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Department of Plant Ecology and Weed Science, Grassland Research Station Liberec, Crop Research Institute, Rolnická 6, CZ 460 01 Liberec, Czech Republic

 r  t i  c  l  e  i  n  f  o

rticle history:
eceived 3 April 2013
ccepted 5 September 2013
vailable online 8 October 2013

eywords:
boveground biomass production
rassland management
itrogen
utrient availability and limitation

a  b  s  t  r  a  c  t

Little  is known  about  the  effects  of  either  long-term  cutting  with  herbage  removal  or  no management
on  the  nutritional  status  of  Agrostis  capillaris  and  Festuca  rubra  meadows.  We asked  how  management
affected  soil  and  herbage  chemical  properties,  herbage  yield  and  sward  height. The  experiment  with
cutting  (C)  and  unmanaged  (U) treatments  was undertaken  from  1999  to  2009  in the  Jizera  Mts.,  Czech
Republic.  Soil  and  herbage  samples  were  taken  from  2003  to  2009.

Potassium  was  the  only  nutrient  for which  the  soil  concentration  decreased  under  the  C  treatment.
Soil  K  concentration  was  175  and  210 mg  kg−1 in  the C  and U treatments,  respectively,  in  the  last  year  of
the  experiment.  Herbage  yield  as well  as sward  height  were  significantly  higher  in  the  unmanaged  than
in  the cutting  treatment  in  all years.  Concentrations  of  P and  K  in  the  herbage  biomass  were  lower  in
hosphorus
otassium

the  cutting  than  in  the  unmanaged  treatment,  but concentrations  of  N were  lower  only  in  some  years.
Concentrations  of Ca  and  Mg were  not  affected  by  the  different  treatments.  A  strong  positive  relationship
between  concentration  in  soil and herbage  was  recorded  only  for K.

In  contrast  to  K, ten years  of contrasting  management  was  too  short  a period  to  affect  plant-available
(Mehlich  III)  P, Ca  and  Mg concentrations,  but it was  long  enough  to  affect  herbage  chemical  properties
and  yield.
ntroduction

Contrasting grassland management causes changes in plant
pecies composition and species diversity (Bakker et al., 2002;
ler et al., 2005; Gaisler et al., 2004; Hejcman et al., 2010c; Pavlů
t al., 2011b; Ryser et al., 1995; Valkó et al., 2012), but may  also
ighly affect nutrient availability. In abandoned grasslands where
utrients are not exported by the harvested herbage, nutrient avail-
bility in the soil may  increase because of the input of nutrients
rom atmospheric deposition, mineralization of soil organic matter
r by weathering of soil minerals (Köhler et al., 2001). On the other
and, regular cutting with herbage removal can cause depletion
f nutrients from the soil (Schnitzler and Muller, 1998). However,
nly a small percentage of the total nutrient pool is removed by
he harvested herbage (Bakker, 1989, and citations therein). Nev-

rtheless, several authors recorded a substantial decrease in the
ool of plant-available K in the soil following long-term herbage
emoval (Alfaro et al., 2004; Hejcman et al., 2010b; Øien and
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Moen, 2001). In the case of N and P, it is not possible to detect
the effect of herbage removal performed over several years by
analysis of total N or plant-available P in the soil (Bakker, 1989)
and therefore the soil nutrient status may  be better indicated by
herbage chemical properties rather than by soil analysis (Oomes,
1990).

