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MODELING GROWTH AND COMPETITION

OF A MULTI−SPECIES PASTURE SYSTEM

T. Zhai,  R. H. Mohtar,  H. D. Karsten,  M. Carlassare

ABSTRACT. Pastures are often a mixture of different plant species. The growth patterns of these mixtures are determined by the
interactions and competition among the coexisting species, as well as their response and interactions with the environment.
Grassland management for economic and environmental sustainability should be based on the integrated view of the pasture
system and the understanding of the processes involved. Computer models are ideal to study such complex systems. Most model-
ing efforts have focused on binary combinations of an agronomic crop and a major weed species in agricultural systems. In this
research, the GRAzing SImulation Model (GRASIM) was extended to account for growth and interspecies competition among
a mixture of plant species, including grasses, legumes, and weeds. In the multispecies GRASIM, a user−specified number of
species grow separately on a daily time step, competing for light, soil water, and nitrogen. Forage experiments were conducted
on a naturalized pasture at the Pennsylvania State University Beef Research Farm (University Park, Pa.). The pasture was divid-
ed and rotationally stocked at two intensities (high and low). Forage biomass data from 1998 and 1999 were used to develop
and evaluate the multispecies GRASIM model. The multispecies GRASIM reasonably simulated the growth dynamics of multiple
species on two grazing treatments across two seasons, despite the high variability of the pasture. The model−simulated and ob-
served biomass data for the dominant species across the two treatments and the two growing seasons gave regression coefficients
of determination (R2) ranging from 0.25 to 0.98. Model limitations and directions for future efforts are outlined and discussed.
The multispecies GRASIM can be used to help evaluate coexisting species interaction and their response to the environment
and provide insight into the complex mixed−species pasture ecosystem.

Keywords. Crop competition modeling, GRASIM, Naturalized pasture, Multiple forage species.

nterspecies competition for light, water, and nutrients is
one of the key factors determining the performance of
pasture ecosystems. Because of its important role in a
wide range of ecosystems, competition between plants

has been studied from different perspectives. Interspecies
competition is dynamic by nature, and can be understood only
as it evolves over time in response to initial growth and site
conditions, weather condition, and the interactions between
soil and plants in the system (Graf et al., 1990a, 1990b). Com-
puter models can be applied to cover temporal and spatial
scales that are too expensive in cost and time to be studied by
experimentation. Thus, modeling interspecies competition is
a natural application of dynamic simulation models.

Over the past 20 years, there have been many attempts to
model interspecies competition for a number of important
crop/crop, tree/crop, and weed/crop systems. These models
are collectively called “intercrop” models. They can be
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valuable in providing better insight into the intricate physio-
logical mechanisms of plant competition. Ecologists use them
to study succession patterns of vegetation, the diversity and
stability of plant communities, and to help define management
strategies for semi−natural ecosystems (Grace and Tilman,
1990; Grime, 1979; Harper, 1977). Plant breeders and
agronomists use intercrop models to evaluate the role of
specific traits (such as those related to canopy dimension and
growth rates) in shaping the interaction between crop,
management, and environment (WARDA, 2000).

Historically, most intercrop models are concerned with
agronomic crop production systems, with an aim at simulating
the competition effects of weeds or “unwanted” plants on one
major cash crop and developing predictive tools for yield loss
assessment (Kropff, 1988, 1993; Kropff et al., 1992; Kropff
and Spitters, 1992; Kiniry et al., 1992; Wilkerson et al., 1990).
These intercrop models have made significant improvement
from earlier modeling efforts where simple regression of yield
loss to initial plant density was used. These new generation
mechanistic models take into account climatic conditions and
dynamic competition among species over time, which makes
them more capable of explaining the outcome of competition.
However, these modeled agricultural systems typically re-
ceived moderate to high resource input, and the species
distributions are much more homogeneous than those in
natural ecosystems. Very few models have been developed for
simulating natural ecosystems such as grassland and pasture
systems, which are characterized by low nutrient environ-
ments and high diversity in terms of spatial and temporal
species composition. Most existing pasture models (Parsch
and Loewer, 1995; Thornley, 1998; Herrero et al., 2000a,
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2000b; Mohtar et al., 1997a, 1997b) were designed for pasture
with single species and thus are limited in their ability to
simulate forage growth for natural pastures where many
species coexist.

The goal of this research was to develop an eco−physiologi-
cal model to simulate plant growth and competition for
multiple plant species growing simultaneously. It is assumed
that competition among plant species results in the reduction
of growth due to the consumption, hence depletion, of water,
nutrients, and light by other coexisting species. Specifically,
the objectives of this research are: (1) to develop a multispe-
cies model using the monospecies pasture model, GRAzing
SImulation Model (GRASIM) (Mohtar et al., 1997a), and (2)
to evaluate the multispecies GRASIM using data from field
experiments. The new model will take into account plant
competition for light, soil water, and nitrogen by partitioning
these resources according to species composition in the
pasture and by a growth reduction mechanism.

METHODOLOGY
THE GRASIM MODEL

GRASIM was designed to simulate pasture growth under
intensive rotational grazing management where grazing is a
primary forage source during the grass growing season. It
accounts for carbon, nitrogen, and water cycling and their
dynamic interaction in a pasture system. Detailed model
structure and algorithms were previously described by Mohtar
et al. (1997a, 2000). GRASIM was originally designed to
simulate the growth of monoculture pasture, and its plant
growth model was parameterized and evaluated using field
data from an orchardgrass pasture (Mohtar et al., 1997b). In
this research, modifications to GRASIM’s three major compo-
nents, i.e., plant growth, soil water, and soil nitrogen modules,
were conducted to simulate the mixed pasture. A newly
developed legume module (Chen, 2000) was used to simulate
legume growth and biological nitrogen fixation.

SIMULATION OF PLANT COMPETITION

Competition for Light
Competition for solar radiation is one of the most important

components of the interference between species in mixed plant
communities (Goudriaan and Monteith, 1990). The GRASIM
plant growth module is based on the plant leaf and canopy
photosynthetic characteristics (Mohtar et al., 1997a). Its
estimate of light attenuation inside the plant canopy is
described by Beer’s law (Monsi and Saeki, 1953) while taking
the transmitted component into account.

