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In Appalachian grasslands, soil acidity and highly variable topography are the main factors negatively affecting the productivity.
There was a need to develop a yield response function and determine nutritive value of grasslands. Soil factors such as water
potential (WP), soil pH, nitrogen (N) and phosphorus (P) levels are highly variable across mountainous grasslands. A greenhouse
study was conducted to study the effects of WP, soil pH, N, and P levels on the herbage production and nutrient concentration
of Kentucky bluegrass (Poa pratensis L.) and white clover (Trifolium repens L.) mixed sward. Central composite rotatable
design was used to conduct this pot study. The effects of two levels of WP and five levels each of pH, N, and P fertilizers were
evaluated. WP, pH, N and P levels as their interactions WP x pH, WP x N, pH x N, and N x P explained a significant part of
sward accumulation in our trial. The importance of the different factors in explaining herbage accumulation variations was,
in decreasing order, WP > pH > WP x pH > WP x N > P > N > N x P > pH x N. Optimum conditions for the production of
bluegrass and white clover crop system were predicted, from this pot experiment, as follows WP of -422 to -171 kPa, 5.5 to 6.1
soil pH, 50 to 68 N mg.kg-1, and 38 to 40 P mg.kg-1. Concentration (%) of nitrogen (N), phosphorus (P), potassium (K), calcium
(Ca), and magnesium (Mg) were determined in shoot tissue to understand the impact of the different factors on nutrient content
of forage. WP and soil pH had shown significant influence on concentration of all elements. Effects of soil pH and N level had
significant effect on N concentration in plant tissue. Plant P concentration was significantly influenced by interaction of P level
with WP and soil pH. Yield response function of Kentucky bluegrass and white clover mixture from this case study should be
evaluated in field trials to obtain practical significance. Effects of WP, soil pH, and N and P levels on herbage accumulation of
grasslands and nutritive value should be understood to harmonize productivity across this undulating landscape.
Keywords. Poa pratensis, Trifolium repens, soil water potential, essential plant nutrient, grasslands, edaphic factors, soil
fertility, efficiency, yields, response function, Appalachian States (USA).
Optimisation du potentiel hydrique et du niveau des éléments nutritifs des prairies à pâturin – trèfle blanc sur sols
acides. Dans les prairies des Appalaches, l’acidité du sol et la topographie très variée sont les principaux facteurs qui affectent
la productivité. Il est nécessaire de développer une fonction de réponse pour le rendement et de déterminer la valeur nutritive
des prairies. Les facteurs du sol, comme le potentiel hydrique (WP), le pH, la teneur en azote (N) et en phosphore (P) sont
très variables à travers les prairies de montagne. Une étude en serre a été menée afin d’étudier les effets de ces différents
facteurs sur la production en herbe et la concentration en nutriments des prairies mixtes à pâturin des prés (Poa pratensis L.)
et trèfle blanc (Trifolium repens L.). Un dispositif composite central rotatif a été utilisé pour mener une étude en pots. Les
effets de deux niveaux de WP et de cinq niveaux de chacun des facteurs pH, N et P ont été évalués. Les facteurs WP, pH, N
et P et leurs interactions WP x pH, WP x N, pH x N, et N x P expliquent une part importante de l’accumulation de l’herbe
dans notre essai. L’influence des différents facteurs sur les variations d’accumulation de l’herbe est, dans l’ordre décroissant :
WP > pH > WP x pH > WP x N > P > N > N x P > pH x N. D’après nos expérimentations, les conditions optimales pour la
production du système de culture pâturin – trèfle blanc sont les suivantes : WP de -422 à -171 kPa, pH du sol de 5,5 à
6,1 ; teneur en N de 50 à 68 mg.kg-1, et teneur en P de 38 à 40 mg.kg-1. Les concentration (%) en azote (N), phosphore (P),
potassium (K), calcium (Ca) et magnésium (Mg) ont été déterminées dans les tissus des tiges pour comprendre l’impact des
différents facteurs sur la composition nutritive du fourrage. Le WP et le pH du sol ont montré une influence significative sur
les concentrations de tous les éléments. Le pH du sol et la teneur en N ont un effet significatif sur la concentration en N dans
les tissus de la plante. La concentration en P est significativement influencée par l’interaction teneur en P avec le WP et le pH
du sol. La fonction de réponse du rendement du mélange pâturin des prés et trèfle blanc de cette étude devrait être évaluée en
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champ pour obtenir une meilleure fiabilité des résultats. Les effets du WP, du pH, des teneurs en N et P sur l’accumulation de
l’herbe et sa valeur nutritive doivent être mieux compris pour améliorer la productivité dans un paysage vallonné.
Mots-clés. Poa pratensis, Trifolium repens, potentiel hydrique du sol, substance nutritive minérale, herbage, facteur édaphique,
fertilité du sol, efficacité, rendement, surface de réponse, États appalachiens (EU).