According to Schaffers (2002), K is the only nutrient which
shows a strong relationship between plant-available soil and
biomass concentrations. On the other hand, N and P herbage con-
centrations do not depend predominantly on their availability in
the soil but are also affected by other factors such as shading inten-
sity, soil pH and moisture. In addition, N and P concentrations in the
plant herbage are also affected by the supply N and P ratio (Hejcman
et al., 2010d; Janssens et al., 1998; Koerselman and Meuleman,
1996). Herbage removal does not accelerate depletion of soil P if
performed only for a few years, but long-term herbage removal
can substantially reduce concentrations of plant-available P in the
soil (Perring et al., 2009).
To evaluate how the management regime affects nutrient avail-
ability, it is necessary to determine which nutrient limits herbage
production because the limiting nutrient is taken up by plants
as soon as it becomes available (Köhler et al., 2001). Limitation
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Fig. 1. Location of the Jizera Mountains within th
ource: ©Geodis Brno s.r.o.

f herbage growth by N, P and K supplies can be estimated
rom their concentrations in the herbage and also from their
:P, N:K and K:P ratios, but the results of such studies are fre-
uently not straightforward (Güsewell, 2004; Lawniczak et al.,
009; Øien and Moen, 2001; Tessier and Raynal, 2003).The man-
gement regime influences not only soil and herbage nutrient
roperties and plant species composition but also sward height
nd standing biomass production (Hejcman et al., 2010a; Klimeš
nd Klimešová, 2002; Köhler et al., 2001; Øien and Moen, 2001;
avlů et al., 2011a). Lower sward height and standing biomass are
nfluenced by disturbance rather than by stress due to nutrient
epletion (Øien and Moen, 2001), and it seems that plant species
omposition is more influenced by competitive relationships in dif-
erent light conditions and under different management regimes
Ilmarinen and Mikola, 2009; Köhler et al., 2001).The relationship
etween plant-available nutrients in the soil and their concentra-
ions in the herbage under different management regimes have
een studied, especially in wet meadows (e.g. Güsewell et al.,
003; Olde Venterink et al., 2003; Wassen et al., 1995), but lit-
le attention has been paid to mountain meadows (Hejcman et al.,
010a).

In order to study the effects of either cutting or no manage-
ent, respectively, on plant species composition of species-rich
ountain hay meadows (Polygono–Trisetion), we established a

ong-term experiment in the Bukovec Nature Reserve in the Jiz-
ra Mts., at the border of the Czech Republic and Poland in 1999.
ver the following ten years, forbs cover substantially increased
nd grass cover decreased in the unmanaged treatment; the out-
ome was vice versa for the cutting treatment (for details see Pavlů
t al., 2011a).

The objective of this paper was to analyze the effects of long-
erm cutting with herbage removal in comparison with the effects
f no management on soil and herbage chemical properties (N, P,
, Ca and Mg), herbage yield and sward height. Within this context,
e aimed to answer the following research questions: (i) how are

elated soil and herbage chemical properties? (ii) how are herbage
hemical properties related to herbage yield? (iii) how do different
anagement regimes affect N:P, N:K and P:K ratios in the herbage?
iv) how does nutrient depletion by herbage removal affect nutri-
nt limitation? (v) can be nutrient depletion by herbage removal
etectable better according to the soil or the herbage chemical
roperties?
ch Republic and an aerial view of the study area.

Material and methods

Study site

The experiment was  carried out from 1999 to 2009 in a
mountain hay meadow in the Bukovec Nature Reserve in the
north-eastern part of the Jizera Mts. (Jizerské hory, Góry Izer-
skie, Isergebirge in Czech, Polish and German, respectively), Czech
Republic (50◦ 48′ 42′′ N, 15◦ 21′ 21′′ E; Fig. 1). The altitude of
the study site is 910 m a.s.l., the average annual precipitation is
1500 mm and the mean annual temperature is 4.5 ◦C. The bedrock
of the Jizera Mts. is mainly granite, but patches of basalt occur at
the study site. The soil type is Cambisol. The following soil chemical
properties were recorded in the upper 0–10 cm at the beginning of
the study (2004): pH/KCl, 4.4; concentration of plant-available P,
15 mg  kg−1 (very low); plant-available K, 198 mg kg−1 (good); and
plant-available Mg,  300 mg  kg−1 (good) – extracted by Mehlich III
reagent (Mehlich, 1984). The experimental meadow was cut once
per year and herbage had been removed each year since at least 50
years before the start of the experiment.