For monoculture pasture, irradiance incident on the leaf
surface within the crop canopy is:
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where k is the canopy light extinction coefficient, m is the leaf
light transmission coefficient, l is leaf area index (LAI, m2 leaf
area/ m2 ground area), and I0 is the daily total irradiance above
the top of plant canopy (W−min/m2). For the simulation of
light partitioning between competing species, the most com-

mon approach has been to calculate the interception of light by
each species in a mixture as a function of leaf area distribution
of component species (Spitters and Aerts, 1983; Graf et al.,
1990b; Kropff and Spitters, 1992). Based on the analysis of
Thornley and Johnson (1990), the irradiance incident on the
leaves of the ith species, Ii(l), in a mixture is calculated as:
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and ki, mi, and li are the light extinction coefficient, light
transmission coefficient, and LAI for the ith species in the
mixture, respectively; l is the total LAI calculated as the sum
of LAIs of all species; ke is the effective light extinction
coefficient calculated as the weighted average light extinction
coefficient using the LAI of each species and total LAI; I0 is
the daily total irradiance above the top of plant canopy; and n
is the total number of species.

GRASIM’s plant growth module is driven by the solar
radiation intercepted and absorbed by the crop canopy. The
multispecies GRASIM simulates photosynthesis and growth
of each species according to its share of photosynthetically
active radiation (PAR) in the total PAR absorbed by all species
in a mixture. Single−leaf instantaneous photosynthetic rate for

the ith species in a mixture, Pi in 1
2
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calculated using a rectangular hyperbolic equation of the form:
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where �i is the photochemical efficiency of the ith species; Ii(l)
is the irradiance incident on the canopy of species i with LAI
of l calculated using equation 2; and Pmi is the maximum pho-
tosynthetic rate of the ith species, which is calculated as a func-
tion of daily average temperature (T) as:

Pmi = P0i + P1i T (4)

where P0i and P1i are light−saturated leaf photosynthetic rate
parameters. Daily canopy photosynthetic rate for the ith
species in a mixture is calculated by integrating equation 3
over total leaf area (Li) of the ith species in a mixture and over
daily photoperiod (h) in seconds:

τ= ∫∫ ddlPP ii
hL
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i

00
 (5)

Combining the analytical integration of equation 5 derived
by Johnson et al. (1983) and the analysis of canopy photosyn-
thesis by Thornley and Johnson (1990), the daily photosyn-

thetic rate of species i in a mixture, Pdi in 1
2

2 d
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, is

calculated as shown in equation 6.
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The potential daily plant growth for the ith species in a
mixture is calculated by multiplying equation 6 by a conver-
sion factor to derive the daily carbon gain (Mohtar et al.,
1997a). The LAI for each species is calculated daily as a
function of its daily growth (eq. 6), specific leaf area, and a
linear senescence rate, as well as environmental conditions
(Mohtar et al., 1997a). The current model does not explicitly
simulate plant phenology.

Competition for Water
GRASIM implements a straightforward moisture balance

for a free draining soil profile. It accounts for runoff from daily
precipitation, water loss from evapotranspiration (ET), and
leaching below the rooting zone.

As in many other models such as GLEAMS, Opus, and
PRZM−2 (Ma et al., 1999), GRASIM’s ET routine is energy
based. It adopted Ritchie’s (1972) ET model to calculate soil
evaporation and plant transpiration separately. Soil evapora-
tion is calculated in two stages based on soil moisture content.
Potential plant transpiration is considered as proportional to
the LAI of a plant species up to an LAI of 3. When the LAI is
greater than 3, potential transpiration equals the difference
between the potential ET and soil evaporation.

In the multispecies GRASIM model, potential plant
transpiration for each species is calculated separately based on
the solar radiation absorbed by that species in a mixture. Total
potential plant transpiration is calculated daily by summing
potential transpiration from all species. The calculations are
outlined in the following set of equations:
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where Epi is the potential plant transpiration of species i
(Ritchie, 1972), which is a function of absorbed solar radiation
by the ith species in a mixture (Ja,i) and its LAI (li); I0 is the
daily total irradiance above the top of plant canopy; slai is the
specific leaf area (m2 leaf area (kg C)−1) of the ith species in
the mixture; DWSi is the structural dry weight of species i; and
EpTotal is the daily total potential plant transpiration.

When soil moisture content is limiting, the plant transpira-
tion reduction mechanisms used in the model INTERCOM for
C3 crop species (Kropff, 1993) are adopted to simulate the
effect of water shortage on transpiration. The ratio between
actual (Ta) and potential (Tp) transpiration decreases linearly
with soil moisture availability when the actual soil moisture
content (�a) falls below a certain critical level (�cr) (Dooren-
bos and Kassam, 1979) (eq. 8):
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where � is the soil moisture content (mm), with subscripts de-
noting the critical value (cr), the value at wilting point (wp),
and field capacity (fc). The soil moisture depletion factor (p)
depends on plant species and evaporative demand (i.e., poten-
tial transpiration). Based on the relationship developed by
Doorenbos and Kassam (1979) (fig. 1), p is calculated as a
function of potential plant transpiration (Epi) by the fitted
equation as:

   p = −0.001 Epi
3 + 0.0228 Epi

2 − 0.2076 Epi + 0.9952 (9)

The potential plant daily growth is adjusted with the water
stress factor (WSF). It is defined as the ratio of actual available
water content and potential available water in the soil:

wpfc

wpa

θ−θ
θ−θ

=WSF  (10)

GRASIM distinguishes two horizontal soil layers of
user−defined depths. Experimental evidence (Barnes et al.,
1995; Miller, 1984) suggests that effective rooting depths for
most common cool−season grasses are shallower than 1 m.
Typically, most grass roots are found in the top 10 to 20 cm of
the soil profile, and most forage crops have the bulk portion of
their rooting systems above 70 cm depth in the soil. Thus, in
this research, the maximum rooting depth for grass species is
specified to be 70 cm, while the top soil layer is considered as
30 cm. Legume species such as red clover and alfalfa have
deep taproot systems; thus, their effective rooting depths are
defined as 1 m. It is assumed that each layer contributes half

y = −0.001x3 + 0.0228x2 − 0.2076x + 0.9952

R2 = 0.9998
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Figure 1. Relationship between the soil moisture depletion factor (p)
and the evaporative demand (mm d−1) for C3 crop species (redrawn
from Kropff, 1993, figure 5.4).
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of the daily ET demand from a standing crop (Mohtar et al.,
1997a).

