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Abstract: Knowledge about pasture growth rates is crucial for optimizing forage use efficiencies in
intensively managed pasture and silage-based dairy systems, enabling optimized cutting/grazing
times for high yields with high forage quality. The aim of this study was to parameterise a simple
model, GrasProg, for predicting pasture growth in an intensively managed dairy production system
under a cut-and-carry management. For this, pasture crop-growth rates were measured over a period
of two years (2016 and 2017) at five contrasting sites in Schleswig-Holstein, Northern Germany. The
pastures received nitrogen (N) fertilizer at a rate of 280 kg N ha−1 and were cut on a four-week
interval. Average annual dry matter (DM) yields ranged from 10.9 to 11.6 t/ha for the three different
locations. The DM accumulation simulated by GrasProg matched actual measurements over the
varying intervals well (R2 = 0.65; RMSE = 49.5 g DM m−2; and NSE = 0.44). Two model parameters
were adjusted within the vegetation period, namely, the relative growth rate, a proxy of the number
of generative tillers, and the initial biomass at the start of each growth period, a proxy for the tillering
density. Both predicted and measured pasture growth rates showed the same typical seasonal pattern,
with high growth rates in spring, followed by decreasing growth rates to the end of the vegetation
period. These good calibration statistics, with adjusting of only two model parameters, for the
different sites and different climatic conditions mean that GrasProg can be used to identify optimum
grazing or cutting strategies, with optimal yield and forage quality.

Keywords: perennial ryegrass; temperate climate; optimum cutting times

1. Introduction

Intensive dairy-production systems in temperate climates, based on genetic selection
for high per-animal production levels have traditionally relied on high proportions of maize
silage and concentrated feed [1–3]. These systems, however, face increasing societal and
political pressure to improve animal welfare [4], as well as environmental performance [5].
As a result, pasture-based production systems are currently experiencing a renaissance
in promoting positive animal welfare, as well as reduced environmental impacts and
additional ecosystem services [6]. In temperate regions of Europe, grasslands are covering
more than one third of the agricultural area [7], and in Germany with a similar 28% share [8].
In Schleswig-Holstein, the most northern state in Germany, permanent grassland accounts
for 58% of the total area used for forage production in dairying, with the majority being
under a cut-and-carry system [8].

Studies have revealed that full-grazing strategies with a low share of supplementary
feeding, as is common in Ireland, Australia, and New Zealand, have the lowest costs per
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unit of dry-matter intake, and the use of a high share of home-grown forages has the lowest
feeding cost per liter of milk. Such grazing strategies are reliant on favorable environmental
conditions, including mild temperatures in winter and summer, adequate and evenly
distributed precipitation, as well as fertile soils [9], as found in Northwest Europe. While
pasture growth in autumn and winter is temperature-limited in this region, climate change
and the associated extension of the effective vegetation period for pasture growth is likely
to increase forage supply from grassland [10].

While it is known that improved grazing management allows for better control of
herbage growth with positive effects on production [11], the past lack of interest in pasture-
based dairying in Europe has led to a knowledge gap and experience in optimal pasture
management [2,11]. This includes grazing or cutting intervals, as well as tactical fertilizer
and manure applications, which improve nutrient management in grassland systems, and,
as such, reduce adverse environmental effects. As feeding costs are a large part of the direct
costs for dairy systems, optimized grassland management to better control herbage growth,
as well as prediction of herbage growth, is essential, not only for economic reasons, but
also for the increasing societal pressure for resource-saving and animal welfare-oriented
production.

Several studies have shown that pasture-based systems can be economically com-
petitive with confinement systems [12,13], while also increasing the ecosystem services
from dairy farming [14]. Although milk production per cow is often lower in pasture-
based systems, lower feed costs [15] combined with high milk yields per ha [14] and other
economic factors mean that grazing systems can represent a competitive husbandry and
feeding alternative from an economic perspective, while also meeting the demand for
resource-conserving and animal welfare-oriented production.