The experimental grassland was  classified as a Polygono
bistortae–Trisetion flavescentis (short name Polygono–Trisetion)
alliance. The dominant species at the beginning of the experiment
were Festuca rubra, Agrostis capillaris, Trisetum flavescens,  Cirsium
heterophyllum and Geranium sylvaticum.  The mean cover of the
main grasses, legumes and forbs in both treatments for the years
2003–2009 is given in Table 1.

Experimental design

The experiment was  established in five completely randomized
blocks with an individual experimental plot of size 5 m × 5 m.  The
treatments investigated were: one cut per year with removal of the
cut biomass in mid-July (cutting treatment); and unmanaged grass-
land (unmanaged treatment). Cutting treatment was considered as
the control because the grassland was  cut before establishment of
the experiment.
Soil chemical properties

Soil samples were collected in July in the years 2004–2009.
Three soil sub-samples were collected from the upper 10 cm of
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Table  1
Cover (in %) of grasses, legumes and forbs and cover of the most abundant species in
each functional group. Numbers represent mean values in cutting (C) and unman-
aged (U) treatments for the years 2003–2009 (for detail see Pavlů et al., 2011a).

Species Treatment

C U

Total cover of grasses 53.2 32.7
Agrostis capillaris 17.4 10.2
Briza media 4.9 1.8
Festuca rubra 19.9 7.1
Luzula luzuloides 4.6 6.8
Trisetum flavescens 6.4 6.8
Total cover of legumes 13.3 3.2
Trifolium repens 9.3 0.7
Trifolium pratense 2.0 0.1
Vicia cracca 2.0 2.5
Total cover of forbs 63.9 98.5
Alchemilla sp. 6.8 8.4
Bistorta major 4.4 5.7
Cirsium heterophyllum 17.9 32.6
Crepis mollis 5.3 4.8
Geranium sylvaticum 12.2 18.1
Hypericum maculatum 3.4 18.7
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Meum athamanticum 9.5 6.7
Potentilla erecta 4.4 3.5

he soil profile per each 5 × 5 m monitoring plot. The soil sam-
les were air-dried, biomass residues and roots were removed
nd the sample was then ground in a mortar and sieved to 2 mm.
ll chemical analyses were performed in an accredited laboratory
kolab Žamberk (www.ekolab.cz); plant-available P, K, Ca and Mg
ere extracted by Mehlich III (Mehlich, 1984) reagent (composi-

ion: 0.2 M CH3COOH + 0.25 M NH4NO3 + 0.013 M HNO3 + 0.015 M
H4F + 0.001 M EDTA, usage: 25 cm3 reagent per 2.5 cm3 soil) and

hen determined by inductively coupled plasma–optical emission
pectrometry (ICP–OES). Total N was analyzed by the Kjeldahl
ethod and organic C by means of colorimetry (AOAC, 1984). The
ean of three sub-samples per monitoring plot was used for sta-

istical analyses.

erbage chemical properties, yield and sward height

Herbage samples were taken in the years 2003–2009. Dry mat-

er herbage yield in both the cutting and unmanaged treatment
as measured in three sub-plots each of 50 cm × 25 cm within

ach 5 m × 5 m experimental plot at a stubble height of 3 cm.
he sampling site in the unmanaged treatment was a 1-m wide

able 2
esults of repeated measures ANOVA (year, treatment, year × treatment) of soil and herb

Year 

F-ratio P-value 

Soil pH/KCl 16.46 <0.001 

Corg 2.09 0.083 

Ntot 5.08 0.001 

P  2.40 0.066 

K  1.04 0.398 

Ca  2.96 0.031 

Mg  8.35 <0.001 

Herbage Yield 67.94 <0.001 

Sward height 5.08 <0.001 

N  31.97 <0.001 

P  2.78 0.028 

K  3.39 0.011 

Ca  2.25 0.065 

Mg  1.73 0.147 

N:P  1.30 0.281 

N:K  3.02 0.019 

K:P  1.37 0.253 

 represents the value derived from F statistics in repeated measurements ANOVA and P r
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unmanaged strip in the 5 m × 5 m experimental plots. Herbage
was collected from different sub-plots in each year in order to
avoid any residual effect of herbage collection from the previous
year. The harvested herbage was dried until totally desiccated at
85 ◦C and dry matter yield was then determined. The mean of
three sub-samples per experimental plot was used for statistical
analyses.