Competition for Nutrients
GRASIM’s soil nitrogen cycling component is based on the

NLEAP model (Follett et al., 1991). The model accounts for
daily nitrogen transformation in plants, soil, and water through
processes of plant uptake, nitrification, denitrification, miner-
alization, volatilization, fertilization, and leaching. The nutri-
ent module affects plant growth through the nitrogen stress
factor and N uptake.

Plant daily nitrogen demand in GRASIM is estimated using
a supply and demand approach as in the following equation:

∆TFRACNUTNUYIELDGNDMD ⋅⋅⋅=  (11)

where NDMD is the daily nitrogen demand (kg/ha); YIELDG
is the yield goal for a crop (kg/ha); TNU is the total nitrogen
uptake efficiency for a crop (kg N/harvest unit); FRACNU is
a sigmoid function, with values ranging from 0 to 1 from start
to end of a growing season, modifying the daily demand based
on the relative crop growth stage in a growing season; and �T
is the current model time step, which is one day in this case.

The same demand function (eq. 11) is used in the
multispecies GRASIM to calculate N demand from each
species. On a given day, the presence of each species is
calculated as a percentage of its respective biomass in the total
biomass of all species in the mixture. Then, the YIELDG for
each species is reduced proportionally based on its percentage
presence in the mixture; hence, the N demand by each species
is reduced accordingly. In the new model, the default TNU
value and FRACNU function are used for all forage species
(Mohtar et al., 1997a). The effect of this model is that there is
no direct competition among coexisting plant species in terms
of nitrogen uptake, and all species have access to the available
soil inorganic nitrogen pool according to their share in the
mixture (Thornley, 1998; Rossiter and Riha, 1999; Herrero et
al., 2000a, 2000b).

Daily total nitrogen demand of the mixed pasture is
calculated by summing nitrogen demand of all species. The
feedback from the nitrogen module to the plant growth module
is the nitrogen stress factor (NSF), which is used to adjust daily
potential plant growth. The NSF is calculated for each species
as:

∑
=

i
i NDMD

NUPTAKE
NSF  (12)

where NUPTAKE is the soil−available nitrogen for plant up-
take including nitrate and ammonium nitrogen (Mohtar et al.,
1997a), and NDMDi is the plant demand for nitrogen uptake
of the ith species when no nitrogen stress exists (Chen, 2000).

The equal access of soil nitrogen by all species described
above and the NSF calculated by equation 12 are considered
to address the indirect effect of plant species competition due
to nitrogen availability (Kropff, 1993). To account for the
direct effect of competition by coexisting species for a
common nutrient, a growth reduction factor (YDRDFAC) is
calculated based on the rationale proposed by Fresco (1985),
who stated that the effect of scrambling for a common nutrient
on plant growth is determined by the total nutrients available
in the entire system and by the fraction of nutrients in standing
crops:
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where pi is the percent nitrogen content of the ith species,
TDWi is the total dry weight of the ith species, and Navailsoil
is the current soil nitrogen content available for plant uptake.
Both nitrogen stress factor (NSF) and the yield reduction fac-
tor (YDRDFAC) are within the range of 0 to 1 and are applied
to adjust plant growth by multiplying the daily potential plant
growth with the two factors. Since legume species can fix their
own nitrogen, NSF and YDRDFAC are applied to adjust the
potential growth of grass species only. Thus, daily growth of
grass species is calculated as: grass actual growth = grass po-
tential growth × NSF × YDRDFAC.

Biological Nitrogen Fixation
The growth, biological nitrogen fixation by the legume

species, and the transfer of such fixed nitrogen to associated
forage grass species have been well documented (Ledgard et
al., 1985; Ta and Faris, 1987; Hutchings and Kristensen,
1995). Chen (2000) developed a legume module based on
these findings and incorporated it into GRASIM. Daily
legume potential growth is modified by a water stress factor
(eq. 10) and a nitrogen inhibition factor (NIF) defined to vary
from 0 to 1 to address the negative effect of N fertilization on
legume growth, i.e., the greater the NIF value, the lower the
inhibition on legume biomass production. Legume biological
nitrogen fixation efficiency is defined as the atmospherically
derived nitrogen fixation (kg) per ton of dry matter of legumes.
It is influenced by the nitrogen fertilization rate in a hyperbolic
fashion. Nitrogen fixation is also affected by water availability
(positive) and years after establishment (decrease with sward
age). The total bio−fixed nitrogen is the product of legume
biomass, fixation efficiency, and a factor of 1.25 (Chen, 2000).
The portion of the biologically fixed nitrogen that is trans-
ferred to associated grasses on a daily basis is calculated as the
product of an empirically derived daily nitrogen transfer rate
and the total bio−fixed nitrogen (Chen, 2000). Specifically,
nitrogen transfer rate is defined for certain grass−legume
combinations based on the observation made by Ta and Faris
(1987).

FIELD EXPERIMENT

Grazing experiments were conducted at the Pennsylvania
State University (PSU) Beef Research Farm in State College,
Pennsylvania, to study the effect of grazing intensity on forage
productivity. The experimental site is a ten−year−old mixed
pasture that was formerly a perennial ryegrass and alfalfa, and
orchardgrass and alfalfa hay experimental site. Soil series of
the pasture is Hagerstown silt loam (fine, mixed, mesic, Typic
Hapludalf).