Pasture growth rates (kg DM ha−1 day−1) and, thus, the fodder supply are charac-
terized by maximum rates in spring during the reproductive development of the grass
tillers, followed by a subsequent morpho-physiological and drought-related summer de-
pression [16,17]. In the subsequent vegetative stage, after a short recovering due to a second
seasonal peak in tillering [18], growth rates decrease steadily until the end of the vegetation
period, with large inter- and intra-annual fluctuations depending on temperature, and
water and nutrient availability [17]. These phenological and weather-related DM growth
rates are a key challenge in pasture management, as a high feed-use efficiency can only
be achieved when the supply is synchronized with the feed demand of the animals [19].
Under optimal grazing, the forage utilization efficiency is around 80% [20], while under
cut-and-carry systems losses are around 30% due to harvesting, ensiling, and feeding
processes [21].

To optimize herbage quantity and nutritive value for animal production and to utilise
the genetic potentials of the animals, grazing or cutting should be done frequently and in
the early “three-leaf stage” [14,22]. This ensures excellent forage quality with high energy
and protein qualities and prevents senescence of the plants. Knowledge about current and
upcoming growth rates can help farmers to better manage the valuable feed resource of
grasslands and to adjust the number of animals per unit area, if needed (stocking density).
However, forecasting pasture growth rates is challenging, as they are determined by many
interacting environmental and management factors [23]. This, and the seasonally strong
fluctuations, have led to great planning uncertainties, which have contributed to the neglect
of the efficient use of grasslands.

Pasture growth models are increasingly being used to aid farm management and
ensure economic viability of a pasture-based dairy-production system. Models can be
used to calculate plant growth rates based on environmental conditions (climate, site
characteristics such as soil type, and water and nutrient availability), and management
practices. Various process-based models have been developed for simulating seasonal
pasture growth, with different complexity and at different hierarchical levels, from the
individual plant to the field or landscape level. Complex process-based models include
numerous plant–physiological functions, which are very parameter-intensive [24–26]. In
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contrast, simple empirical models use mathematical functions derived from observations
and, generally, require only a few input parameters, yet can be used to make general
statements about a system when used in the same environment as developed [27]. A
compromise in terms of the complexity of the processes depicted are semi-mechanistic
growth models, which require few input parameters and, therefore, are often used in
decision-support tools [28,29]. In order to optimize forage use efficiency on pasture, model-
based forecasts of average daily growth rates and software-based applications are already
an integral part of practical pasture management in intensive grazing regions, such as
in Ireland [29,30]. In Germany, the grassland model FOPROQ has been developed for
simulating pasture growth for swards dominated by perennial ryegrass (Lolium perenne).
The model has been parameterised for individual cuts depending on management/cutting
regime [31,32].

The aim of the current study was to refine the FOPROQ model to enable pasture-
growth simulation throughout the entire growing season rather than for only individual
periods. The refined model, GrasProg, was then parameterised for intensively managed
ryegrass-dominated grass swards with typical non-limiting N fertilization rates. For this,
DM increment was measured weekly over a period of two years (2016/2017) from pasture
sites on the three main landscape types of Schleswig-Holstein (Marshland, Geest, and
Eastern Hills).

2. Materials and Methods
2.1. Study Location

The federal state of Schleswig-Holstein is located in Northern Germany and is charac-
terized by four main landscape types: (i) a young moraine landscape in Eastern Hills with
fertile sandy loam soils, (ii) an old moraine landscape in Geest, (iii) the post-glacial outwash
plains of Vorgeest, and (iv) Marshland in the most western part of Schleswig-Holstein,
originating from marine sediments. Soils in Eastern Hills and in Marshland are fertile, with
sandy loam to silt loam textures, and those in Geest are less fertile sandy soils. Accordingly,
soils in Eastern Hills and Marshland have a high plant-available water-holding capacity
(PAW), and those in Geest and Vorgeest a low PAW. The latter are, therefore, more likely
to experience drought-related growth limitations but can warm up faster in spring due
to the coarse pores and the associated higher thermal conductivity. The soil properties of
the test sites represent a typical picture of the soil types found in the landscape areas of
Schleswig-Holstein (Figure 1; Table 1).