Compressed sward height was measured using a rising plate
meter (Castle, 1976). We  performed ten measurements per each
experimental plot before vegetation sampling in each vegetation
season.

N, P, K, Ca and Mg  concentrations were determined from the
herbage samples collected for analysis of dry matter herbage yield
after digestion in aqua regia by ICP–OES in the accredited lab-
oratory, Ekolab Žamberk. The amount of N, P, K, Ca and Mg  in
the herbage was determined by multiplying the herbage dry mat-
ter yield by the concentrations of N, P, K, Ca and Mg  in the
herbage.

Data analysis

A repeated-measures ANOVA was used to evaluate the effect
of year, treatment and the year*treatment interaction on soil and
biomass chemical properties, herbage yield, sward height and on
the amount of nutrients in the herbage. To identify significant dif-
ferences between treatments in individual years, a one-way ANOVA
was used. We  used ANOVA as all the required assumptions were
met.

The relationships between herbage yield, sward height, soil and
biomass chemical properties were analyzed by linear regression
analysis. All analyses were performed in Statistica 9.0 program
(www.statsoft.cz).

Results

Soil chemical properties

Calculated by repeated-measures ANOVA, a significant effect of
year on total N content, plant-available concentrations of Ca and
Mg and on pH/KCl was recorded (Table 2). There was no signifi-

cant effect of treatment or the year*treatment interaction on any
of the measured soil chemical properties. The highest total nitro-
gen content of 9000 mg  kg−1 was  recorded in 2008; this value was
very different from the mean value of 7300 mg  kg−1 recorded in all

age chemical properties.

Treatment Year × Treatment

F-ratio P-value F-ratio P-value

0.04 0.842 0.30 0.909
0.13 0.724 0.20 0.962
0.28 0.602 0.18 0.970
0.01 0.935 0.55 0.703
2.65 0.112 0.82 0.523
0.93 0.342 0.67 0.615
2.39 0.130 0.63 0.642

124.39 <0.001 1.87 0.101
331.33 <0.001 1.84 0.107

3.85 0.056 4.59 0.002
5.63 0.022 0.64 0.672

87.31 <0.001 0.49 0.784
0.39 0.536 1.63 0.171
0.54 0.467 0.74 0.595
2.83 0.099 0.40 0.085

55.56 <0.001 1.34 0.264
19.62 <0.001 0.65 0.666

epresents the related probability value.

http://www.ekolab.cz/
http://www.statsoft.cz/
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Fig. 2. (a) Sward height, (b) dry matter herbage yield, (c) relationship between sward height and dry matter herbage yield, (d) concentration of total nitrogen in the soil, (e)
c reatm
e nt at �
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oncentration of Mehlich III phosphorus and (f) potassium in the soil. C – cutting t
ach  year calculated by a one-way ANOVA are indicated by asterisks (* – significa
tandard error of the mean (SE).

ther years (Fig. 2d) The concentration of plant-available P ranged
rom 12 to 22 mg  kg−1, with the highest values recorded in 2008
Fig. 2e). The concentration of plant-available K clearly decreased
n the cutting treatment, from 220 mg  kg−1 in 2004 to 175 mg  kg−1

n 2009 (Fig. 2f). No decrease was recorded in the unmanaged treat-

ent and differences between treatments were significant in 2008

nd 2009. Mean values of pH/KCl, organic C, C:N ratio, total N con-
ent and plant-available concentrations of P, K, Ca and Mg  in both
reatments for all years are given in Table 3.
ent, U – unmanaged treatment. Significant differences between treatments within
 0.05, ** – significant at � 0.01, *** – significant at � 0.001). Error bars represent

