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Abstract: Mathematical models have many uses. When input data is limited, simple models are
required. This occurs in pasture agriculture when managers typically only have access to temperature
and rainfall values. A simple pasture growth model was developed that requires only latitude
and daily maximum and minimum temperature and rainfall. The accuracy of the model was
validated using ten site-years of measured pasture growth at a site under continuous stocking where
management controlled the height of grazing (HOG) and a site under rotational stocking at a West
Virginia University farm (WVU). Relative forage growth, expressed as a fraction of maximum growth
observed at the sites, was reasonably accurate. At the HOG site constant bias in relative growth was
not different from zero. There was a year effect due to the weather station used for predicting growth
at HOG being 1.8 km from the pasture. However, the error was only about 10-percent. At the WVU
site constant bias for relative growth was not different from zero and year effect was eliminated
when adjusted for nitrogen status of the treatments. This simple model described relative pasture
growth within 10-percent of average for a given site, environment, and management using only daily
weather inputs that are readily available. Using predictions of climate change impact on temperature
and rainfall frequency and intensity this model can be used to predict the impact on pasture growth.
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1. Introduction

Mathematical models allow researchers to package and evaluate knowledge and
determine where information is missing. Sophisticated grassland ecosystem models are
excellent for organizing and evaluating ecological relationships [1–5]. These models can be
used at the local and national level for evaluating weather risk and the impacts of climate
change on grassland-based livestock production [4,6,7]. However, sophisticated models
require sophisticated input.

Models can also be used by practitioners to estimate the consequences of production
inputs or environmental variables. Crop production models are useful at the local and
national scale for estimating crop yields [6,7]. Pasture-based livestock producers seldom
have detailed weather information available. Therefore there was a need for a pasture
growth model that uses only basic weather station data for calculating the effect of weather
on pasture growth. This is possible since weather impact on pasture growth has been
studied extensively [8–10]. A mathematical model was developed that uses location
latitude, daily minimum and maximum temperature, and daily precipitation to predict
pasture growth. The output of this model was tested against pasture growth measured at
two locations in the Alleghany Plateau of West Virginia in the USA.

2. Results

Measured cumulative forage growth observed (cumFGobs) was highly related to mod-
elled cumulative relative growth rate due to environment (cum_rgr_env) (Figures 1a and 2a,
Table 1, A and E). Relative forage growth observed (relFGobs) had a standard deviation
about the regression (SDreg) of 10% or less (Table 1, B and F). The relFGobs at HOG was di-
rectly related to cum_rgr_env with the regression intercept not being significantly different
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from zero (Table 1, B). At the WVU site there was a slight (8%) fixed bias in the observed
versus modelled relation (Table 1, F). There were year effects on cumFGobs and relFGobs
not accounted for by the pasture growth model at both sites. When year was included in
the regression R2 increased and SDreg and AAPE decreased (Table 1, C, D, and G).
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Figure 1. (a) Accuracy of the pasture growth model’s cumulative relative growth rate due to environment (cum_rgr_env)
describing cumulative forage growth observed (cumFGobs, kg/ha) and (b) cumulative relative forage growth observed
(relFGobs) at the HOG location over seven years with (c) years showing individual year effects (different intercepts) and
(d) years showing a consistent proportional effect (different slope).

At the HOG site years broke into two groups. Years 1992, 1993, 1994 and 1999 differed
in intercept but had similar slopes (Table 1, C). Years 1995, 1996, and 1997 showed little
year effect (Table 1, D) with 1997 being slightly greater than the other two years. The year
effect at this site is likely due to the weather station being on a hill 1.8 km away from and
above the pasture. On spring nights hill tops have warmer nighttime temperatures than
the valley below due to cool night air draining into the valley. On clear windless nights
these valleys are “frost pockets” with temperatures cool enough to allow frost to form on
vegetation in the low-lying areas while there is no frost on the hill tops. This will impact
the cumulative temperature effecting initiation of plant growth and temperature effective
on plant growth in the spring. Likewise, summer rainfall occurring as convection storms
will provide water on one area but miss another area as far away as 1.8 km. Thus rainfall
occurring at the weather station may not have occurred on the pasture and visa-versa.
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Figure 2. (a) Accuracy of the pasture growth model’s cumulative relative growth rate due to environment (cum_rgr_env)
describing cumulative forage growth observed (cumFGobs) and (b) cumulative relative forage growth observed (relFGobs)
at the WVU location over three years with (c) poultry litter treatments and (d) no-litter treatments showing the effect of
cumulative nitrogen from poultry litter increasing pasture growth over time.

At WVU there was a year by poultry litter interaction not described by the model
(Table 1, G). For pastures not receiving poultry litter there was no year effect (Table 1, H).
For pastures receiving poultry litter there was a year effect (Table 1, I and J). In the first year
(1997), there was low growth response (Table 1, I) compared to the following two years
(1998 and 1999) (Table 1, J). This is explained by the fact that nitrogen in poultry litter is
slowly available. As poultry litter decomposes about one-half of the nitrogen is available
the first year and the remaining nitrogen becomes available over the following years [11]
(p. 215). In the first year, the pasture growth rates on the litter treatments were no better
than on the no-litter treatments. The third study year (1999) had the highest relFGobs vs
cum_rgr_env as a response to nitrogen. In that year, the plants had nitrogen available from
litter applied in that year and the residual N from the previous two years of applied litter.
After accounting for the differences in nitrogen availability over years there was little to no
unaccounted-for year effect at the WVU site.
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Table 1. Accuracy of the pasture growth model’s cumulative relative growth rate due to the environment (cum_rgr_env) for
describing cumulative forage growth observed (cumFGobs, kg/ha) and relative forage growth observed (relFGobs †) at two
sites over multiple years.