Agronomy 2022, 12, x FOR PEER REVIEW 3 of 13 
 

 

plant to the field or landscape level. Complex process-based models include numerous 
plant–physiological functions, which are very parameter-intensive [24–26]. In contrast, 
simple empirical models use mathematical functions derived from observations and, gen-
erally, require only a few input parameters, yet can be used to make general statements 
about a system when used in the same environment as developed [27]. A compromise in 
terms of the complexity of the processes depicted are semi-mechanistic growth models, 
which require few input parameters and, therefore, are often used in decision-support 
tools [28,29]. In order to optimize forage use efficiency on pasture, model-based forecasts 
of average daily growth rates and software-based applications are already an integral part 
of practical pasture management in intensive grazing regions, such as in Ireland [29,30]. 
In Germany, the grassland model FOPROQ has been developed for simulating pasture 
growth for swards dominated by perennial ryegrass (Lolium perenne). The model has been 
parameterised for individual cuts depending on management/cutting regime [31,32]. 

The aim of the current study was to refine the FOPROQ model to enable pasture-
growth simulation throughout the entire growing season rather than for only individual 
periods. The refined model, GrasProg, was then parameterised for intensively managed 
ryegrass-dominated grass swards with typical non-limiting N fertilization rates. For this, 
DM increment was measured weekly over a period of two years (2016/2017) from pasture 
sites on the three main landscape types of Schleswig-Holstein (Marshland, Geest, and 
Eastern Hills). 

2. Materials and Methods 
2.1. Study Location 

The federal state of Schleswig-Holstein is located in Northern Germany and is char-
acterized by four main landscape types: (i) a young moraine landscape in Eastern Hills 
with fertile sandy loam soils, (ii) an old moraine landscape in Geest, (iii) the post-glacial 
outwash plains of Vorgeest, and (iv) Marshland in the most western part of Schleswig-
Holstein, originating from marine sediments. Soils in Eastern Hills and in Marshland are 
fertile, with sandy loam to silt loam textures, and those in Geest are less fertile sandy soils. 
Accordingly, soils in Eastern Hills and Marshland have a high plant-available water-hold-
ing capacity (PAW), and those in Geest and Vorgeest a low PAW. The latter are, therefore, 
more likely to experience drought-related growth limitations but can warm up faster in 
spring due to the coarse pores and the associated higher thermal conductivity. The soil 
properties of the test sites represent a typical picture of the soil types found in the land-
scape areas of Schleswig-Holstein (Figure 1; Table 1). 

 
Figure 1. Study site locations in Schleswig-Holstein, with locations 1 = Marshland, 2 = Geest and
3 = Eastern Hills.



Agronomy 2022, 12, 1667 4 of 13

Table 1. Site Characteristics of the study sites, with soil classification based on the FAO system [33],
with PAW (plant-available water) and C:N provided for the top 300 mm.

Site Landscape Soil Classification
FAO

Soil
Type

Texture (%)
Clay/Silt/Sand

PAW
(mm) C:N

1 Marshland Kleimarsch (Eutric Fluvisols) clayey loam 30/50/20 84 9

2 Geest Podsol-Gley/Gley-Podsol;
Gley-Treposol sandy sand 5/9/86 42 13

3 Eastern Hills Parabraunerde (Haplic Luvisols) loamy sand 15/24/61 80 10

Schleswig-Holstein has a temperate, maritime climate, with an average annual precip-
itation of 833 mm and an average temperature of 8.9 ◦C (1981–2010) and, thus, represents
typical climatic pattern relevant for grass growth ranging from Brittany in France to Jütland
in Denmark. Climatic weather data were obtained from the German Meteorological Service
(Deutscher Wetterdienst) from stations within close approximation to the experimental
sites (≤18 km). Those were Freiburg/Elbe for Site 1, Ostenfeld (Rendsburg) for Site 2,
and Kiel-Holtenau for Site 3. As the temperate and global radiation between the three
stations did not vary significantly, the mean of the three stations is presented (Figure 2).
For the rainfall, data for the three stations are presented separately (Figure 3). During the
study years (2016 and 2017), spring and autumn were warmer than the long-term average.
Based on the corrected grassland temperature sum of 200 ◦C [34], the onset of growth
was between 20 and 24 March 2016, and between 16 and 20 March 2017, well before the
long-term (1986–2015) average growth start in the beginning of April for these sites. In
2016, the average total rainfall over the three stations was 786 mm, slightly lower than the
long-term average (817 mm), especially during spring and at the end of the year (Figure 3).
In 2017 rainfall was above average with 980 mm, mainly due to higher rainfall in autumn.
Rainfall was lowest in Eastern Hills, followed by Geest regions (on average over the two
years 12% higher), and Marshland (18% higher). In both years precipitation in summer was
higher than the long-term average, which, combined with favorable temperatures, led to
very good growing conditions in both experimental years.