Herbage yield and sward height

Calculated by repeated-measures ANOVA, a significant effect
of year and treatment on herbage yield and sward height was
recorded. A significant effect of the year*treatment interaction

was recorded only in the case of herbage yield (Table 2). Herbage
yield and sward height were significantly higher in the unman-
aged than in the cutting treatment in all years (Fig. 2a and b).
For the years 2003–2008, the mean herbage yield was 231 and



L. Pavlů et al. / Flora 208

Table  3
Soil and herbage chemical properties.

Treatment

C U

Soil pH/KCl 4.4 4.4
Corg mg  kg−1 102758 100959
Ntot mg  kg−1 7602 7467
P mg kg−1 15.8 16.1
K mg  kg−1 196 210
Ca mg  kg−1 1177 1242
Mg  mg  kg−1 348 378
C:N 13.6 13.6

Herbage N  g kg−1 16.0 16.5
P g kg−1 1.7 1.8
K g kg−1 11.1 14.6
Ca g kg−1 10.1 10.3
Mg  g kg−1 4.2 4.1
N:P 9.7 9.2
N:K 1.5 1.1
K:P 6.8 8.2

Numbers represent mean values in cutting (C) and unmanaged (U) treatments for
t
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Herbage yield and sward height
he years 2003–2009.

31 g m−2 and mean sward height was 13 and 24 cm in the cut-
ing and unmanaged treatments, respectively. Herbage yield was
ignificantly positively correlated with sward height regardless of
reatment (Fig. 2c).

erbage chemical properties

Calculated by repeated-measures ANOVA, a significant effect of
ear on concentrations of N, P and K was recorded. A significant
ffect of treatment on the concentrations of P and K was  recorded;

 significant effect of the year*treatment interaction was  recorded
nly for N concentrations (Table 2). The concentrations of N ranged
rom 13 to 19 g kg−1 and were significantly higher in the unman-
ged treatment only in 2003 and 2007 (Fig. 3a) The concentration
f P ranged from 1.5 to 2.0 g kg−1 and was generally slightly higher
n the unmanaged treatment, but differences between treatments

ere not significant in individual years (Fig. 3b). The concentration
f K was significantly higher in the unmanaged than in the cutting
reatment in all years (Fig. 3c). The mean K concentration over all
ears was 11 and 15 g kg−1 in the cutting and unmanaged treat-
ents, respectively. The mean concentrations of Ca and Mg  over

ll years are given in Table 3.
The mean N:P ratio for all years was 9.7 and 9.2 in the cutting

nd unmanaged treatments, respectively, and differences between
reatments were not significant in individual years (Fig. 3d). The

ean N:K ratio for all years was 1.5 and 1.1 in the cutting
nd unmanaged treatments, respectively, and differences between
reatments were significant in all years (Fig. 3e). The mean K:P
atio for all years was 6.8 and 8.2 in the cutting and unmanaged
reatments, respectively, and differences between treatments were
ignificant only in 2007 and 2008 (Fig. 3f).

In both treatments, the concentration of N in the herbage
ecreased with increasing herbage yield (Fig. 4a) Concentrations
f P and K decreased with increasing herbage yield only in the
utting treatment (Fig. 4b and c). In both treatments, a negative
elationship between total soil N content and concentration of

 in the biomass was recorded (Fig. 4d). The concentration of
 in the herbage was positively related to the concentration of
lant-available P in the soil only in the cutting treatment (Fig. 4e).

oncentrations of K in the herbage were positively related to the
oncentration of plant-available K in the soil in both treatments
Fig. 4f).
 (2013) 599– 608 603

Amount of nutrients in the herbage

Calculated by repeated-measures ANOVA, a significant effect of
year and treatment on the amount of N, P, K, Ca and Mg  in the har-
vestable herbage was recorded. The interaction of year*treatment
was significant only in the case of K (Table 4). With the exception
of Ca and Mg in 2003, the quantity of nutrients in the herbage was
significantly higher in the unmanaged than the cutting treatment.