1. INTRODUCTION
Grassland productivity of mountainous Appalachian
region (West Virginia) has been affected due to
topographic, soil, and climatic constraints. Grazing
is the most important economic activity of any
mountainous grassland requiring conservation,
enhancement of productivity, and adaptation of
biodiversity (Watkinson et al., 2001). The high
precipitation in these mountainous grasslands of
Appalachian region can lead to leaching of cations
such as Ca2+ and Mg2+ and cause the soil exchangeable
complex to become dominated by H+ and Al3+ (Ritchey
et al., 2002). Dominance of H+ and Al3+ ions in soil
exchangeable complex causes acidity which limits crop
growth and utilization of many essential nutrients by
plants (Haynes et al., 1981; Black, 1993). Topography
of mountainous landscape is also highly variable,
influencing the distribution of soil water, organic
matter, nutrients, soil texture and structure, soil depth
and other soil properties that affect plant growth within
a field (Zebarth et al., 1989; Pennock et al., 1994).
Spatial variability in crop yield is directly correlated
with the spatial variability of soil properties across the
landscape. Understanding the spatial variability of soil
is critical to develop appropriate soil management and
precision farming techniques in order to harmonize
the crop productivity across the landscape (Bing et al.,
2004).
Soils of recently reclaimed acid grasslands may
have imbalance in the concentration of cations and
anions due to liming and addition of fertilizers.
Remediation of soil acidity is crucial for improving
grassland soil quality and increasing forage yield.
Liming to remediate acidic soils has a longer history
than any other forms of amendments (McLean, 1971).
The accuracy of lime recommendation depends on the
quality of correlation and calibration of chemical buffer
methods for the soils of that particular region (Rajesh
et al., 2010). Liming results in changes in chemical
and physical properties of soil that improve conditions
for plant growth (Menzies et al., 1994). Soil water
content that varies with topography is a predominant
phenomenon in undulating grasslands. There is a need
to understand the interactions of soil water content on
the availability of plant essential nutrients to determine
the precise agronomic practices to promote on acidic
grasslands.
Legumes are an important component to be
incorporated in acid reclaimed grasslands and have