Regression R2 SDreg ‡ AAPE ‡‡ N

HOG

A cumFGobs = −232 + 51 cum_rgr_env 0.83 849 18 43

B relFGobs = −3 †† + 0.56 cum_rgr_env 0.83 9 18 43

C

For years 1992, 1993, 1994, 1999
relFGobs = 19 + 0.39 cum_rgr_env + Year

Year: 1992 = 0
1993 = −14
1994 = −7

1999 = −21

0.98 2 4 23

D

For years 1995, 1996, 1997
relFGobs = −7 + 0.64 cum_rgr_env + Year

Year: 1995 = 0
1996 = 0
1997 = 5

0.98 3 7 20

WVU

E cumFGobs = 578 + 30 cum_rgr_env 0.76 759 22 79

F relFGobs = 8 + 0.40 cum_rgr_env 0.76 10 22 79

G

relFGobs = -9 + 0.44 cum_rgr_env + 9 Litter + Year
Year: 1997 = 0

1998 = 9
1999 = 14

0.87 7 17 79

H No-Litter Treatments
relFGobs = 8 + 0.34 cum_rgr_env 0.88 6 14 35

I Litter Treatments in 1997
relFGobs = −1 †† + 0.41 cum_rgr_env 0.95 4 9 12

J

Litter Treatments in 1998 and 1999
relFGobs = −2 †† + 0.60 cum_rgr_env + Year

Year: 1998 = 0
1999 = 9

0.96 6 11 17

† Maximum cumFGobs was 9,119 and 7,529 kg/ha at the HOG and WVU sites, respectively. †† Not significantly different from zero at
p = 0.05. ‡ SDreg standard deviation of residuals about the regression. ‡‡ AAPE average absolute percent error.

3. Discussion

This simple pasture growth model is reasonably descriptive of observed pasture
growth. At the HOG site the year effect error was relatively small ranging 10 percent above
and below the mean (Figure 2b and Table 1, C). The two years having the greatest effect
(1993 and 1999) were major drought years with low summer rainfall which the model
accounted for. At the WVU site, pastures not receiving poultry litter had no year effect
(Table 1, H). Pastures receiving litter had a year effect due to nitrogen availability over time.
After adjusting for nitrogen availability there was no major year effect (Table 1, I and J).

The pasture growth modelled rgr_env was quite accurate in describing the effect of
drought. In the drought year 1999 the end of year rgr_env was 92 and FGobs was 3323. In
1998, a non-drought year, end of year rgr_env was 174 and FGobs was 5736. Using 1998
values as the base, the drought of 1999 reduced forage growth and rgr_env by 58 and 53%,
respectively (3323/5736 = 0.58, 92/174 = 0.53) compared to 1998. Thus the pasture growth
model estimate of drought impact on forage growth was within 10% of that measured in
the field (53/58 = 0.91).

This model can be expanded for use with warm-season forages by changing the
relation of evapotranspiration to pan evaporation to 0.75 and adjusting the minimum plant
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growth temperature to 10 ◦C and the lower optimum plant growth temperature to 30 ◦C.
To expand the model’s use into areas with generally lower or higher background relative
humidity the relation between weather and pan evaporation may have to be modified.

The model’s measurement of relative growth is most important to livestock producers.
Across the landscape pastures differ in yield due the plant available water holding capacity
of the soil [12], the growth potential of the plant species in the pasture, soil pH, soil
phosphorus and potassium fertility, and nitrogen input. The purpose of this model is to
estimate the relative effect of weather and soil water holding capacity on pasture growth
determined by these agronomic management factors. Producers are working with pasture-
livestock systems that they have developed with experience over time. A pasture growth
model that describes the relative difference between the current year and an average year
helps managers visualize the impact of the current weather relative to the average to see if
management adjustments will be needed. When estimates of the effect of climate change
on temperature and rainfall are available, these values can be used in the model to predict
the impact of climate change on pasture growth within the region.

4. Materials and Methods
4.1. Pasture Growth Model Description

The pasture growth model, programed in Python, is provided in Appendix A. An
example of the required weather data file is provided in Appendix B. The pasture growth
model uses daily time steps to calculate the effects of air temperature and rainfall on pasture
growth. Inputs for each day are day of the year, minimum temperature (t_min), maximum
temperature (t_max), and precipitation (precip). Day of the year and latitude are used
to predict potential solar radiation and evapotranspiration. Four factors that determine
pasture growth are calculated: relative growth rate due to plant available soil water (ASW,
rgr_asw), relative growth rate due to mean air temperature (rgr_temp), relative growth rate
due to day length (rgr_dl), and relative growth rate due to soil biology (rgr_sbio). Relative
growth rate due to the environment (rgr_env) is the product of these four values. Modelled
daily rgr_env are summed over the growing season to calculate the cumulative relative
growth rate due to the environment (cum_rgr_env).

The maximum plant available soil water (ASWmax) capacity for a soil is used to
evaluate drought stress on plant growth. Identification and description of soils at a point in
the USA landscape are available on the Soil Web [13] or Web Soil Survey [14]. Plant ASW
capacity for a soil is listed under the soil’s hydraulic and erosion ratings.