Discussion

Soil chemical properties

Ten years of observing different management regimes was  too
short a period to affect significantly total N content and plant-
available concentrations of P, Ca and Mg  in the soil. The result of
there being almost no effect over the ten years of the cutting regime
on plant-available concentrations of P, Ca and Mg  is in agreement
with other grassland management studies (Hansson and Fogelfors,
2000; Hejcman et al., 2010a; Ilmarinen and Mikola, 2009; Köhler
et al., 2001; Øien and Moen, 2001; Perring et al., 2009; Schaffers
et al., 1998). A decrease in plant-available concentrations of P, Ca
and Mg  by cutting and herbage removal management is a long-
term process, as the amount of annually removed P, Ca and Mg  is
relatively low (Pavlů et al., 2011b). It seems that it was the type
of management regime rather than nutrient depletion that could
have been the key factor for vegetation changes in the mountain hay
meadow, at least in the initial period after the contrast management
regimes were introduced.

Furthermore, the soils under the cutting management regime,
where plant-available P concentrations in the soil were reduced by
biomass removal, are more exposed to freezing and thawing. These
soils therefore freeze earlier in the autumn and frost penetrates
deeper than it does under unmanaged grassland, so the availabil-
ity of P in these soils can be increased (Øien and Moen, 2001); this
results in there being a similar amount of plant-available P in the
soil under the cutting and as well as under the unmanaged treat-
ments. As recorded in this study and also by other authors (Novák
et al., 2013; Pavlů et al., 2012), a high cover of the short grass A. cap-
illaris is a very good indicator of low P availability in the grassland
soil.Ten years of cutting and herbage removal management was
sufficient significantly to decrease plant-available concentrations
of K in the soil. The decrease in K availability under the regime of
regular cutting and biomass removal is in accordance with results
obtained from several other grassland studies (Alfaro et al., 2003,
2004; Koerselman et al., 1990; Schaffers et al., 1998). A possi-
ble explanation for this is that soil with high organic matter and
low clay content was  not able to release enough K by weather-
ing of clay minerals in order to compensate for the K removed by
the harvested herbage (Kayser and Isselstein, 2005). A substantial
decrease in plant-available concentrations of K in our experiment
was recorded despite the K concentration being evaluated as “good”
for productive grasslands (Budňáková et al., 2004). The same result
of a substantial decrease in the concentration of K under the cut-
ting management regime, despite “very high” K concentrations in
the soil, was  recorded by Hejcman et al. (2010a) after six years
of cutting and herbage removal management in mountain grass-
land of low productivity on organic soil. It seems that the Mehlich
III extraction procedure does not correctly predict the amount of
plant-available K in soils with high organic matter content.
The studied grassland was classified as being of low productiv-
ity, as the mean dry matter herbage yield in both treatments over
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Fig. 3. Concentration of (a) N, (b) P, (c) K in the herbage and (d) N:P, (e) N:K and (f) K:P rations in the herbage. C – cutting treatment, U – unmanaged treatment. Significant
d re indi
a

a
l
p
i
c
1
d
t
o

ifferences between treatments within each year calculated by a one-way ANOVA a
t  � 0.001). Error bars represent standard error of the mean (SE).

ll years was below 300 g m−2, the limit for low productive grass-
ands in Central Europe (Hejcman et al., 2010d). The low production
otential of the grassland was also in accordance with the C:N ratio

n the soil, which was 13.6, and this is in accordance with the con-
lusions of Hejcman et al. (2010b), that is, that a C:N ratio below

0 is characteristic for highly productive and above 10 for less pro-
uctive grasslands. Low biomass production was also indicated by
he dominance of low productive A. capillaris in the sward because
f the generally low nutrient availability. Another typical feature
cated by asterisks (* – significant at � 0.05, ** – significant at � 0.01, *** – significant

of this mountain grassland was the very high year-to-year variabil-
ity in herbage production, similar to other mountain grasslands in
the borderland between the Czech Republic and Poland (Hejcman
et al., 2009, 2010a).

