter

N mineralization from metabolic root litter
N mineralization from metabolic surface litter
N Imobilization from structural surface litter
N Imobilization from structural root litter
N in surface litter

N from rain

N in root litter

N mineralization from urine

N from urine

Flow from SecP to Oclude P

Flow from PApl to SecP

P from fertiliser to PApl

P from faeces

Inorganic fraction of P in faeces

P from metabolic surface litter
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Unit
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Mineral
sub-model
Pimrl

PFa

PMrl
PMsl
PminSOM
PR

Prl

PSecfe

Psl

PStrusl
PStrurl

Tsoil

Water
sub-model
d

Beva

Btra,

ETO
EVA
EVA,
EVAmMp
EVAp
INF,

IRR
LAI
RUN
TRA,
TRAmMp
TRAp
RDef,

Description

P from metabolic root litter
P mineralization from faeces
P from metabolic root litter
P from metabolic surface litter
P mineralization from SOM

P from rain

Pin root litter

P from fertiliser to SecP

P in surface litter

P structural from surface litter
P structural from root litter

Soil mean temperature

Description

dimensionless soil moisture number

reduction factor accounting for the influence of soil moisture
content of the surface layer on evaporation

reduction factor to account the effect of soil

transpiration in layer z
potential evapotranspiration

total actual soil evaporation

actual soil evaporation in layer z

potential bare soil evaporation
potential soil evaporation
infiltration in layer z=1, n-1
percolation in layer z=n
irrigation

leaf area index

runoff

actual plant transpiration in layer z

potential transpiration for a closed canopy

potential plant transpiration

weighing factor accounting for withdrawn of moisture due to

transpiration in layer z
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moisture on

Unit

gm
gm
gm
gm
gm
gm
gm
gm
gm
gm
gm

°C

Unit

mm day*
cm®H,0 cmsoil day™
cm®H,0 cmsoil day™
cm®H,0 cm?soil day™
cm®H,0 cm?soil day™

cm®H,0 cm?soil day™

cm®H,0 cm?soil day™
cm®H,0 cm?soil day™
cm®H,0 cm?soil day™
cm®H,0 cmsoil day™
cm®H,0 cmsoil day™