The experimental design was a split−block with four
replicates. Stocking intensity was controlled by the height of
orchardgrass plants before and after stocking. Two grazing
height regimes (treatments) were defined as: (1) tall grazing
height (low stocking density) in which the mean orchardgrass
height of the pasture was grazed from 27 cm down to 7 cm, and
(2) short grazing height (high stocking density) in which the
mean orchardgrass height of the pasture was grazed from
21 cm to 5 cm. Each grazing event was limited to 36 h or less.
The experiment started in April 1998 and was repeated in 1999
with the same experimental design.
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Two types of forage biomass data were collected before
each grazing: forage harvested, and total herbage mass. Forage
harvested data were collected by clipping pasture to 7 cm and
5 cm above ground in the tall and short grazing height
treatments, respectively. Total herbage mass data were col-
lected by clipping to ground level. After each data collection,
forage samples were separated into different species groups
and then dried and weighed to calculate the contribution of
each species to the total herbage biomass. Biomass data for
each species were compiled by averaging across all replicates
over the two growing seasons to give rise to four data sets,
which are labeled 1998 short, 1998 tall, 1999 short, and 1999
tall. In cases of incomplete total herbage mass and forage
harvested data for a given species, the seasonal averaged
harvest index (HI), defined as the ratio of forage harvested to
total herbage mass, was used to construct the growth curve for
that species (Carlassare and Karsten, 2002). In total, 30% of
the data points were estimated with this method, and more than
half of the missing data were for low abundance species, such
as legumes and perennial rye grass. Species composition of the
mixed pasture was dynamic and varied within and across
growing seasons. When averaged across the two−year experi-
ment, total herbage biomass was composed of 30% orchar-
dgrass, 29% bluegrass, 17% quackgrass, 9% dandelion, and
7% legumes that included alfalfa, white clover, and red clover.
Other minor species in the mixture were grouped as broadleaf
(predominantly broadleaf plantain), perennial grasses (pre-
dominantly perennial ryegrass), and annual grasses (predomi-
nantly bromegrass).

Local weather data were collected for the two growing
seasons, including daily minimum and maximum temperature
(°C) (figs. 2 and 3), rainfall (mm) (figs. 4 and 5), and solar
radiation (W−min/m2) (figs. 6 and 7). Detailed data collection
procedures and analysis were published in an earlier article
(Carlassare and Karsten, 2002).

MODEL EVALUATION

The multispecies GRASIM’s ability to simulate the growth
of competing forage species was evaluated by comparing

0

10

20

30

40

50

80 130 180 230 280 330

Day of the year

Te
m

p
er

at
u

re
 (

C
o )

Figure 2. 1998 PSU daily minimum and maximum daily temperatures.
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Figure 3. 1999 PSU daily minimum and maximum daily temperatures.

model−simulated forage biomass to that measured for all spe-
cies in the mixed pasture. The process involved model calibra-
tion of the plant growth parameters of GRASIM using 1998
data and the following validation simulation using 1999 data.
Model calibration was done with a combination of numerical
curve fitting and manual adjustment of the plant growth pa-
rameters based on the sensitivity analysis for GRASIM (Chen,
2000) to minimize the differences between simulated and ob-
served growth curves for each species in the mixture. This pro-
cess was conducted separately for the two grazing height
treatments in the 1998 growing season, i.e., 1998 short and
1998 tall. The resulting calibrated plant growth parameter sets
for the two treatments were then used for the two validation
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simulations of forage growth in the 1999 short and 1999 tall
grazing height treatments, respectively.

RESULTS AND DISCUSSION
The results of calibration of the multispecies GRASIM

against 1998 short (high grazing intensity) and tall (low
grazing intensity) treatment growth data are presented in
figures 8a and 8b, respectively. In both calibration runs, the
new model simulated reasonably closely the growth of
multiple species in the pasture. Linear regression of measured
vs. simulated biomass for all species gave a regression line
with a slope of 0.98 and a y−intercept of 0.001 (R2 = 0.98),
which are not significantly different from 1 and 0, respective-
ly. Noticeably, the new model underpredicted bluegrass
growth during the early growing season and overpredicted it
during the second half of the growing season. The simulated
white clover growth follows its observed unimodal growth
trend. For tall legumes, including alfalfa and red clover, the
model simulated a unimodal growth pattern, which is different
from the observed.

In the two validation simulations for the 1999 short and tall
treatments, the model simulated similar growth trends to those
observed for most species groups (figs. 9a and 9b). The
regression line of observed vs. simulated values has a slope of

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.16
0.18
0.20

Species

B
io

m
as

s 
(k

g
/m

   
)

2

(a)

O
G

W
C

Q
kG

D
ande

B
roadL

A
nn

P
er

B
G

Taleg

0.00

0.02

0.04

0.06
0.08
0.10

0.12
0.14

0.16
0.18

Species

B
io

m
as

s 
(k

g
/m

   
)

2

(b)
O

G

W
C

Q
kG

D
ande

B
roadL

A
nn

P
er

B
G

Taleg

Figure 8. Simulated (lines) and measured (dots) growth curves for all
species groups in calibration run for 1998 (a) short and (b) tall grazing
height treatments. Data points for each species group are arranged se-
quentially following a leader label until the label for the next species
group appears. Species group names are: OG = orchardgrass, BG =
bluegrass, QkG = quackgrass, Dande = dandelion, BroadL = broadleaf,
Ann = annual grasses, Per = perennial grasses other than OG and BG,
WC = white clover, and Taleg = tall legumes including red clover and al-
falfa.

0.83 and y−intercept of 0.0008 (R2 = 0.97) for the short treat-
ment, and a slope of 0.92 and y−intercept of 0.003 (R2 = 0.98)
for the tall treatment.

Further examination of model performance was done
through linear regression of measured vs. simulated biomass for
each species in the calibration and validation simulations. The
slopes and intercepts of regression lines and their coefficients of
determination are listed in table 1. Overall, the dominant species
including orchardgrass and quackgrass were more accurately
simulated than low−incidence species including weeds (dande-
lion and broadleaf), legumes (tall legumes and white clover),
and other minor annual and perennial grass species. In both
calibration and validation simulations, the new model did not
adequately simulate the growth dynamics of bluegrass, and it
simulated a unimodal growth pattern for the tall legume species
group with a decline of biomass during late seasons that is
different from the observed data. Additionally, for low−inci-
dence species, the new model generally performed better for
simulating their growth in tall treatment than in short treatment,
based on the coefficients of determination of the regression
lines for these species, which are higher for tall treatment
simulations than for short treatment simulations. For legume
species, the new model performed poorer than it did on other
grass species in all four simulations, judging by the lower
coefficients of determination of the regression lines compared
with those for other grass species (table 1).
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Figure 9. Simulated (lines) and measured (dots) growth curves for all
species groups in validation run for 1999 (a) short and (b) tall grazing
height treatments. Data points for each species group are arranged se-
quentially following a leader label until the label for the next species
group appears. Species group names are: OG = orchardgrass, BG =
bluegrass, QkG = quackgrass, Dande = dandelion, BroadL = broadleaf,
Ann = annual grasses, Per = perennial grasses other than OG and BG,
WC = white clover, and Taleg = tall legumes including red clover and al-
falfa.
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Table 1. Linear regression of observed vs. simulated biomass for all species groups for the two−year simulations.
Regression line slope (b1), intercept (b0), and coefficient of determination (R2) are shown.