Agronomy 2022, 12, x FOR PEER REVIEW 4 of 13 
 

 

Figure 1. Study site locations in Schleswig-Holstein, with locations 1 = Marshland, 2 = Geest and 3 
= Eastern Hills. 

Table 1. Site Characteristics of the study sites, with soil classification based on the FAO system [33], 
with PAW (plant-available water) and C:N provided for the top 300 mm. 

Site Landscape Soil Classification  
FAO 

Soil  
Type 

Texture (%) 
Clay/Silt/Sand 

PAW 
(mm) 

C:N 

1 Marshland Kleimarsch (Eutric Fluvisols) clayey loam 30/50/20 84 9 
2 Geest Podsol-Gley/Gley-Podsol; Gley-Treposol sandy sand 5/9/86 42 13 
3 Eastern Hills Parabraunerde (Haplic Luvisols) loamy sand 15/24/61 80 10 

Schleswig-Holstein has a temperate, maritime climate, with an average annual pre-
cipitation of 833 mm and an average temperature of 8.9 °C (1981–2010) and, thus, repre-
sents typical climatic pattern relevant for grass growth ranging from Brittany in France to 
Jütland in Denmark. Climatic weather data were obtained from the German Meteorolog-
ical Service (Deutscher Wetterdienst) from stations within close approximation to the ex-
perimental sites (≤18 km). Those were Freiburg/Elbe for Site 1, Ostenfeld (Rendsburg) for 
Site 2, and Kiel-Holtenau for Site 3. As the temperate and global radiation between the 
three stations did not vary significantly, the mean of the three stations is presented (Figure 
2). For the rainfall, data for the three stations are presented separately (Figure 3). During 
the study years (2016 and 2017), spring and autumn were warmer than the long-term av-
erage. Based on the corrected grassland temperature sum of 200 °C [34], the onset of 
growth was between 20 and 24 March 2016, and between 16 and 20 March 2017, well be-
fore the long-term (1986–2015) average growth start in the beginning of April for these 
sites. In 2016, the average total rainfall over the three stations was 786 mm, slightly lower 
than the long-term average (817 mm), especially during spring and at the end of the year 
(Figure 3). In 2017 rainfall was above average with 980 mm, mainly due to higher rainfall 
in autumn. Rainfall was lowest in Eastern Hills, followed by Geest regions (on average 
over the two years 12% higher), and Marshland (18% higher). In both years precipitation 
in summer was higher than the long-term average, which, combined with favorable tem-
peratures, led to very good growing conditions in both experimental years. 

 
Figure 2. Average monthly temperatures (left) and global radiation (right) for 2016 and 2017, and 
the long-term mean (1981–2010) from meteorological stations near the study sites. 

 
Figure 3. Monthly rainfall for 2016 and 2017, and the long-term mean (1981–2010) from the three 
meteorological stations near the study sites (a) Marshland, (b) Geest, and (c) Eastern Hills. 

Figure 2. Average monthly temperatures (left) and global radiation (right) for 2016 and 2017, and
the long-term mean (1981–2010) from meteorological stations near the study sites.

Agronomy 2022, 12, x FOR PEER REVIEW 4 of 13 
 

 

Figure 1. Study site locations in Schleswig-Holstein, with locations 1 = Marshland, 2 = Geest and 3 
= Eastern Hills. 

Table 1. Site Characteristics of the study sites, with soil classification based on the FAO system [33], 
with PAW (plant-available water) and C:N provided for the top 300 mm. 