Study year and long-term average weather data for the HOG site were obtained from
NOAA [15]. The weather station used to monitor weather for the HOG site was 1.8 km
from the pasture on a hill with the pasture being in the valley below. Study year weather
data for the WVU site was measured using a recording weather station within the pasture,
while long-term average weather history was obtained from a NOAA weather station
located within the county.

4.2. Plant and Soil Biology Response to ASW

Evapotranspiration is based on a regional regression between weather station open
pan evaporation and potential solar radiation, mean temperature, and an estimate cloud
cover using the daily temperature range, (t_max minus t_min). This regression is based on
observations in West Virginia [16,17] validated using observations from New York state
(unpublished, NY monthly climatic summaries). Plant evapotranspiration as a fraction of
open pan evaporation was obtained from research in the Northeast US [18,19]. Potential
solar radiation is calculated based on latitude and day of year [20].

The model calculates ASW for a given day using the previous day’s ASW, adding
the day’s precipitation and subtracting the day’s evapotranspiration. When this balance
exceeds the soil’s ASWmax, ASW for the day is limited to ASWmax. Plant growth response
to ASW (rgr_asw) is 1.0 when ASW is greater than 0.50 of ASWmax, decreasing to 0.0
as ASW goes to 0.0 of ASWmax [21,22]. This relation between ASW and ASWmax also
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applies to relative growth rate due to soil biology (rgr_sbio) that releases nitrogen and
other nutrients from the soil organic matter to plants [21].

4.3. Plant Response to Temperature

Temperature impact on relative plant growth starts at 0.0 when air temperature is at a
low minimum plant growth temperature (low_min_pgt), increases to 1.0 as temperature
increases to a low optimum plant growth temperature (low_op_pgt), remains at 1.0 as
temperature increases to a high optimum plant growth temperature (high_op_pgt), then
decreases to 0.0 as temperature increases to a high maximum plant growth temperature
(high_max_pgt). For cool-season (C3) plants these points are 0 ◦C, 10 ◦C, 20 ◦C, and 30 ◦C
respectively [8].

4.4. Plant Response to Daylength

Photosynthetically active radiation effect on plant growth is estimated from daylength [8].
In the spring relative plant growth is 0.0 when daylength is less than 8 h, increases to 1.0 as
daylength increases to 12 h. In the late summer relative plant growth remains at 1.0 until
daylength decreases to 13 h then decreases to 0.0 as daylength decreases to 8 h. Daylength
is calculated based on latitude and day of year [20].

The model initiates plant growth when annual summed daily temperature (Tsum)
reaches 280 ◦C or 300 ◦C [23]. Sensitivity analysis found that early season growth was
modelled best when growth starts at Tsum 280 ◦C at HOG and 300 ◦C at WVU.

4.5. Field Measurement of Pasture Growth

The pasture growth model was tested using observations from two pasture sites
differing in grazing management, soil type, and elevation (Table 2).

Table 2. Environment and management of sites where pasture growth was measured.

Site MLRA † Elevation Grazing
Management Treatments Years Growth

Intervals

HOG 126 305 m Set stocked Height of
grazing 7 43

WVU 127 610 m Rotational
stocked

Poultry litter
applications 3 79

† Major Land Resource Areas, USDA/NRCS [24]. 126—Central Allegheny Plateau. 127—Eastern Allegheny Plateau and Mountains.

One site was continuously stocked, mixed cool-season grass clover pasture, using
variable stocking rate to manage height of grazing (HOG). At the HOG site, tester and
grazer animals were used with the number of grazer animals being adjusted to maintain
four ranges in sward heights: 4 to 6 cm, 6 to 8 cm, 8 to 10 cm, and 10 to 12 cm. This site
had three replications of four HOG treatments for a total of 12 pastures studied over seven
years providing 43 monthly comparisons of measured vs modelled forage growth. The
HOG site is located in Monongalia County West Virginia, on the West Virginia University
Experiment Station farm. The soil in these pastures is predominantly Culleoka series
(Alfisol, fine-loamy, mixed, active, mesic Ultic Hapludalfs) which provides 9 inches of
plant ASW.

The second site was rotationally stocked, mixed cool-season grass clover pasture
where three rates of poultry litter were used to provide additional nitrogen (WVU). Four
paddocks received poultry litter. Two paddocks received 4480 kg/ha in the spring. Another
two paddocks received 4480 kg/ha in spring and an additional 4480 kg/ha in the fall.
Four paddocks received no poultry litter. Pasture swards were grazed when sward ruler
height averaged 27 cm to a residual height of 12 cm. This provided linear, linear-plateau,
and exponential forage growth 50, 42, and 8- percent of the time, respectively under good
growing conditions [25]. This site had two replications of four paddock each for a total of
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12 pastures studied over three years, providing 79 grazing events to compare measured vs
modelled forage growth. The WVU site is located in Preston County West Virginia, on the
West Virginia University Experiment Station Farm, Reedsville. The soil in these pastures is
predominantly a Gilpin series (Ultisol, fine-loamy, mixed, active, mesic Typic Hapludults).
This soil provides 5-inches of ASW.The predominant forages at the two sites were Tall fescue
(Schedonorus arundinaceus previously known as Festuca arundinacea, Schreb.), orchardgrass
(Dactylis glomerata L.), timothy (Phleum pratense L.), Kentucky bluegrass (Poa pratensis
L.), red top bentgrass (Agrostis alba L., previously known as Agrostis gigantia), red clover
(Trifolium pratense L.), white clover (Trifolium repens L.) and mixed forbs.