been shown to increase herbage dry matter yield and
quality (Rhodes et al., 1997; Malhi et al., 2002). Most
important biological N2-fixing process (BNF) is the
result of symbiotic relationship between legumes and
rhizobia which can fix 12 to 25 Tg N per year in the
soil (Herridge et al., 2008). Introduction of legumes
in grasslands has an advantage in nitrogen (N) limited
systems and reduces the cost of inputs such as mineral N
fertilizers (Jarvis et al., 1996). White clover (Trifolium
repens L.) is one of the more important legume crops
in temperate pastures and can provide acceptably high
levels of production under low-input systems (Rochon
et al., 2004). It is commonly sown in grasslands of
temperate zones around the world to improve fodder
quality and to fix atmospheric nitrogen (Ledgard,
2001). Therefore, it is essential to include legumes in
acidic pasture lands to maximize productivity of these
low-input systems (Hartwig, 1998).
There is a need to understand the interactions
between liming and nutrient levels of soil to achieve
higher productive grasslands. Addition of nutrient to
soil has an effect on any cropping system only if it is
the limiting nutrient for plant growth. Armelin et al.
(2007) observed the liming enhanced the dry matter
yield of grass forage (Brachiaria decumbens L.) with
concomitant application of nitrogen (N) and potassium
(K) fertilizers. The liming rate of 2.2 Mg.ha-1 was found
optimum to increase forage barley yields, to obtain the
soil pH of 5.66, and to increase utilization efficiency
of the potassium (K) and phosphorus (P) fertilizers
(Michaelson et al., 1987). Application of lime and
P-rich fertilizers is essential to raise the productivity
of relatively infertile permanent pastures by promoting
growth of white clover (Dragomir et al., 2008). The
important role of P fertilizers along with lime and N in
improving pasture yield and quality was observed in
mixed pasture swards (Peoples et al., 1995). Ozgur et al.
(2006) found that phosphorus treatments significantly
affected dry matter yield and crude protein yield in
white clover cultivars. Nitrogen-fixing plants have a
greater need for P than nitrate-supplied plants (Israel,
1987). N inputs were recognized as equally important
to increase herbage production and provide potential
to absorb other essential elements from soil such as
potassium (Salon et al., 2001; Collins et al., 2003).
Application of lime and fertilizers is essential to restore
the productivity of acidic grasslands.
Soil water content is an essential growth factor
that can influence the success of any application of
amendments and fertilizers. It has effect on soil pH and
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elemental speciation of soil solution (Mendoza et al.,
1995). Soil water is necessary to release nutrients
from applied fertilizers through mineralization
reactions (Koerselman et al., 1993). Thus, fertilizer use
efficiency is a function of available water (Fiez et al.,
1994; Gutierrez-Boem et al., 1998). Saeed et al. (1998)
also observed a significant dry matter yield increase
of forage sorghum (Sorghum bicolor L.) in response
to irrigation treatments. In this study, the irrigation
treatments were frequent (8 mm per day for every
7 days), intermediate (8 mm per day for every 10 days)
and infrequent (8 mm per day for every 13 days),
irrigation regimes led to dry matter yields of 16.3,
11.8, 10.5 Mg.ha-1 respectively. Oomes et al. (1997)
observed an increase of water level from -30 cm to
-5 cm in grassland caused a decrease in N uptake (from
14.1 to 11.4 g N per m2). But both above dry matter
production (566 to 690 g per m2) and root mass (82
to 363 g DM per m2) increased by rise of water level.
Positive linear relationship in between soil water and
phosphorus uptake has been observed (Olsen et al.,
1961). Phosphorus uptake by wheat was enhanced by
soil water in low P available soils (Strong et al., 1980).
Generally, the pasture soils are highly heterogeneous
in terms of soil water and nutrient contents due to
variability of topography (Noorbakhsh et al., 2008).
Soil water also can be influenced by fluctuations in
rainfall and air temperatures that ultimately affect the
soil solution chemistry (Litaor, 1988). There is need
to understand the effects of variable soil and nutrient
factors like soil water potential, soil pH, nitrogen and
phosphorus on the productivity of acidic grassland
which helps to obtain knowledge of precise agricultural
practices for mountainous grasslands.
This greenhouse study was designed to derive yield
response model for legume-based pastures and also to
quantify the interaction effects of water potential (WP),
soil pH, nitrogen (N), and phosphorus (P) levels on
Kentucky bluegrass and white clover cropping system.
2. MATERIALS AND METHODS
Acidic soil (0-15 cm) was collected to use it as
medium for pots from Westmoreland soil map unit
(Westmoreland fine loamy, mixed, active, mesic ultic
hapludalfs) (NRCS, 1999) which belongs to Alfisol.
The soil texture of the pot medium was a clay loam
(34.3% clay; 44.0% silt), with an initial pH of 4.8,
9.2% organic matter, 42.5 mg.kg-1 calcium (Ca),
9.8 mg.kg-1 magnesium (Mg), 40.8 mg.kg-1 potassium
(K), 4.06 mg.kg-1 phosphorus (P), and cation exchange
capacity (CEC) of 15.84 cmolc.kg-1. Soil was air-dried,
crushed and passed through a 2 mm sieve. Soil pH (1:1)
was determined by glass membrane electrode; texture
by the pipette method (Sternberg et al., 1961); organic
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matter content by loss on ignition (Oliver et al., 2001);
and cation exchange capacity (CEC) by the ammonium