Site Landscape Soil Classification  
FAO 

Soil  
Type 

Texture (%) 
Clay/Silt/Sand 

PAW 
(mm) 

C:N 

1 Marshland Kleimarsch (Eutric Fluvisols) clayey loam 30/50/20 84 9 
2 Geest Podsol-Gley/Gley-Podsol; Gley-Treposol sandy sand 5/9/86 42 13 
3 Eastern Hills Parabraunerde (Haplic Luvisols) loamy sand 15/24/61 80 10 

Schleswig-Holstein has a temperate, maritime climate, with an average annual pre-
cipitation of 833 mm and an average temperature of 8.9 °C (1981–2010) and, thus, repre-
sents typical climatic pattern relevant for grass growth ranging from Brittany in France to 
Jütland in Denmark. Climatic weather data were obtained from the German Meteorolog-
ical Service (Deutscher Wetterdienst) from stations within close approximation to the ex-
perimental sites (≤18 km). Those were Freiburg/Elbe for Site 1, Ostenfeld (Rendsburg) for 
Site 2, and Kiel-Holtenau for Site 3. As the temperate and global radiation between the 
three stations did not vary significantly, the mean of the three stations is presented (Figure 
2). For the rainfall, data for the three stations are presented separately (Figure 3). During 
the study years (2016 and 2017), spring and autumn were warmer than the long-term av-
erage. Based on the corrected grassland temperature sum of 200 °C [34], the onset of 
growth was between 20 and 24 March 2016, and between 16 and 20 March 2017, well be-
fore the long-term (1986–2015) average growth start in the beginning of April for these 
sites. In 2016, the average total rainfall over the three stations was 786 mm, slightly lower 
than the long-term average (817 mm), especially during spring and at the end of the year 
(Figure 3). In 2017 rainfall was above average with 980 mm, mainly due to higher rainfall 
in autumn. Rainfall was lowest in Eastern Hills, followed by Geest regions (on average 
over the two years 12% higher), and Marshland (18% higher). In both years precipitation 
in summer was higher than the long-term average, which, combined with favorable tem-
peratures, led to very good growing conditions in both experimental years. 

 
Figure 2. Average monthly temperatures (left) and global radiation (right) for 2016 and 2017, and 
the long-term mean (1981–2010) from meteorological stations near the study sites. 

 
Figure 3. Monthly rainfall for 2016 and 2017, and the long-term mean (1981–2010) from the three 
meteorological stations near the study sites (a) Marshland, (b) Geest, and (c) Eastern Hills. 
Figure 3. Monthly rainfall for 2016 and 2017, and the long-term mean (1981–2010) from the three
meteorological stations near the study sites (a) Marshland, (b) Geest, and (c) Eastern Hills.



Agronomy 2022, 12, 1667 5 of 13

2.2. Experimental Sites

The experiments were conducted on intensively managed perennial ryegrass–white
clover dominated pastures (Lolio-Cynosuretum typicum) on commercial farms, which were
grazed in the previous years. The average percentage of perennial ryegrass (Lolium perenne),
was 71% in late summer. Thus, the sites can be classified as highly productive grassland.
Other species present were those of typical intensively managed permanent grassland,
including common bluegrass (Poa trivialis), white clover (Trifolium repens), timothy (Phleum
pratense), and meadowgrass (Poa pratensis).

Within the pastures, the experimental area was excluded from grazing and arranged
in a randomized complete block design with three blocks. In each block, four plots
(1.5 m × 5 m) represented the series consecutively sampled after the methodology de-
scribed by Corrall and Fenlon [35]. In a weekly interval dry-matter yields (DMYt; kg ha−1)
of four-week-old swards were determined non-destructively using a rising plate meter
(Filips Manual Folding Platemeter, Jenquip Agriworks Ltd., Feilding, New Zealand) with
five measurements per plot, and using a formula derived for perennial ryegrass-dominated
grassland by Trott, Ingwersen [36]:

DMYt = a + b Ht (1)

where t is the week of measurement, a and b are constants calibrated by Trott, Ingwersen [36]
as −1026 and 208, and H is the height of the compressed sward (cm).

The mean daily pasture-growth rate (GGRt) was then calculated as the moving average
of four consecutive measurements following Corrall and Fenlon [35]:

GGRt =

(
0.25 DMYt + 0.25 DMYt+1 + 0.25 DMYt+2 + 0.25 DMYt+3

28

)
(2)

Subsequent to height measurement, the plots were cut with a mower to a height
of 40 mm and the biomass was removed. This cutting strategy mimicked an intensive
rotational grazing system due to the regular sampling with 7–8 cuts per year. Prior to
the beginning of the experiment, the sites were fertilized with 300 kg K2O ha−1, 53 kg
P2O5 ha−1, and 30 kg S ha−1 to ensure ideal soil-fertility conditions [37,38]. N fertilizer
application was divided into eight equal applications throughout the growing season. For
each cut mineral N was applied at a rate of 35 kg N ha−1 (CAN; 13.5% nitrate and 13.5%
ammonia N), which resulted in an annual application rate of 280 kg N ha−1 year−1, based
on the recommended rate for intensively managed pastures, according to the rules of good
agricultural practice for grazed pastures in Germany (140 kg N ha−1 year−1), and taking
into account a potential N return from excrements of grazing animals [37]. Alternatively,
this level of N fertilization (280 kg/ha) is also in line with the recommendations for
intensively managed cut-and-carry systems and, thus, representative for the time being.