1998 (model calibration) 1999 (model validation)

Short Treatment Tall Treatment Short Treatment Tall Treatment

Species[a] b0 b1 R2 b0 b1 R2 b0 b1 R2 b0 b1 R2

OG 0.0029 0.98 0.98 0.0136 0.98 0.94 0.0214[b] 0.68[b] 0.97 0.0394[b] 0.72[b] 0.98
BG 0.0239 0.60 0.55 0.0213 0.58 0.33 0.0103 0.58[b] 0.74 0.0455[b] 0.23[b] 0.25
QkG 0.0043 0.95 0.93 −0.0034 1.18 0.91 −0.0033 1.08 0.96 −0.0187[b] 1.78[b] 0.97
Dande 0.0081[b] 0.54[b] 0.71 −0.0073 1.46 0.88 0.0128[b] 0.25[b] 0.44 0.0139[b] 0.56[b] 0.77
BroadL 0.0012 0.88 0.95 −0.0021 1.59 0.77 0.0028[b] 0.60[b] 0.88 0.0027 0.50 0.53
Ann 0.0051[b] 0.43[b] 0.62 −0.00006 0.82 0.73 0.0017[b] 0.44[b] 0.74 0.0008 1.05 0.96
Per 0.0021 0.30 0.08 −0.0015 1.44 0.66 0.0018 0.48 0.10 0.0212[b] −1.6[b] 0.65
WC 0.0046[b] 0.53[b] 0.73 0.0014 0.66 0.55 0.0063[b] 0.07[b] 0.02 0.0015 0.73 0.54
Taleg 0.0055 0.67 0.51 0.0004 0.97 0.65 −0.0013 1.15 0.58 −0.0022 1.49 0.48

Total 0.0473[b] 0.83[b] 0.97 0.0109 1.01 0.94 0.0484[b] 0.67[b] 0.96 0.0769 0.77 0.94
[a] OG = orchardgrass, BG = bluegrass, QkG = quackgrass, Dande = dandelion, BroadL = broadleaf, Ann = annual grasses, Per = perennial grasses other than

OG and BG, WC = white clover, and Taleg = tall legumes including red clover and alfalfa.
[b] Denotes either that b0 is significantly different from 0 or that b1 is significantly different from 1 at α = 0.05 significance level.

Linear regression of all measured biomass data on the
simulated values for the two treatments across the two
growing seasons gave a regression line with a slope of 0.95 and
a y−intercept of 0.001 (R2 = 0.97). Scatter plots of the
measured versus simulated forage biomass for both tall and
short treatments over two−year experiment shows that model
predictions are reasonably close to observed growth of mixed
pasture with a large number of coexisting species (fig. 10).

In the multispecies GRASIM, daily growth of every species
is simulated based on the same set of processes converting
daily solar radiation to carbon gain, while keeping its own set
of growth parameters. GRASIM’s plant growth module is
physically based, and its parameters carry physiological
meanings; thus, the calibration of these parameters under

different scenarios could provide insight into forage growth
under different management regimes. In this study, the
calibrations of the short and tall treatment experiment in 1998
were done separately due to the important role of grazing or
harvesting intensity in determining forage regrowth speed and
pasture stand vigor.

Many researchers have found that low stubble height
reduces the rate of regrowth after intensive grazing due to
storage reserve depletion and lack of photosynthetic leaf area
(Waller et al., 1985; Parsons et al., 1988; Williamson et al.,
1989; Beuselinck et al., 1992). In this study, field data also
indicated that moderate grazing intensity (taller stubble
height) produced more available forage for the grazing
animals than higher grazing intensity (shorter stubble height)
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Figure 10. Observed versus simulated dry matter accumulation values for all species groups in mixed pasture in both tall and short treatments
across 1998 and 1999 growing seasons: (a) 1998 short treatment (calibration), (b) 1998 tall treatment (calibration), (c) 1999 short treatment (valida-
tion), and (d) 1999 tall treatment (validation).
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(Carlassare and Karsten, 2002). It is hypothesized that non-
structural carbohydrate reserve and residual leaf area were
preserved more in tall stubble of the dominant species, such as
orchardgrass, than in shorter stubble; this allowed faster re-
growth and higher productivity in between grazing. The cal-
ibration process using 1998 short and tall treatment biomass
data indeed suggested a combination of plant growth parame-
ters with higher productivity potential for the tall grazing
height treatment than those for the short grazing height treat-
ment (table 2). For example, the dominant species, orchar-
dgrass, had higher photosynthetic efficiency (�) and
maximum specific growth rate (�m) in the tall treatment (low
grazing intensity) than in the short treatment (high grazing in-
tensity). Likewise, white clover and tall legume had greater �m
in the tall treatment than in the short treatment (table 2).

In all four simulations, the multispecies model simulated a
unimodal growth pattern for tall legume species that peaked at
mid−season and then decreased quickly late in the season. This
late−season decrease is not supported by the observed data
(figs. 8 and 9). The simulated quick rise of tall legume species
during early season is partly due to their higher canopy light
extinction coefficient than those of the grasses (0.8 vs. 0.5 to
0.6 for other grass species in table 2), which is due to the more
horizontal leaf angle typical of clovers and alfalfa. This gives
the legume species the capability to capture more light with
similar LAI, which coincides with the early season favorable
growth conditions in general, i.e., relatively cooler tempera-
tures, high level of solar radiation, and rainfall at spring time

(figs. 2 to 7). This advantage is reinforced by the model
assumption that there is no nitrogen stress for legume species
due to their ability to biologically fix nitrogen. The late season
rapid decrease could be due to the higher senescence rate
assigned to legume species (table 2) to counteract the
unreasonably high growth rate due to their higher light capture
efficiency compared with their grass species counterpart.
Although such high senescence rates for the legume species
could be hypothesized to reflect, in part, the high diet
preference and trampling damage by the grazing animals as
observed by the field experiment implementers (Carlassare
and Karsten, 2002), further detailed examination of the model
theories regarding legume growth and its relation to grazing
management is warranted.