acetate method (Chapman, 1965). Direct calcium
hydroxide (Ca(OH)2) titration (Alabi et al., 1986) was
done to determine the lime response curve for soil. The
soil water characteristic curve was determined using a
dew-point potentiometer (Decagon Model WP4-T) and
gravimetry. All determinations were done to samples
of three replications.
Based on the lime response curve, sufficient
Ca(OH)2 was added to achieve different levels of
soil pH ranged from 4.5 to 6.5 in approximately
0.5 increments. Limed soils were subjected to wetting
and drying cycles until equilibrium pH was reached.
Each pot (30.5 cm x 30.5 cm x 20 cm) was filled with
4 kg of air-dried soil. Five levels of nitrogen (N) and
phosphorus (P) fertilizer treatments were applied to
the pots. Nitrogen (N) was added at 0, 10, 25, 50 and
100 mg N.kg-1 soil. Phosphorus (P) was added at 0,
10, 20, 40 and 80 mg P.kg-1 soil. Two different water
potentials (WP), wet (-50 kPa) and dry (-794 kPa)
treatments, as determined from the soil-water
characteristic curve, were imposed from 30 days after
sowing and consistently maintained using a sensorbased drip irrigation system (NETAFIM Flori 1).
Water content was measured weekly by potentiometer
(Decagon Model WP4-T) and gravimetric method
in soils collected from the pot. Central composite
rotatable design (Myers et al., 1995) with three
replications was used for this pot study in order to
reduce experimental units. Central composite rotatable
design is an experimental design to build second order
(quadratic) model for the responsible variable without
conducting a complete three level factorial experiment.
It is a 2k factorial or fraction of 2k factorial design with
three groups of design points, including two-level
factorial design points, axial or star points, and center
points. Effects and interactions between variables or
factors were calculated through ordinary least squares
method. Pots were directly seeded with mixture of
Kentucky bluegrass (Poa pratensis L.) and white
clover (Trifolium repens L.) of common varieties. The
seed mixture contained 75% bluegrass and 25% white
clover (weight basis). The seed rate was 1 g per pot
(100 g.100 sq ft-1) with 90% germination percentage.
White clover seeds were inoculated with Rhizobium
trifoli 2S-2 before sowing. The greenhouse chamber
was maintained with air temperature fluctuating
between 21-27°C (max) and 16-27°C (min), 50-60%
humidity, and 16:8 photoperiod with 230 µE.m-2.s-1
light intensity during the experiment. At the end of
the experiment (90 days after germination) herbage
dry matter accumulation of bluegrass and white
clover mixture (g per pot) was measured by clipping
at ground level and drying the herbage at 65°C to
constant weight, for 3 days. Nutrient concentration in
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plants was determined by analyzing the above ground
portion in order to understand plant uptake. Dried
herbage samples were digested with 70% concentrated
nitric acid (HNO3) in microwave (MARS 5, CEM)
(Rechcigal et al., 1990). Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES) (Perkin
Elmer P400, Norwalk, CT) was used to determine
nutrient concentration in wet digested herbage
samples. Nutrient concentrations were expressed on
a tissue dry mass basis.
Herbage accumulation data of bluegrass and
white clover mixture was analyzed using a response
surface methodology with PROC RSREG procedure
(SAS version 9.1, SAS Institute, Cary, NC, USA).
Herbage accumulation was the response variable and
WP, pH, N, and P rates were predictor variables which
were used to construct model or response function.
Linear, quadratic, and cross product terms of these
factors were also determined and used in the multiple
regression process. A step-wise regression procedure
was used to determine the best model. Adjusted R2
and p-value were used to select model parameters.
The effect of WP, soil pH, N, and P levels on the
response variable (herbage accumulation) was tested
for adequacy and fitness by analysis of variance.
Concentrations (%) of nutrients like nitrogen (N),
phosphorus (P), potassium (K), calcium (Ca), and
magnesium (Mg) in herbage were determined to
understand the effect of water potential (WP), pH, N
and P levels on plant nutrient content.
3. RESULTS AND DISCUSSION
3.1. Yield model
Analysis of variance showed that the response surface
model using factors like water potential (WP), soil
pH, nitrogen (N), and phosphorus (P) significantly
predicted herbage accumulation (response variable)
of bluegrass and white clover mixture (Table 1).
The lack of fit term was not significant when mean
observational data of experimental units was used.
But, high variability in the observational data of
experimental units was found due to large effect
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of treatments. Species composition of bluegrass
(75%) and white clover (25%) did not change due
to treatments at the time of harvest. Yield response
model was validated and observed a significant fit
between the observed (actual) yield and predicted
yield values of the model (Figure 1). WP, pH, N
and P levels were the main effects that influenced
herbage accumulation (P < 0.05) (Table 2). Cross
product terms such as WP x pH, WP x N, N x P, and
pH x N, and also pH x pH (quadratic term) showed
significant effect on herbage accumulation.
Water potential (WP) had the largest influence
on bluegrass-white clover herbage accumulation,
as indicated by sum of squares followed by
pH, P and N levels. The order of influence of
interaction terms on herbage accumulation was
WP x pH > WP x N > N x P > pH x N (Figure 2a-2d).