2.3. Model Description

The following provides a brief description of the GrasProg model and how the model
was parameterised based on the above study sites. The model is based on the grassland
model developed and parameterised for Swedish conditions [39–41], and the FOPROQ
model (FOrage PROduction Quality [42]), which models pasture growth for individual
growth periods and has been used in Germany to predict the optimum cutting date for
silage production, especially in the first cut, such as a “maturity test for grassland” [43].
GrasProg calculates the daily growth rate resulting in Wt (kg DM ha−1 day−1) from the
product of the existing biomass of the previous day (Wt−1), the relative growth rate (RSt,
kg kg−1 day−1), and an environmental index (GI):

Wt = Wt−1 RSt GI (3)
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The initial value of Wt−1 (W0) in the model describes the existing biomass at the
beginning of each growth period, and depends on yield–physiological factors, such as
the photosynthetically active residual leaf area and the tiller density at the beginning of
the growth period. The initial value of the relative growth rate (RS) during each growth
period reflects the phenological development during the upcoming growth period of the
pasture, and is related to the proportion of reproductive tillers and, thus, stem elongation
and enhanced radiation use efficiency during the growth period [16]. As such, both RS
and W0 are time-specific parameters, reflecting the potential productivity of a grassland
sward, which is affected by the management intensity (grazing or cutting frequency) and
the phenological development under non-limiting weather constraints.

Due to a declining proportion of generative shoots [44], the relative growth rate is
assumed to be highest at the beginning of the growth period and to decrease thereafter.
This phenomenon is accounted for via an age index (AGEt), which describes the effect of
plant ageing as a function of the leaf-area index (LAI), whereby the AGE index decreases
with increasing LAI:

RSt = RS AGEt (4)

AGEt =
1

1 +
(

LAIt
LAI50

)a (5)

LAIt = b
(

1− e−c Wt
)

(6)

where LAIt (m2 m−2) is calculated from Wt using two constants (b = 4.8, c = 0.008),
LAI50 = 3 m2 m−2) is half the assumed maximum LAI, and a = 5.75 is a constant describing
the curvature of the function. The beginning of the growth period (AGE = 1) is assumed to
be reached when the temperature sum of mean daily temperatures above a base tempera-
ture of 0 ◦C reaches 250 ◦C.

The environmental index GI describes the influence of climatic conditions on plant
growth and is composed of three indices, TI, RI, and WI, accounting for the limitations
imposed by radiation (RI), temperature (TI), and soil water content (WI), all scaled from 0
to 1:

GIt = RIt TIt WIt (7)

The radiation index (RIt) is calculated from the incident global radiation (R; MJ m−2 d−1)
using a saturation function, and increasing with increasing radiation until the insolation at
light saturation of the canopy (Ropt) is reached:

RIt =
(

1− e−cr Rt/Ropt,t
)

/
(
1− e−cr

)
(8)

where cr = 2 is a constant describing the curvature of the radiation-response curve.
Ropt depends on the development of the grassland canopy:

Ropt = Rlow + cLAI∗
(

Rhigh − Rlow

)
(9)

where:

cLAI = 0 LAIt < LAIlow
cLAI = 1 LAIt ≥ LAIhigh

cLAI =
(

1− edr (LAIt−LAIlow)/LAIhigh
)

/
(
1− edr

)
LAIlow ≤ LAIt ≤ LAIhigh

(10)

At LAI < 1 m2 m−2 (LAIlow), Ropt is low (Rlow), and at LAI > 2.5 m2 m−2 (LAIhigh)
Ropt is high. Values of 22 to 32 MJ m−2 day−1 are used for Rlow and Rhigh, and dr = 3 is a
constant.
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The temperature index is described by:

TI = 0 T < Tmin or T >Tmax
TI = 1− 0.5 (2 z)ct 0 ≤ z < 0.5
TI = 0.5 (2(1− z))ct 0.5 ≤ z < 1.0

(11)

with
z =

|T−Topt|
Topt−Tmin

T < Topt

z =
|T−Topt|

Topt
T ≥ Topt

(12)

where T is the average daily temperature, Tmin = 1 the minimum temperature below
which no growth occurs, and (Topt = 17) the optimum temperature for maximum growth,
Tmax = 42, and the constant ct = 2.