Mean monthly temperatures during the study were near the long term normal
(Figure 3a,b). Total monthly rainfall was variable about the normal with below normal
rainfall occurred in 1993 and 1999 (Figure 3c,d). The HOG site is warmer and slightly drier
than the WVU site due to being at a lower elevation.

Plants 2021, 10, x FOR PEER REVIEW  7  of  17 
 

 

grazer animals were used with the number of grazer animals being adjusted to maintain 

four ranges in sward heights: 4 to 6 cm, 6 to 8 cm, 8 to 10 cm, and 10 to 12 cm. This site 

had three replications of four HOG treatments for a total of 12 pastures studied over seven 

years providing 43 monthly comparisons of measured vs modelled forage growth. The 

HOG site is located in Monongalia County West Virginia, on the West Virginia University 

Experiment Station farm. The soil in these pastures is predominantly Culleoka series (Al‐

fisol, fine‐loamy, mixed, active, mesic Ultic Hapludalfs) which provides 9 inches of plant 

ASW. 

The  second  site was  rotationally  stocked, mixed  cool‐season grass  clover pasture 

where three rates of poultry litter were used to provide additional nitrogen (WVU). Four 

paddocks received poultry litter. Two paddocks received 4480 kg/ha in the spring. An‐

other two paddocks received 4480 kg/ha in spring and an additional 4480 kg/ha in the fall. 

Four paddocks received no poultry litter. Pasture swards were grazed when sward ruler 

height averaged 27 cm to a residual height of 12 cm. This provided linear, linear‐plateau, 

and exponential forage growth 50, 42, and 8‐ percent of the time, respectively under good 

growing conditions [25]. This site had two replications of four paddock each for a total of 

12 pastures studied over three years, providing 79 grazing events to compare measured 

vs modelled forage growth. The WVU site is located in Preston County West Virginia, on 

the West Virginia University Experiment Station Farm, Reedsville. The soil in these pas‐

tures  is predominantly  a Gilpin  series  (Ultisol,  fine‐loamy, mixed,  active, mesic Typic 

Hapludults). This soil provides 5‐inches of ASW.The predominant forages at the two sites 

were  Tall  fescue  (Schedonorus  arundinaceus  previously  known  as  Festuca  arundinacea, 

Schreb.), orchardgrass (Dactylis glomerata L.), timothy (Phleum pratense L.), Kentucky blue‐

grass (Poa pratensis L.), red top bentgrass (Agrostis alba L., previously known as Agrostis 

gigantia), red clover  (Trifolium pratense L.), white clover  (Trifolium repens L.) and mixed 

forbs. 

Mean monthly temperatures during the study were near the long term normal (Fig‐

ure 3a,b). Total monthly rainfall was variable about the normal with below normal rainfall 

occurred in 1993 and 1999 (Figures 3c,d). The HOG site is warmer and slightly drier than 

the WVU site due to being at a lower elevation. 

HOG  WVU 

Mean Monthly Temperature °C 

 
(a) 

 
(b) 

   

   

Month

av
g_

Te
m

p_
C

2 3 4 5 6 7 8 9 10 11
0

5

10

15

20

25

30

Year

1992

1993

1994

1995

1996

1997

1999

LTavg

Month

av
g_

Te
m

p_
C

2 3 4 5 6 7 8 9 10 11
0

5

10

15

20

25

30

Year

1997

1998

1999

LTavg

Plants 2021, 10, x FOR PEER REVIEW  8  of  17 
 

 

Total Monthly Rainfall mm 

 
(c) 

 
(d) 

   

Figure 3. Mean monthly air temperature at the HOG (a) and WVU (b) sites and total monthly rainfall and long tern aver‐

ages (LTavg) for these weather components at the HOG (c) and WVU (d) sites used to validate the pasture growth model. 

4.6. Forage Growth Measurement 

Forage growth was measured at the HOG site by using exclusion cages. Exclusion 

cages were set at random within treatment paddocks and forage allowed to grow for 12 

to 35 days unless growth was exceptionally fast or slow in which case forage growth was 

measured over shorter or  longer time periods. Forage height within the exclusion cage 

was measured using a standard resting plate meter [26]. Forage mass was estimated using 

plate meter calibration based on paired plate meter height and forage samples clipped at 

soil surface obtained over the growing season. Forage height and mass were measured 

the same way at the end of growth intervals. Average forage growth rate (kg DM/ha/day) 

during the growth period was calculated. Growth rates were assigned to midpoint day of 

the year within the growth interval. Growth rates were averaged by month and cumula‐

tive growth at the end of each month were summed for the year. Relative growth rates 

were calculated using  the highest cumulative growth  rate observed across years  (9119 

kg/ha). 

At  the WVU site  forage height was measured  for each grazing event at 30 points 

within pastures before and again after grazing. A standard resting plate meter [26] was 

used to measure forage height. At 15 of the 30 forage height sample points paired forage 

mass samples were clipped at  the soil surface. The paired  forage mass  to resting plate 

meter height samples were used to calibrate forage plate meter height to forage mass pre‐

grazing and post‐grazing. The amount of forage grazed off the pasture was considered 

the  effective  forage  growth  [27,28].  Forage  growth  grazed  from  each  paddock  was 

summed over the year to give cumulative forage growth for the paddock. Relative growth 

rates  (relFGobs) were  calculated  using  the  highest  cumulative  growth  rate  observed 

across years (7529 kg/ha). 