Predicted herbage accumulation

170

15

10

5
5

10
Actual herbage accumulation

15

Figure 1. Actual vs predicted values of herbage accumulation
using the model — Valeurs réelles de l’accumulation de
l’herbe vs valeurs simulées avec le modèle.
Dashed lines indicate 95% confidence of interval — Les lignes en
pointillé représentent l’intervalle de confiance à 95 %.

Table 1. Analysis of variance for the response surface model — Analyse de la variance pour le modèle de surface de réponse.
Source

df

Sum of Squares

Mean Square

Error

17

  1.77

0.10

Model

Lack Of Fit
Pure Error
C. Total

14
15
  2
31

45.97
  1.73
  0.03
47.74

3.28
0.11

0.01

F Ratio

Prob > F

  5.86

0.1555

31.48

< 0.0001
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Table 2. ANOVA for effects of factors and their interactions on herbage accumulation of bluegrass and white clover
mixture — Analyse de la variance pour l’effet des facteurs et de leurs interactions sur l’accumulation de l’herbe du mélange
pâturin - trèfle blanc.
Source

df

Estimates

pH

1

1.290927

P

0.002341

1

N

WP*WP

WP*N

1

-0.348249

1

-0.000399

pH*N

WP*P

1

-0.000007

pH*P

1

0.000028

1

N*N
P*P

1

5.5
Soil pH

Herbage accumulation (g per pot)
Herbage accumulation (g per pot)



- 398 kPa

*

- 794 kPa

P level (mg.kg-1)
o

15

10

5

0

20

60
N (mg.kg-1)

100

40.0876

<0.0001

0.400396

4.3879

0.0393

0

♦

10



20



40

*

80

0.0027

7.8656

0.0063

2.7762

0.0995

1.1206

0.2929

0.4430

0.000951

6.5

c

3.658000

1.0000

9.5897

0.040422

o - 199 kPa

5
4.5

<0.0001

0.0000

0.102253

♦ - 50 kPa
 - 100 kPa

10

83.3814

0.253332

Water potential
15

7.608567

0.717733

0.000006

a

<0.0001

0.875060

-0.005995

0.0003

27.3110

0.000001

0.009001

<0.0001

37.3463

2.492129

0.000021

1

798.5827

3.407858

0.001513

1

N*P

<0.0001

0.003813

1

pH*pH

399.8643

0.000952

1

WP*pH

36.487689

72.870823

0.014548

1

Pr > F

0.5076

0.0104

0.9189
Water potential

b
Herbage accumulation (g per pot)

1

F Ratio

♦ - 50 kPa
 - 100 kPa

15

- 199 kPa



 - 398 kPa
♦ - 794 kPa

10

5
0

20

40

60
80
N (mg.kg-1)

100

Soil pH

d
Herbage accumulation (g per pot)

WP (kPa)

Sum of Squares

15

10



4.5

o

5




5.5

*

6.5

6

5

0

10

25

50
80
N (mg.kg-1)