WI is calculated from the ratio of actual (ETa) to potential evapotranspiration (ETp),
and a soil water index SWI:

WI =
ETa

ETp
(13)

ETp is calculated as a function of the LAI to represent the low evaporative capacity of
the grassland canopy:

ETp = ET0 for LAI ≥ 3
ETp = ET0

(9+7LAI)
30 for LAI < 3

(14)

where ET0, is the reference evaporation rate which is calculated following FAO56 (1999).

ETa = min
(

ETp, ETp
SWt−1

0.8 PAW

)
(15)

where SWt−1 is the soil water content at any time, PAW (mm) is the plant-available water
in the effective rooting zone, which is defined by the difference between the soil water
content at field capacity (SWFC (mm); −10 kPa matric potential) and permanent wilting
point (SWPWP; −1500 kPa).

SW is calculated via a simple soil water model with a single layer:

SWt = min(PAW, SWt−1 + P− ETa −D ) (16)

where P is the precipitation, D is the drainage, and SWt−1 is set to PAW at the beginning of
the growth period. If precipitation is higher than the maximum daily storage capacity, any
exceeding water is directly accounted for as drainage.

Model input data are meteorological factors, including global radiation (MJ/m2/day),
mean daily temperature (◦C), precipitation (mm/day), and evaporation (potential evapora-
tion, mm/day), as well as PAW.

2.4. Model Calibration and Statistical Analysis

During the calibration procedure, the parameters W0 and RS were iteratively adjusted
in order to minimize the mean squared residuals of measured and simulated biomass, using
the R environment (Package nls “nonlinear least squares”; [45]). A mixed linear model was
assumed with cut date (week), location, and year as fixed factors and block as a random
factor. After a graphical residuals analysis, variance heterogeneity was found for the data.
A multiple sample t-test (ANOVA) was performed to test for significant differences in the
target variable between factors. Mean comparisons were performed post-hoc with multiple
contrast tests. Physiologically reasonable ranges of Wt−1 (10–500 kg DM ha−2) and RS
(0.1–0.9 kg kg−1 DM) were used.

The performance of GrasProg was evaluated based on common measures [46], includ-
ing the coefficient of determination (R2), Nash–Sutcliffe Efficiency (NSE) and root mean
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square error (RMSE). Since the aim was to parameterize the model for broader use, rather
than optimizing for site-specific use, location was considered as a random factor.

3. Results
3.1. Growth Rates and Annual Dry-Matter Production

The daily growth rates of the grassland show the typical pattern, with higher rates
during the generative growth in spring, and drop in summer and decreasing growth rates
to the end of vegetation period (Figure 4). While individual cuts had different dry-matter
yields between the sites, annual yields were similar, with 10.9 t DM ha−1 for Marshland,
11.2 t DM ha−1 for Geest, and 11.6 t DM ha−1 for Eastern Hills.
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matter yields using a rising plate meter and calculated as the moving average of four consecutive
measurements following Corrall and Fenlon [35].

3.2. GrasProg Calibration

The GrasProg model was calibrated based on the weekly measured biomass at the
three sites and the two different years, by consecutively adjusting two parameters, namely,
first RS and then W0.

For the relative growth rate throughout the growing period, an exponential function
was fitted to the measured pasture growth:

RS = m e(n week) (17)

with fitted values of m = 1.34, and n = −0.0558, with a Pseudo R2 of 0.8.
For the biomass at the start of each growth period (W0), a fourth-degree polynomial

function as a function of week over the vegetation period was fitted to the measured
biomass data (Figure 5):

W0 = a + b week + c week2 + d week3 + e week4 (18)

with fitted values of a = −257, b = 40.3, c = −2.21, d = 0.0508, and e = −0.000413, with an
adjusted R2 of 0.86.