4.7. Testing the Model 

To test the pasture growth model’s ability to describe observed pasture growth the 

independent  variable  cum_rgr_env  was  regressed  against  the  dependent  variable 

cumFGobs  [29]. The  test criteria were regression R2,  the standard deviation of residual 

values about the regression (SDreg, also known as the square root of mean square error), 

and average absolute percent error (AAPE). High R2 and low SDreg and AAPR indicate 

high descriptive ability of a model. Year and treatment effects were tested for significance 

(p = 0.05) and accounted for when present. 

R
ai

nf
al

l_
m

m

R
ai

nf
al

l_
m

m

Figure 3. Mean monthly air temperature at the HOG (a) and WVU (b) sites and total monthly rainfall and long tern averages
(LTavg) for these weather components at the HOG (c) and WVU (d) sites used to validate the pasture growth model.
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4.6. Forage Growth Measurement

Forage growth was measured at the HOG site by using exclusion cages. Exclusion
cages were set at random within treatment paddocks and forage allowed to grow for 12
to 35 days unless growth was exceptionally fast or slow in which case forage growth was
measured over shorter or longer time periods. Forage height within the exclusion cage
was measured using a standard resting plate meter [26]. Forage mass was estimated using
plate meter calibration based on paired plate meter height and forage samples clipped at
soil surface obtained over the growing season. Forage height and mass were measured the
same way at the end of growth intervals. Average forage growth rate (kg DM/ha/day)
during the growth period was calculated. Growth rates were assigned to midpoint day of
the year within the growth interval. Growth rates were averaged by month and cumulative
growth at the end of each month were summed for the year. Relative growth rates were
calculated using the highest cumulative growth rate observed across years (9119 kg/ha).

At the WVU site forage height was measured for each grazing event at 30 points
within pastures before and again after grazing. A standard resting plate meter [26] was
used to measure forage height. At 15 of the 30 forage height sample points paired forage
mass samples were clipped at the soil surface. The paired forage mass to resting plate
meter height samples were used to calibrate forage plate meter height to forage mass
pre-grazing and post-grazing. The amount of forage grazed off the pasture was considered
the effective forage growth [27,28]. Forage growth grazed from each paddock was summed
over the year to give cumulative forage growth for the paddock. Relative growth rates
(relFGobs) were calculated using the highest cumulative growth rate observed across years
(7529 kg/ha).

4.7. Testing the Model

To test the pasture growth model’s ability to describe observed pasture growth the
independent variable cum_rgr_env was regressed against the dependent variable cumF-
Gobs [29]. The test criteria were regression R2, the standard deviation of residual values
about the regression (SDreg, also known as the square root of mean square error), and
average absolute percent error (AAPE). High R2 and low SDreg and AAPR indicate high
descriptive ability of a model. Year and treatment effects were tested for significance
(p = 0.05) and accounted for when present.
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Appendix A

# Pasture Growth Model programmed using the Python language (version 3)
import os
import math
# description of location and soil

# latitude, degrees North
lat_deg = 40.0

# latitude in radians
lat_rad = math.radians(lat_deg)
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# available soil water maximum, a function of soil texture and rooting depth HOG = 9.0
#WVU = 5.0

asw_max = 9.0

# asw today set to maximum at start of year
asw_d = asw_max

print(‘Latitude’, lat_deg, ‘,’, ‘asw_max’, asw_max)

# Maximum Pasture Growth Rate, function of plant species and soil fertility

pgr_max = 100
et_pe_c3 = 0.80 # evapotranspiration/pan evaporation, cool-season (C3)plants
et_pe_c4 = 0.73 # evapotranspiration/pan evaporation, warm-season (C4)plants

# Temperature effect on cool-season plant growth adapted from Fick, 1980
# Temperature in degrees F as reported locally
low_min_pgt = 32.0 # low minimum plant growth temperature, 0 ◦C
low_op_pgt = 50.0 # low optimum plant growth temperature, 10 ◦C
high_op_pgt = 68.0 # high optimum plant growth temperature, 20 ◦C
high_max_pgt = 86.0 # high maximum plant growth temperature, 30 ◦C

# Day length effect on plant growth rate Fick 1980, Figure 3, p. 148.

dl_spring_crit = 8.0
dl_spring_opt = 12.0
dl_fall_opt = 13.0
dl_fall_crit = 8.0

# Initialize relative growth rates, ET and pan evaporation

rgr_asw = 1.0 # relative growth rate due to plant available soil water
rgr_dl = 0.0 # relative growth rate due to day length
rgr_temp = 0.0 # relative growth rate due to average air temperature
rgr_env = 0.0 # relative growth rate due to total environment
eff_et = 0.0 # effective evapotranspiration
pan_evap = 0.0 # pan evaporation
t_sum_300 = 0.0 # t_sum_300 used to start summing cum_rgr_env

# Start Annual Loop

# WVU weather data
# weather_data = open(‘wvu_weather.csv’, ‘r’)
# HOG weather data
weather_data = open(‘HOG 7 yr weather.csv’, ‘r’)
header = weather_data.readline()
header = header.split(‘,’)

#output_file = open(‘wvu_rgr_asw.csv’,’w’) # WVU PGR output file
output_file = open(‘HOG_rgr_obs_vs_pred_test.csv’,’w’) # HOG output file