100

Figure 2. Effects of WP, soil pH, N and P levels on herbage accumulation of bluegrass and white clover mixture — Effets du
potentiel hydrique, du pH du sol, des teneurs en N et en P sur l’accumulation de l’herbe du mélange pâturin et trèfle blanc.
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Y = (0.002*WP) + (1.29*pH) + (0.009*N) + (0.014*P) + 0.0015*(WP + 422.21)*(pH - 5.5) + 0.00002*(WP +
422.21)*(N - 30.625) - 0.348* (pH - 5.5)*(pH - 5.5) + 0.009* (pH - 5.5)* (N - 30.625) - 0.0003* (N - 30.625)*
(P - 25)
     (Equation 1)
Significant main effects and their interaction terms
were used to determine the response surface function
to predict herbage accumulation of bluegrass and
white clover cropping system:
where Y is herbage accumulation of the bluegrass-white
clover mixture in g per pot, WP is water potential in kPa
units, N and P are levels of nitrogen and phosphorus
supplies in mg.kg-1 respectively.
Parameter estimates of WP, soil pH, N and P levels
indicated the positive significant effect on herbage
accumulation (Table 2). Liming effect (soil pH) on
herbage accumulation was observed as the WP level
increased from -794 kPa (Figure 2a). Effects of higher
available soil water to plants and liming increased the
utilization efficiency of N and P fertilizers that were
likely responsible to enhance the herbage accumulation.
Liming increased the soil pH from 4.7 to 5.7 and the
dry matter yield of annual ryegrass by 4.5 Mg.ha-1 on
acid coastal plain soil in Texas (Haby et al., 1996).
WP by N interaction showed overall significant
positive effect on herbage accumulation (g per pot).
The rate of increase in herbage accumulation per
unit addition of N fertilizer was higher as WP level
increased (Figure 2b). At lowest WP level (-794 kPa),
the rate of increase in herbage accumulation for
increased N fertilizer was lower than for higher WP
levels. Increase of water potential in soil was assumed
to enhance the herbage accumulation by increasing the
N fertilizer use efficiency and herbage accumulation.
Labuschagne et al. (2006) investigated the response
of perennial ryegrass (Lolium perenne L.) and white
clover (Triflium repens L.) to four N rates ranges from
0 to 180 kg N.ha-1 at four soil water potentials of -10
to -35 kPa. Primary dry matter production of ryegrass
was responded positively to increase of N (0-180 kg
N.ha-1) and soil water potential levels (-10 to -35 kPa)
and recorded with higher yields. But white clover
was not influenced by N rate and soil water potential.
Abassi et al. (2005) observed higher dry matter and
N uptake in grass swards with addition of N at below
field capacity moisture level (71% water filled pore
space). So the sufficient water potential is necessary
to make soil nutrients available to plants (fertilizer use
efficiency) through processes such as dissolution and
hydrolysis (Fiez et al., 1994).
The interaction between N and P levels also showed
a statistically significant effect on herbage accumulation
(g per pot) (Figure 2c). As the rate of applied N and
P fertilizers increased, the herbage accumulation
also showed a significant positive response. In this

study, herbage accumulation response to N supply
was stronger at the highest rate of P (80 mg.kg-1)
fertilizer. Application of N and P fertilizers seemed to
have synergistic effect on herbage accumulation by
increasing plant height, higher number of leaves per
plant, and greater leaf area. Celebi et al. (2011) also
observed the significant positive effect of N and P
fertilizer on green herbage, hay and crude protein of
natural pastures. Herbage accumulation (g per pot)
also responded significantly to the rate of nitrogen (N)
along with rise in soil pH due to liming (Figure 2d).
As the pH increased from 5.5 to 6.5 with the increase
in N rate, herbage accumulation also increased. The
response of herbage accumulation was highest as soil
pH increased from 4.5 to 5.0. But there was a decrease
in response of herbage accumulation to N additions at
pH above 5.0. Liming seemed to increase N availability
by increasing the uptake of applied N fertilizer which
helped the growth of bluegrass and white clover
mixture. Armelin et al. (2007) observed the increase
in dry matter yield and mineral content of degraded
pasture with Brachiaria decumbens due to liming
(4 t.ha-1) and application of N fertilizer.
In this study, the optimum levels of WP, pH,
N, and P were determined to maximize herbage
accumulation of bluegrass and white clover mixture
(Table 3). Higher herbage accumulation (g per pot)
can be achieved at water potential (WP) ranged from
-171 kPa to -422 kPa, pH from 5.50 to 6.13, N from 50
to 68.7 mg.kg-1, and P from 38.3 to 40 mg.kg-1.
3.2. Nutrients concentrations in bluegrass – white
clover herbage
The impact of WP, soil pH, N, and P and their interaction
effects on nutrient concentration of bluegrass and white
clover mixture were determined in order to understand
the plant nutrient uptake. This study also helps to obtain
knowledge for establishing the fertilizer application
management based on nutrient cycling in bluegrass and
white clover mixture. Concentrations (%) of nutrients
such as nitrogen, phosphorus, potassium, calcium,
and magnesium were determined (Table 4). WP and
pH had significant effects on the concentration of all
nutrients in plant tissue (Figure 3a-3e). In previous
studies, liming had shown significant positive effect on
uptake of P, S, Ca, Mg by wheat (Sultana et al., 2009)
and also increased the concentration of Ca, Mg, and P
in mountain Norway spruce needles (Kulhavy et al.,
2009).
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Table 3. Predicted response of herbage accumulation for different levels of four factors — Réponse estimée de l’accumulation
de l’herbe pour différents niveaux des quatre facteurs analysés.
Optimum conditions