At the beginning of the vegetation period W0 is close to zero, and the function is
characterized by two maximums, one around calendar week 18 and the other one at week
44, close to the end of vegetation.

GrasProg with the fitted model parameter values (below Equations (17) and (18))
shows generally good agreement with the measured DM yields for the different cuts and lo-
cations over the vegetation period (Figure 6). In some instances, the model under-estimated
the growth rate in the first period (April–May), but, generally, the model performed well
with an R2 of 0.65 and RMSE of 49.5 g DM m−2 and an NSE of 0.64.
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Figure 6. Measured vs. predicted pasture biomass of different cuts for two years (2016 and 2017)
and for the three main landscape types of Schleswig-Holstein (Marshland, Geest, and Eastern Hills)
based on weekly measurements of dry-matter yields using a rising plate meter and calculated as the
moving average of four consecutive measurements following Corrall and Fenlon [35].

4. Discussion and Conclusions

The measured patterns of biomass growth throughout the vegetation period (March
to November) represent the typical seasonal growth in temperate climate regions with a
characteristic asymmetric curve. Due to the above-average precipitation during summer of
the experimental years, there were only slight drought-related growth deficits after the first
growth peak in spring, with only short growth depressions in summer (June–July). The
high precipitation also meant that annual yields between the sites were similar, ranging
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from an average of 10.9 to 11.6 t DM ha−1, as the PAW of the soil had negligible effects.
Sufficient precipitation and above-average temperatures in spring and autumn, especially
in 2017, led to an extension of the growing season. However, the generative growth of the
grass sward in spring is the key factor for the high annual yield levels [47]. Under non-
limiting growth conditions such high yields of perennial ryegrass are common, for example,
Cashman et al. [48] observed average annual yields of 11.7 t DM ha−1 under similar
experimental conditions in Ireland under simulated grazing with 10 cuts with annual N
fertilization of 350 kg N ha−1. High inter-annual yield variations, due to precipitation
and temperature [49,50], however, need to be accounted for in the planning of feeding
strategies.

The decreasing value of RS mimics the number of generative tillers, with high values
in spring during intense generative growth, and subsequent lower values during the
development of new tillers. The value of W0, a proxy for the tillering density, reaches a
minimum in mid-June, reflecting tiller death following defoliation of reproductive tillers in
the previous cut [18,51], which results in a low production of new tillers. Following this
lack of tillers in midsummer a recovery in tillering of all vegetative mother tillers until
August is well documented and, thus, W0 increases. The increase in W0 can be additionally
explained by the intensive management with 7–8 cuts per year, which enables high light
penetration, and, thereby, promotes tillering [52].

Apart from the environmental factors described before, and included in GrasProg, N
fertilization has a major influence on productivity and yield stability in temperate grassland
systems [53]. The management of the study grassland sites is characterized by high N
supply via mineral and organic fertilizers, with an average annual N supply in the last
two years of about 230 kg N ha−1. Additional N input from grazing animals via excreta
and urine ranges from 80 to 95% of the ingested N, depending on animal type, production
level, and nitrogen (N) concentration of the herbage [54]. Potential N mineralization rates
of these sites with narrow C:N are, thus, likely very high. This, with the good supply of
basic nutrients (phosphors, potassium, and sulphur) mean that Schleswig-Holstein is a
favorable region for intensively managed grassland due to the advantageous climate and
site characteristics.

The semi-mechanistic GrasProg model was successful in simulating pasture growth
rates at the three contrasting landscapes of Schleswig-Holstein. Model-predicted seasonal
patterns also reflected the typical pattern with high growth during the generative growth
in spring, and decreasing thereafter. Some discrepancies between simulation and measure-
ment were observed, especially for the first growth period in spring. These disparities
may arise from simplifications made in the model, including the temperature function and
the use or air rather than soil temperature. But they may also arise from difficulties in
accurately measuring herbage growth [55,56]. We conclude that the model has potential
for integration into a decision-support tool. Providing predictions of future grass growth
based on meteorological forecasts facilitates balancing stocking rate and feed supply for
grazing herds and identifying optimum grazing or cutting strategies while ensuring high
levels of pasture utilization and yields in intensive grassland production systems.
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