#header at top of output file
doy_data_output = (‘year,month,day,doy,rgr_dl,rgr_temp,rgr_asw,rgr_env,cum_rgr_env\n’)

output_file.write(doy_data_output)
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# Header on terminal
print(‘ Year Month Day rgr_dl rgr_temp rgr_asw rgr_env cum_rgr_env’)

year = 1997 # initialize year

while year<=1999: # loop from 1992 to 1999

t_sum_300 = 0.0
cum_rgr_env = 0.0
month = 1

while month <= 12: # loop to run through days of the year by month

days_weather = weather_data.readline()
days_weather = days_weather.split(‘,’)

month = int(days_weather[0])
day = int(days_weather[1])
year = int(days_weather[2])
doy = int(days_weather [3])
precip = float(days_weather[4])
t_max = float(days_weather[5])
t_min = float(days_weather[6])

precip = precip/100
# precipitation in hundreds of an inch converting to inches

t_avg = (t_max + t_min)/2
# calculate average air temperature

t_avg_c = (t_avg - 32) * (100/180)

if t_avg_c < 0:
t_sum_300 = t_sum_300

else:
t_sum_300 = t_sum_300 + t_avg_c

# Calculate daily solar variables
# equations from: Global Radiation in West Virginia. 1979. WVU Agriculture
# and Forestry Experiment Station Bul. 665T

solar_dec = 0.41015 * math.sin(0.01721 * doy - 1.389) # a close estimate of solar declination in
radians

solar_dec_deg = math.degrees(solar_dec)
day_length = 24 * math.acos(-math.tan(lat_rad) * math.tan(solar_dec))/math.pi
H = math.pi * (day_length/2)/12 # hour angle between sun rise and solar noon
d = (doy - 80) # number of days off set to align doy with spring equinox and summer solstice

if(d > 186):
solar_l = (d - 186)

else:
solar_l = (180 * d/186) # this is solar “lambda” but in Python needed to be renamed

solar_r = (1 - 0.01672 ** 2)/(1 + 0.01672 * math.cos(math.pi * (77.5 + solar_l)/180))

# solar_r is the solar radius vector the ratio of earth-sun distance and its mean
# e is the eccentricity of the earth’s orbit = 0.01672
# sp – solar potential radiation at the top of the atmosphere

sp = 889.23/solar_r ** 2 * (math.cos(lat_rad) * math.cos(solar_dec) * (math.sin(H) - H *
math.cos(H)))
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#print(“DOY “, doy, “Declination “, ‘{:.1f}’.format(solar_dec_deg), “Day length “,
‘{:.1f}’.format(day_length), “hr”)

# Calculate pan evaporation and plant evapotranspiration in last 24 h
pan_evap = -0.2345 - 0.0326 * precip + 0.002188 * t_avg + 0.0002088 * sp + 0.004202 *

(t_max - t_min)

# print(‘pan evap’,’{:.2f}’.format(pan_evap))

if pan_evap < 0:
pan_evap_d = 0 # pan evaporation allowed today

else:
pan_evap_d = pan_evap

# asw_max – maximum plant available soil water in rooting zone at field capacity
# asw_d - plant available soil water in rooting zone today
# asw_pct - asw_d as a fraction (decimal percent) of asw_max

eff_et = pan_evap_d * et_pe_c3 * rgr_asw
asw_d = (asw_d + precip - eff_et)
if asw_d < 0.0:

asw_d = 0.0
elif asw_d > asw_max:

asw_d = asw_max
else:

asw_d = asw_d

# Calculate relative growth rate factors
# Calculate relative growth rate due to plant available soil water - rgr_asw

if (asw_d/asw_max) < 0:
rgr_asw = 0.0

elif (asw_d/asw_max) < 0.50:
rgr_asw = (2.0 * asw_d/asw_max)

else:
rgr_asw = 1.0

# Calculate relative growth rate due to the day’s air temperature - rgr_temp
if t_avg <= low_min_pgt:

rgr_temp = 0.0
elif t_avg < low_op_pgt:

rgr_temp = ((t_avg - low_min_pgt) * (1/(low_op_pgt - low_min_pgt)))
elif t_avg < high_op_pgt:

rgr_temp = 1.0
elif t_avg < high_max_pgt:

rgr_temp = 1 + ((t_avg - high_op_pgt) * (1/(high_op_pgt - high_max_pgt)))
else:

rgr_temp = 0.0
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# Calculate relative growth rate due to daylength - rgr_dl

if doy < 172:
if day_length < dl_spring_crit:

rgr_dl = 0.0
elif day_length < dl_spring_opt:

rgr_dl = (1/(dl_spring_opt - dl_spring_crit)) * (day_length - dl_spring_crit)
else:

rgr_dl = 1.0
elif day_length > dl_fall_opt:

rgr_dl = 1.0
elif day_length > dl_fall_crit:

rgr_dl = 1.0 + (1/(dl_fall_opt - dl_fall_crit)) * (day_length - dl_fall_opt)
else:

rgr_dl = 0.0

# Relative growth rate due to soil biological activity “soil health”
rgr_sbio = rgr_asw

# Calculate relative growth rate due to the environment - rgr_env
rgr_env = rgr_asw * rgr_sbio * rgr_temp * rgr_dl

# relative growth rate due to all environmental factors
if rgr_env < 0.0:

rgr_env = 0.0
else:

rgr_env = rgr_env
if t_sum_300 < 300:

cum_rgr_env = cum_rgr_env
else:

cum_rgr_env = cum_rgr_env + rgr_env
if doy < 365:

cum_rgr_env = cum_rgr_env
else:

cum_rgr_env = 0.0
t_sum_300 = 0.0

# End calculate relative growth rate due to the environment

print(year,’ ‘, month,’ ‘,day,’ ‘, ‘{:.3f}’.format(rgr_dl),’ ‘,
‘{:.3f}’.format(rgr_temp),’ ‘, ‘{:.3f}’.format(rgr_asw),’ ‘, ‘{:.3f}’.format(rgr_env), ‘ ‘,