The legume model for nitrogen fixation and transfer to
associated grass was empirically developed based on the
observed relationship between soil−available nitrogen and N2
fixation. Chen (2000) tested the model using total biomass
data of a binary mixture of orchardgrass and alfalfa grown at
Logan, Utah, in 1997 and 1998. However, the ability of the
model to simulate the detailed dynamics of individual species
in the mixture was not tested. Nitrogen fixation and transfer
rates are known to be influenced by moisture and temperature
(Ranells and Wagger, 1996). Thus, the extrapolation of the
empirical relations to other locations probably introduced
additional uncertainties in the model predictions, which
require more evaluation with independent studies.

Table 2. Calibrated plant growth parameters for each species group for the 1998 short and tall treatments,
which were used for the simulation of the 1999 short and tall treatments, respectively.

Species Groups[b]

Parameter[a] Units OG BG QkG Dande Broad Ann. Per. WC Taleg

1998 Short Treatment
sla m2/kg C 40 40 40 40 42 40 40 40 40
α kg/CO2/J 12E−9 12E−9 12E−9 12E−9 12E−9 12E−9 12E−9 10E−9 10E−9
k −− 0.5 0.5 0.5 0.6 0.6 0.6 0.5 0.8 0.8
m −− 0.12 0.12 0.12 0.12 0.13 0.12 0.12 0.12 0.12
γ per day 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.08 0.08
β per day 0.004 0.004 0.004 0.018 0.006 0.006 0.004 0.04 0.04
φ −− 0.95 0.70 0.70 0.70 0.80 0.80 0.90 0.80 0.80
P0 kg CO2/m2/s 5E−6 5E−6 5E−6 5E−6 5E−6 5E−6 5E−6 3E−7 5E−6
P1 kg CO2/m2/s/c 5E−7 5E−7 5E−7 5E−7 5E−7 5E−7 5E−7 4E−6 5E−7
µm per day 0.40 0.40 0.40 0.26 0.40 0.40 0.40 0.40 0.40

Rtdp cm 70 70 70 70 70 70 70 70 100

1998 Tall Treatment
sla m2/kg C 40 40 40 40 42 40 40 40 40
α kg/CO2/J 14E−9 12E−9 12E−9 12E−9 12E−9 12E−9 12E−9 10E−9 10E−9
k −− 0.5 0.5 0.5 0.6 0.6 0.6 0.5 0.8 0.8
m −− 0.12 0.12 0.12 0.12 0.13 0.12 0.12 0.12 0.12
γ per day 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.08 0.08
β per day 0.002 0.004 0.004 0.018 0.006 0.006 0.004 0.04 0.023
φ −− 0.95 0.80 0.85 0.70 0.80 0.80 0.80 0.80 0.80
P0 kg CO2/m2/s 5E−6 5E−6 5E−6 5E−6 5E−6 5E−6 5E−6 3E−7 5E−6
P1 kg CO2/m2/s/c 5E−7 5E−7 5E−7 5E−7 5E−7 5E−7 5E−7 4E−6 5E−7
µm per day 0.55 0.40 0.40 0.26 0.40 0.40 0.40 0.50 0.50

Rtdp cm 70 70 70 70 70 70 70 70 100
[a] sla = specific leaf area, α = leaf photosynthetic efficiency, k = leaf extinction coefficient, m = leaf light transmission coefficient, γ = recycling constant, β =

senescence constant, φ = photosynthate fraction partitioned to shoot, P0 = light−saturated leaf photosynthetic rate constant, P1 = light−saturated leaf photo-
synthetic rate coefficient, µm = maximum specific growth rate, and Rtdp = effective rooting depth. Sensitivity analysis (Chen, 2000) indicates that all
growth parameters are effectively influential to GRASIM’s prediction of forage biomass. It was found that φ is the most influential parameter, followed by
α, k, sla, µm, γ, m, P1, P0, and β, with decreasing model sensitivity.

[b] OG = orchardgrass, BG = bluegrass, QkG = quackgrass, Dande = dandelion, BroadL = broadleaf, Ann = annual grasses, Per = perennial grasses other than
OG and BG, WC = white clover, and Taleg = tall legumes including red clover and alfalfa.
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Due to the high species diversity and spatial variability
within the experimental pasture, as evident in many low
nutrient and water input natural ecosystems (Mamolos et al.,
1995), sampling errors were high, especially for low−inci-
dence species (Carlassare, and Karsten, 2002). Occasionally,
harvest index (HI), averaged across a growing season for a
particular species group, was used to estimate missing data
points for that species group. However, data from both 1998
and 1999 growing seasons suggested that species HI changed
across seasons. Therefore, in many cases, the averaged HI was
less than the actual proportion of available forage in the
pasture for a given species (Carlassare and Karsten, 2002).
This could also partially explain the tendency of the multispe-
cies GRASIM to overpredict forage biomass, especially
during the late season (figs. 8 and 9).

This work reveals several areas that could be improved in
the interspecies competition modeling. First is the lack of
linkage between plant growth and phenology. This is especial-
ly important in a mixed−species situation where certain
species are not defoliated regularly by grazing animals or
cutting, and in an agronomic cropping system where plants are
left intact to complete a full lifecycle. Plant traits commonly
vary to such an extent that a single “representative” value
cannot adequately capture the detailed dynamics over a
lifetime in such cases, thus introducing errors in model
predictions.

Second, intercrop models tend to ignore spatial variability,
which is typical under field conditions. In this research, the
majority of the inconsistency within the dataset was due to the
spatial heterogeneity in plant species distribution within the
pasture. However, the sheer complexity and computing power
required for a multi−dimensional models limit their develop-
ment and application in real−world situations. Van Oene et al.
(1999) proposed an ecosystem model for wetland plant and
grazer simulation that employed a grid cell system to address
the spatial distribution of plant species and animal grazing
patterns. Although the model was not tested against observed
data, it provided an example for dealing with this type of
problem. There has been a trend to couple a geographical
information system (GIS) with environment models to deal
with the spatial variability. In light of this trend, a GIS interface
was developed using ArcView for the multispecies GRASIM,
through which users can link geo−spatial data and model
output directly with a location for viewing and analysis (Zhai
et al., 1999).

Third, modeling the canopy structure is typically simple in
most intercrop models, and plant growth form is usually not
explicitly modeled. Specifically, plant height should be
included in the calculation of leaf distribution in a mixed
canopy to more realistically simulate the partition of light
within the mixture. In addition, the explicit modeling of forage
height, stored organic reserve, and growth form could improve
the model’s potential to explain the dynamics of regrowth
mechanisms after cutting or grazing.