Water potential (kPa)

pH

N (mg.kg-1)

P (mg.kg-1)

- 399

5.57

50.7

40.6

- 422

5.50

- 374

5.64

- 349

5.71

- 323

5.78

- 297

5.84

- 271

5.90

- 246

5.96

- 220

6.02

- 196

6.08

- 171

6.13

50.0
51.8

40.0

Predicted herbage accumulation (g per pot)
9.24
9.42

41.0

53.1

9.61

41.3

54.7

9.80

41.4

56.5
58.6

9.98

41.3

10.10

40.6

10.50

41.0

60.8
63.3

10.30

40.0

65.9

10.80

39.2

68.7

11.00

38.3

11.20

Table 4. Model significance for effects of factors and their interactions on nutrient concentrations in Kentucky bluegrass –
white clover mixture — Signification des effets des facteurs analysés et de leurs interactions sur la concentration en éléments
nutritifs du mélange pâturin – trèfle blanc.
Source

N%

P%

WP (kPa)

< 0.0001

< 0.0001

N

< 0.0001

0.9071

K%

Ca %

Mg %

0.0001

< 0.0001

< 0.0001

0.9021

0.2432

0.7878

                                  ------------------------------------------------ Pr > F -----------------------------------------------------------------pH
P

WP*WP
WP*pH
pH*pH
WP*N
pH*N
N*N

WP*P
pH*P
N*P

P*P  

< 0.0001

< 0.0001

< 0.0001

0.5486

< 0.0001

0.6819

0.9631

0.1092

0.7361
0.0138
0.8178
0.0337
0.0579
0.9476
0.4528
0.9194
0.6610

0.6211

0.0055
0.9845
0.5353
0.9320
0.0311
0.0211

0.6091
0.2511

N concentration (%) in herbage samples was
significantly affected by WP, pH and N fertilizer rate.
N concentration (%) in plant tissue samples of different
treatments ranged from 1.62 to 5.32 with standard
deviation (SD) of 0.94. Highest plant N concentration
was observed at high water potential (-50 kPa) with
100 mg N.kg-1 and soil pH 6.5. Maximum response
(with highest slope) in N concentration per unit N
fertilizer applied was observed as soil pH increased