‘{:.3f}’.format(cum_rgr_env))

doy_data_output = (str(year) + ‘,’ + str(month) + ‘,’ + str(day)+’,’+str(doy) + ‘,’ +
str(‘{:.3f}’.format(rgr_dl)) + ‘,’ +
str(‘{:.3f}’.format(rgr_temp)) + ‘,’ + str(‘{:.3f}’.format(rgr_asw)) +

‘,’ +
str(‘{:.3f}’.format(rgr_env)) + ‘,’ + str(‘{:.3f}’.format(cum_rgr_env))

+ ‘\n’)

output_file.write(doy_data_output)

# End annual loop
# End multi-year loop

weather_data.close()
output_file.close()
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Appendix B

Example weather data file (‘HOG 7 yr weather.csv’, ‘r’)
Where:

• doy is Julian day of the year
• precip is in 100th of an inch as reported by NOAA
• t_max is daily maximum temperature
• t_min is daily minimum temperature
• temperatures are ◦F as used by livestock producers in the United States

Month Day Year Doy Precip t_max t_min Station

1 1 1992 1 0 45 19 Hart Field
1 2 1992 2 0 54 21 Hart Field
1 3 1992 3 3 52 43 Hart Field
1 4 1992 4 0 52 45 Hart Field
1 5 1992 5 1 45 36 Hart Field
. . . . . . . .
. . . . . . . .
. . . . . . . .

12 27 1999 361 0 30 23 Hart Field
12 28 1999 362 2 24 21 Hart Field
12 29 1999 363 0 35 22 Hart Field
12 30 1999 364 0 49 35 Hart Field
12 31 1999 365 0 49 29 Hart Field

References
1. McGill, W.B.; Hunt, H.W.; Woodmansee, R.G.; Reuss, J.O. PHONEX, a model of the dynamics of carbon and nitrogen in grassland

soils. Ecol. Bull. 1981, 33, 49–115.
2. Parton, W.J.; Schimel, D.S.; Cole, C.V.; Ojima, D.S. Analysis of Factors Controlling Soil Organic Matter Levels in Great Plains

Grasslands. Soil Sci. Soc. Am. J. 1987, 51, 1173–1179. [CrossRef]
3. Hanson, J.D.; Skiles, J.W.; Parton, W.J. A multi-species model for rangeland plant communities. Ecol. Model. 1988, 44, 89–123.

[CrossRef]
4. Hunt, H.W.; Trilica, M.J.; Redente, E.F.; Moore, J.C.; Detling, J.K.; Kittel, T.G.F.; Walter, D.E.; Fowler, M.C.; Klein, D.A.; Elliot, E.T.

Simulation model for the effects of climate change on temperate grassland ecosystems. Ecol. Model. 1991, 53, 205–246. [CrossRef]
5. Biondini, M. A three-dimensional spatial model for plant competition in an heterogeneous soil environment. Ecol. Model. 2001,

142, 189–225. [CrossRef]
6. Johnson, I.R.; Chapman, D.F.; Snow, V.O.; Eckard, R.J.; Parsons, A.J.; Lambert, M.G.; Cullen, B.R. DairyMod and EcoMod:

Biophysical pasture-simulation models for Australia and New Zealand. Aust. J. Exp. Agric. 2007, 48, 621–631. [CrossRef]
7. Cobon, D.H.; Kouadio, L.; Mushtaq, S.; Jarvis, C.; Carter, J.; Stone, G.; Davis, P. Evaluating the shifts in rainfall and pasture-growth

variabilities across the pastoral zone of Australia during 1910–2010. Crop. Pasture Sci. 2019, 70, 634–647. [CrossRef]
8. Fick, G.W. A pasture production model for use in a whole farm simulator. Agric. Syst. 1980, 5, 137–161. [CrossRef]
9. Pearson, C.J.; Ison, R.L. Agronomy of Grassland Systems, 2nd ed.; Cambridge University Press: New York, NY, USA, 1997; p. 222.
10. Rayburn, E.B.; Hall, M.H.; Murphy, W.; Vough, L. Pasture production. In Pasture Management in the Northeast—Assessing

Current Technologies, Research Directions and Educational Needs; Krueger, C.R., Pionke, H.B., Eds.; NRAES-113; Northeast Regional
Agricultural Engineering Service: Ithaca, NY, USA, 1998; Volume 113, pp. 13–50.

11. Hansen, D.J. Manure as a Nutrient Source. In The Mid-Atlantic Nutrient Management Handbook; Haering, K.C., Evanylo,
G.K., Eds.; Mid-Atlantic Regional Water Program; MAWP 06-02: College Park, MD, USA, 2006; p. 215. Available on-
line: https://extension.psu.edu/programs/nutrient-management/educational/nutrient-management-general/mid-atlantic-
nutrient-management-handbook (accessed on 20 August 2021).