Lastly, species−specific growth interactions among coexis-
ting species, such as the commonly noticed superior produc-
tivity of a certain mixture of legume and grass species
compared to others, were not considered in this work. The
explicit modeling of these types of interactions relies on the
continuous and comprehensive study of various types of
mixtures of species beyond simple yield testing experiments.

CONCLUSION
A new model was developed for simulating the growth and

competitive interactions among coexisting species in a
naturalized pasture. The original monoculture GRASIM was
extended to simulate multiple species simultaneously by
adding routines that describe the competition for light, water,
and nitrogen. Partitioning of light was based on the estimated
leaf area composition of the mixture. Regarding competition
for soil moisture, each species group in the mixed pasture
extracted water from a soil layer defined by its own effective
rooting depth, and the extraction was driven by the solar
radiation absorbed by the canopy of each species. Soil nitrogen
was shared among coexisting species, and a reduction factor
due to competition for nitrogen was applied to the growth of
grass species. Legume species have the ability to biologically
fix nitrogen and transfer nitrogen to associated grasses via root
nodule decomposition and subsequent release of N.

In a two−year experiment at Pennsylvania State University,
growth of a mixed pasture was measured under two stocking
densities, and the forage data were used to calibrate and
evaluate the model. The multispecies GRASIM reasonably
simulated the relative trend and magnitude of biomass
dynamics of major species, including orchardgrass, quack-
grass, and dandelion, in the mixed pasture, judging by the high
correlation coefficients of regression lines between measured
and simulated biomass.

The modeling work also revealed several sources of errors
in the simulations, and hence potential areas for future
developments. Parameterization of the plant growth module of
the new model revealed weakness in its simulation of legume
species growth and lack of explicit modeling of plant growth
form and canopy height distribution, which would perhaps
lead to greater flexibility and power of a model in simulating
plant growth dynamics more closely. Due to the naturally high
degree of heterogeneity in the spatial distribution of plant
species in a mixture, the model’s assumption of spatial
uniformity in species distribution inevitably introduces mod-
eling error, just as the sampling errors resulted from the
generalization of point measurement of species composition
to the entire field. The coupling of a GIS with the model to
explicitly account for the spatial variance of both physical and
biological environment could improve model performance.
Additionally, as with many crop growth models, the multispe-
cies GRASIM uses constant plant growth parameters for a
given species. Therefore, it needs to relate the values of these
parameters more closely to the phenology (growth stage) of a
crop to address more closely the temporal heterogeneity of
species composition in a mixed plant community. The new
model could be the foundation of more detailed multispecies
models for the development of useful tools in pasture and
rangeland management.

ACKNOWLEDGEMENT

This research was funded by a Fund for Rural America
grant entitled “Midwestern Agroforestry for Rural Develop-
ment, a Multi−Disciplinary Approach.” Gratitude is also
extended to Dr. X. W. Chen for providing the legume module
used in this study.



626 TRANSACTIONS OF THE ASAE

REFERENCES
Barnes, R. F., D. A. Miller, and C. J. Nelson, eds. 1995. Forages:

An Introduction to Grassland Agriculture. Ames, Iowa: Iowa
State University Press.

Beuselinck, P. R., D. A. Sleper, S. S. Bughrara, and C. A. Roberts.
1992. Effect of mono and mixed culture of tall fescue and
birdsfoot trefoil on yield and quality. Agronomy J. 84: 133−137.

Carlassare, M., and H. D. Karsten. 2002. Species contribution to
seasonal productivity of a mixed pasture under two sward
grazing height regimes. Agronomy J. 94: 840−850.

Chen, X. W. 2000. Modeling grass−legume mixture using the
grazing simulation model GRASIM: Chapter 1. Modeling
pastureland and rangeland using APEX and GRASIM models.
PhD diss. West Lafayette, Ind.: Purdue University.

Doorenbos, J., and A. H. Kassam. 1979. Yield response to water.
FAO Irrigation and Drainage Paper No. 33. Rome, Italy: FAO.

Follett, R. F., D. R. Keeney, and R. M. Cruze, eds. 1991. Managing
Nitrogen for Groundwater Quality and Farm Profitability.
Proceedings of a symposium sponsored by division A−5 of the
American Society of Agronomy; S−1, S−3, S−4, S−6, and S−8 of
the Soil Science Society of America; and divisions C−3 and C−5
of the Crop Science Society of America. Madison, Wisc.: SSSA.

Fresco, L. F. M. 1985. An analysis of species response curves and
of competition from field data: Some results from heath
vegetation. In Plant Community Ecology: Papers in Honor of
Robert H. Whittaker, 49−57. R. K. Peet, ed. Dordrecht, The
Netherlands, W. Junk.

Goudriaan, J., and J. L. Monteith. 1990. A mathematical function
for crop growth based on light interception and leaf area
expansion. Annals of Botany 66(6): 695−701.

Grace, J. B., and D. Tilman, eds. 1990. Perspectives on Plant
Competition. San Diego, Cal.: Academic Press.

Graf, B., O. Rakotobe, P. Zahner, V. Delucchi, and A. P. Gutierrez.
1990a. A simulation model for the dynamics of rice growth and
development: Part I. The carbon balance. Agric. Systems 32(4):
341−365.

Graf, B., A. P. Gutierrez, O. Rakotobe, P. Zahner, and V. Delucchi.
1990b. A simulation model for the dynamics of rice growth and
development: Part II. The competition with weeds for nitrogen
and light. Agric. Systems 32(4): 367−392.

Grime, J. P. 1979. Plant Strategies and Vegetation Processes.
Chichester, U.K.: Wiley.

Harper, J. L. 1977. The Population Biology of Plants. London,
U.K.: Academic Press.

Herrero, M., R. H. Fawcett, V. Silveira, J. Busqué, A. Bernués, and
J. B. Dent. 2000a. Modeling the growth and utilization of kikuyu
grass (Pennisetum clandestinum) under grazing: I. Model
definition and parameterization. Agric. Systems 65(2): 73−97.