0.9140

< 0.0001
0.8861
0.7055

< 0.0001
0.8885
0.4938

0.2996

< 0.0001

< 0.0001

0.4382

0.7250

0.3352

0.1178

0.3819
0.6692
0.8553
0.3002
0.6178
0.3640

0.0344
0.3918
0.6248
0.4527
0.8731
0.6639
0.7628

0.0812
0.9376
0.5038
0.9769
0.8282
0.8553
0.7671

from 4.5 to 5.0 (Figure 3a). Liming and high water
consumption seemed to increase the mineralization of
applied N fertilizer and uptake by plants. Stevens et al.
(1996) also observed the increase of N uptake as the
lime (0 to 8 t.ha-1) and N fertilizer (80 to 160 kg N.ha-1
per year) rates increased in two sward types (permanent
pasture and perennial ryegrass reseed).
Phosphorus concentration (%) was significantly
affected by WP, pH, and P level. P concentrations (%)
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Figure 3. Effects of water potential, soil pH, N, and P
levels on nutrient concentration in shoot tissue — Effets du
potentiel hydrique, du pH du sol, des teneurs en N et en P
sur la concentration en éléments minéraux des tissus de la
plante.
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in the plant samples from all treatments were varied
from 0.18 to 0.47 with standard deviation (SD) of
0.08. The increased of P concentration in plant tissue
at the higher WP level may be due to enhancement in
the diffusion process (Olsen et al., 1961) (Figure 3b).
Increase in pH up to 6.0 also had a significant effect on
P concentration (Figure 3c). But P concentration was
not affected by the increase of soil pH above 6.0. There
was a reduction in response of plant P concentration
as soil pH increased above 5.0. Liming increases the
availability of P to plants (up to soil pH below 9.0)
by dissolution of aluminum and iron phosphates
(Bardgett, 2005). Nuttall (1980) also measured a
significant increase of P concentration in alfalfa
(Medicago media) and bromgrass (Bromus inermis)
from 0.16 to 0.30% with the application of P fertilizer
(20 kg.ha-1). Concentration of K, Ca, and Mg in shoots
was significantly affected by WP and pH of soil
(Table 4). K, Ca, and Mg in plant tissue samples were
ranged from 1.31-3.48 (SD = 0.61), 0.70-1.56 (SD =
0.25), and 0.09-0.45 (SD = 0.10) respectively. WP
and pH showed significant effect on the concentration
of Ca and Mg in herbage samples (Figure 3d-3e).
The increased concentrations of K, Ca, and Mg were
observed at higher WP levels, possibly due to an
increase in the magnitude of mobilization processes
such as mass flow and diffusion (Mackay et al., 1985).
In this study, the increase in pH by liming also enhanced
the concentration of cations (K, Ca, and Mg) in plant
tissue. Liming reduces the toxic effect of H+ and Al3+
in acidic soils and enhances the root growth and cation
uptake by plants (Bolan et al., 2003; Tang et al., 2003;
Malavolta, 2006).
4. CONCLUSION
Soil acidity is the major limiting factor which affects
negatively the dry matter yield and nutrient concentration
of forages in Appalachian region. In this region, highly
variable topography causes large variation in physical
and chemical properties of soil which ultimately results
the variation in productivity across the landscape. This
greenhouse study was conducted with the treatments
similar to the conditions of Appalachian pastures in
which the soil properties such as water potential, soil
acidity, and N, and P levels vary across the landscape.
In this case study, the results showed that WP, soil
pH, and N and P levels had significant effects on dry
matter yield of bluegrass and white clover system and
its nutrient concentration. Yield response function was
derived for bluegrass and white clover system using
soil factors such as water potential, soil pH, N, and P
levels. Optimization of WP, pH, N, and P levels were
done to maximize the herbage production of bluegrass
and white clover mixture. Nutrient concentrations (%)

in shoot tissue was determined in this study because
the mineral nutrition represents the uptake, transport,
metabolism, and utilization of nutrients by any
cropping system. A specific minimum amount of all
nutrients is necessary for healthy forage growth and
its determination also could help to establish fertilizer
application management for grasslands. WP, soil pH
and its interaction had shown significant effect on N, P,
K, Ca, and Mg concentration in shoot tissue. Increase
in nutrient concentration was mainly associated
with increased dry matter yields. The positive effect
of liming in this greenhouse study is therefore not
surprising; liming seemed to improve the exploitation
of applied fertilizers and soil water and made nutrients
available for plant uptake. The similar impacts of water
potential, liming and N, and P level were observed
in bluegrass cropping system (Rajesh et al., 2012).  
Further field trials with similar treatments are to be
conducted to evaluate the yield response function of
bluegrass and white clover mixture and impact of WP,
soil pH, N and P rates on nutrient concentrations in
plant tissue. There is also a need to corroborate the
optimization of water potential, soil pH, N, and P
levels for bluegrass and white clover mixture in field
conditions. Yield response function for a specific
cropping system is a very useful tool to design accurate
management strategies to harmonize the production
across the highly heterogeneous landscape.
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