12. Fribourg, H.A.; Reich, V.H. Soils differ in yield potential. Crop. Soils Mag. 1982, 35, 12–14.
13. University of California, Davis. SoilWeb. Available online: https://casoilresource.lawr.ucdavis.edu/gmap/ (accessed on 20

August 2021).
14. USDA/NRCS. Web Soil Survey. Available online: https://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx (accessed

on 20 August 2021).
15. NOAA. National Oceanic and Atmospheric Administration. National Centers for Environmental Information. Available online:

https://www.ncdc.noaa.gov/cdo-web/ (accessed on 20 August 2021).
16. Weedfall, R.O.; Dickerson, W.H. The Climate of Bluestone Recreational Area, West. Virginia; Current Report; West Virginia University

Agricultural Experiment Station: Morgantown, WV, USA, 1966; Volume 45, p. 15.

http://doi.org/10.2136/sssaj1987.03615995005100050015x
http://doi.org/10.1016/0304-3800(88)90084-1
http://doi.org/10.1016/0304-3800(91)90157-V
http://doi.org/10.1016/S0304-3800(01)00285-X
http://doi.org/10.1071/EA07133
http://doi.org/10.1071/CP18482
http://doi.org/10.1016/0308-521X(80)90004-9
https://extension.psu.edu/programs/nutrient-management/educational/nutrient-management-general/mid-atlantic-nutrient-management-handbook
https://extension.psu.edu/programs/nutrient-management/educational/nutrient-management-general/mid-atlantic-nutrient-management-handbook
https://casoilresource.lawr.ucdavis.edu/gmap/
https://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx
https://www.ncdc.noaa.gov/cdo-web/


Plants 2021, 10, 1754 14 of 14

17. Weedfall, R.O.; Dickerson, W.H.; Stirm, W.L. The Agroclimate of University Experiment Farm Kearneysville, West Virginia; Current
Report; West Virginia University Agricultural Experiment Station: Morgantown, WV, USA, 1967; Volume 52, p. 19.

18. Aronson, L.J.; Gold, A.J.; Hull, R.J.; Cisar, J.L. Evapotranspiration of Cool-Season Turfgrasses in the Humid Northeast. Agron. J.
1987, 79, 901–905. [CrossRef]

19. Peck, N.H.; Vittum, M.T.; Gibbs, G.H. Evapotranspiration Rates for Irrigated Crops at Geneva, New York. Agron. J. 1968, 60,
23–26. [CrossRef]

20. Lee, R.; Boyer, D.G.; Valli, V.J.; Dickerson, W.H. Global radiation in West Virginia. West Va. Agric. For. Exp. Stn. Bull. 1979, p.
665T. Available online: https://researchrepository.wvu.edu/wv_agricultural_and_forestry_experiment_station_bulletins/724/
(accessed on 20 August 2021).

21. Smith, R.E. OPUS: An Integrated Simulation Model for Transport of Nonpoint-Source Pollutants at the Field Scale; Volume I Documenta-
tion USDA/ARS: Washington, DC, USA, 2000.

22. Timlin, D.J.; Bryant, R.B.; Snyder, V.A.; Wagenet, R.J. Modeling corn grain yield in relation to soil erosion using a water budget
approach. Soil Sci. Soc. Am. J. 1986, 50, 718–723. [CrossRef]

23. Kowalenko, C.G.; Freyman, S.; Bates, D.L.; Holbek, N.E. An evaluation of the T-sum method for efficient timing of spring nitrogen
applications on forage production in south coastal British Columbia. Can. J. Plant. Sci. 1989, 69, 1179–1192. [CrossRef]

24. USDA/NRCS. Land Resource Regions and Major Land Resource Areas of the United States, the Caribbean, and the Pacific Basin; USDA
Ag. Handbook 296; USDA: Washington, DC, USA, 2006; Volume 20250, p. 682.

25. Rayburn, E.B.; Griggs, T.C. Light Interception and the Growth of Pastures under Ideal and Stressful Growing Conditions on the
Allegheny Plateau. Plants 2020, 9, 734. [CrossRef] [PubMed]

26. Rayburn, E.B.; Rayburn, S.B. A standardized plate meter for estimating pasture mass in on-farm research trials. Agron. J. 1998, 90,
238–241. [CrossRef]

27. Macoon, B.; Schollenbereger, L.E.; Moore, J.E.; Staples, C.R.; Fike, J.H.; Portier, K.M. Comparison of three techniques for estimating
the forage intake of lactating dairy cows on pasture. J. Anim. Sci. 2003, 81, 2357–2366. [CrossRef] [PubMed]

28. Rayburn, E.B. Plate meter calibrations for forage mass follow a continuum of sward basal density. Crop. Forage Turfgrass Mgmt.
2020, 6, e20009. [CrossRef]

29. NCSS. NCSS 11 Statistical Software; NCSS, LLC: Kaysville, UT, USA, 2016; Available online: ncss.com/software/ncss (accessed on
20 August 2021).

http://doi.org/10.2134/agronj1987.00021962007900050029x
http://doi.org/10.2134/agronj1968.00021962006000010008x
https://researchrepository.wvu.edu/wv_agricultural_and_forestry_experiment_station_bulletins/724/
http://doi.org/10.2136/sssaj1986.03615995005000030033x
http://doi.org/10.4141/cjps89-140
http://doi.org/10.3390/plants9060734
http://www.ncbi.nlm.nih.gov/pubmed/32545163
http://doi.org/10.2134/agronj1998.00021962009000020022x
http://doi.org/10.2527/2003.8192357x
http://www.ncbi.nlm.nih.gov/pubmed/12968712
http://doi.org/10.1002/cft2.20009
ncss.com/software/ncss

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Pasture Growth Model Description 
	Plant and Soil Biology Response to ASW 
	Plant Response to Temperature 
	Plant Response to Daylength 
	Field Measurement of Pasture Growth 
	Forage Growth Measurement 
	Testing the Model 

	
	
	References