Herrero, M., R. H. Fawcett, and J. B. Dent. 2000b. Modeling the
growth and utilization of kikuyu grass (Pennisetum
clandestinum) under grazing: II. Model validation and analysis
of management practices. Agric. Systems 65(2): 99−111.

Hutchings, N. J., and I. S. Kristensen. 1995. Modeling mineral
nitrogen accumulation in grazed pasture: Will more nitrogen
leach from fertilized grass than unfertilized grass/clover? Grass
and Forage Science 50: 300−313.

Johnson, I. R., T. E. Ameziane, and J. H. M. Thornley. 1983. A
model of grass growth. Annals of Botany 51(5): 599−609.

Kiniry, J. R., J. R. Williams, P. W. Gassman, and P. Debaeke. 1992.
A general, process−oriented model for two competing plant
species. Trans. ASAE 35(3): 801−810.

Kropff, M. J. 1988. Modeling the effects of weeds on crop
production. Weed Research 28: 465−471.

Kropff, M. J. 1993. General introduction. Chapter 1 in Modeling
Crop−Weed Interactions. M. J. Kropff and H. H. van Laar, eds.
Wallingford, U.K.: CAB International.

Kropff, M. J., and C. J. T. Spitters. 1992. An eco−physiological
model for interspecific competition, applied to the influence of
Chenopodium album L. on sugar beet: I. Model description and
parameterization. Weed Research 32: 437−450.

Kropff, M. J., C. J. T. Spitters, B. J. Schnieders, W. Joenje, and W.
de Groot. 1992. An eco−physiological model for interspecific
competition, applied to the influence of Chenopodium album L.
on sugar beet: II. Model evaluation. Weed Research 32:
451−463.

Ledgard, S. F., J. R. Freney, and J. R. Simpson. 1985. Assessing
nitrogen transfer from legumes to associated grasses. Soil
Biology and Biochemistry 17(4): 575−577.

Ma, Q. L., J. E. Hook, and R. D. Wauchope. 1999.
Evapotranspiration predictions: A comparison among GLEAMS,
Opus, PRZM−2, and RZWQM models in a humid and thermic
climate. Agric. Systems 59(1): 41−55.

Mamolos, A. P., D. S. Veresoglou, and N. Barbayiannis. 1995. Plant
species abundance and tissue concentrations of limiting nutrients
in low−nutrient grasslands: A test of competition theory. J.
Ecology 83(3): 485−495.

Miller, D. A., ed. 1984. Forage Crops. New York, N.Y.:
McGraw−Hill.

Mohtar, R. H., D. R. Buckmaster, and S. L. Fales. 1997a. A grazing
simulation model: GRASIM A: Model development. Trans.
ASAE 40(5): 1483−1493.

Mohtar, R. H., J. D. Jabro, and D. R. Buckmaster. 1997b. A grazing
simulation model: GRASIM B: Field testing. Trans. ASAE
40(5): 1495−1500.

Mohtar, R. H., T. Zhai, X. W. Chen. 2000. A world wide
web−based grazing simulation model (GRASIM). Computers
and Electronics in Agric. 29(3): 243−250.

Monsi, M., and T. Saeki. 1953. Über den Lichtfaktor in den
Pfanzengesellschaften und seine Bedeutung für die
Stoffproduktion. Japanese J. Botany 14: 22−52.

Parsch, L. D., and O. J. Loewer, eds. 1995. GRAZE beef−forage
simulation model: User guide. Fayetteville, Ark.: University of
Arkansas.

Parsons, A. J., I. R. Johnson, and J. H. H. Williams. 1988. Leaf age
structure and canopy photosynthesis in rotationally and
continuously grazed swards. Grass and Forage Science: J.
British Grassland Soc. 43(1): 1−14. Oxford, U.K.: Blackwell
Scientific Publications.

Ranells, N. N., and M. G. Wagger. 1996. Nitrogen release from
grass and legume cover crop monocultures and bicultures.
Agronomy J. 88: 777−782.

Rossiter, D. G., and S. J. Riha. 1999. Modeling plant competition
with the GAPS object−oriented dynamic simulation model.
Agronomy J. 91: 773−783.

Ritchie, J. T. 1972. A model for predicting evaporation from a row
crop with incomplete cover. Water Resources Research 8(5):
1204−1213.

Spitters, D. J. T., and R. Aerts. 1983. Simulation of competition for
light and water in crop−weed associations. Aspects of Applied
Biology 4: 467−483.

Ta, T. C., and M. A. Faris. 1987. Species variation in the fixation
and transfer of nitrogen from legumes to associated grasses.
Plant and Soil 98: 265−274.

Thornley, J. H. M., ed. 1998. Grassland Dynamics: An Ecosystem
Simulation Model. Wallingford, U.K.: CAB International.

Thornley, J. H. M., and I. R. Johnson, eds. 1990. Plant and Crop
Modeling: A Mathematical Approach to Plant and Crop
Physiology. Oxford, U.K.: Clarendon Press.

Van Oene, H., E. J. M. van Deursen, and F. Berendse. 1999.
Plant−herbivore interaction and its consequences for succession
in wetland ecosystems: A modeling approach. Ecosystems 2(2):
122−138.

Waller, S. S., L. E. Moser, P. E. Reece, and G. A. Gates. 1985.
Understanding Grass Growth: The Key to Profitable Livestock
Production. G. A. Gates, ed. Kansas City, Mo.: Trabon Printing.



627

Vol. 47(2): 617−627

WARDA. 2000. Using computers to design weed−competitive rice
plants for the Sahel. In WARDA Annual Report 2000, 39−43.
Bouaké, Côte d’Ivoire: West Africa Rice Development
Association.

Wilkerson, G. G., J. W. Jones, H. D. Coble, and J. L. Gunsolus.
1990. SOYWEED: A simulation model of soybean and common
cocklebur growth and competition. Agronomy J. 82: 1003−1010.

Williamson, S. C., J. K. Detling, J. L. Dodd, and M. I. Dyer. 1989.
Experimental evaluation of the grazing optimization hypothesis.
J. Range Management 42(2): 149−152.

Zhai, T., R. H. Mohtar, X. W. Chen, and B. A. Engel. 1999.
Optimization of pasture system with grazing simulation model
(GRASIM). Presented at the 1999 ASAE Annual Meeting.
ASAE Paper No. 993091. St. Joseph, Mich.: ASAE.



628 TRANSACTIONS OF THE ASAE