The positive correlation between the compressed sward height

and herbage yield (r = 0.53) was  lower than the correlation recorded
in monoculture stands of Medicago sativa (r = 0.85; Hakl et al., 2012).
This relatively weak correlation can be explained by the heteroge-
neous vegetation structure that occurred due to the presence of
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Fig. 4. Relationships between (a) nitrogen, (b) phosphorus and (c) potassium concentration in the herbage and herbage yield and relationships between (a) nitrogen, (b)
p tting 

w ificant
s

s
u
h
g

H

h

hosphorus and (c) potassium concentrations in the soil and in the herbage. C – cu
ithin  each year calculated by a one-way ANOVA are indicated by asterisks (* – sign

tandard error of the mean (SE).

pecies with different heights (Pavlů et al., 2011a). Therefore, the
se of the compressed sward height in the precise prediction of
erbage yield could be problematic in semi-natural species rich
rasslands.
erbage chemical properties

The forage quality of the herbage was generally low, and the
erbage from this low productivity grassland was  not suitable for
treatment, U – unmanaged treatment. Significant differences between treatments
 at � 0.05, ** – significant at � 0.01, *** – significant at � 0.001). Error bars represent

feeding high yielding milk cows. This is because the recorded con-
centrations of N (16 to 16.5 g N kg−1) and P (1.7 to 1.8 g P kg−1)
were far below the optimal N and P concentrations for dairy cow
nutrition, which range from 19 to 25.8 g N kg−1 and from 2.3 to
3.7 g P kg−1 (Whitehead, 2000). In addition, the low forage qual-

ity of the herbage was  also indicated by the above-optimum K, Ca
and Mg  concentrations. The concentration of K ranged from 11 to
14 g K kg−1 compared to the optimum 3 to 8 g K kg−1, the concen-
tration of Ca ranged from 10.1 to 10.3 g Ca kg−1 with an optimum of
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Table 4
Nutrient content in the above-ground herbage per m2, results of one-way ANOVA for each year from 2003 to 2008, and ANOVA repeated measures.

Year Treatment Nutrient

K g m−2 Ca g m−2 Mg g m−2 P g m−2 N g m−2

2003 C 3.66 3.34 1.45 0.53 4.75
U  5.93 4.70 1.73 0.74 6.61

**  n.s. n.s. * *
2004 C  1.83 1.72 0.68 0.29 2.77

U  4.40 3.09 1.25 0.58 5.39
***  * ** *** ***

2005 C  1.09 0.99 0.40 0.16 1.63
U  2.33 1.46 0.61 0.30 2.75

**  ** ** ** **
2006 C  2.97 2.34 1.02 0.38 3.74

U  5.84 3.61 1.48 0.68 6.03
***  * * *** ***

2007 C  2.96 2.43 1.02 0.45 4.48
U  5.05 3.34 1.36 0.59 5.85

***  * * * **
2008 C  2.56 2.82 1.23 0.45 4.16

U  5.26 4.58 1.74 0.65 5.60
***  ** ** * **

Effect  of ANOVA
repeated measures

T *** *** *** *** ***
Y  *** *** *** *** ***
T  × Y * n.s. n.s. n.s. n.s.

N nt, * –
a
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p
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e
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c
r
i
t
w
i

umbers represent average of five replicates; n.s. – result of ANOVA was not significa
t  � 0.001; C – cutting and U – unmanaged treatments; Y – year, T – treatment.

.9 to 5.8 g Ca kg−1 and, finally, the concentration of Mg  ranged from

.2 to 4.1 g kg−1 with an optimum of 1.6 to 2 g Mg  kg−1 (Whitehead,
000). Herbage from this A. capillaris and F. rubra dominated grass-

and can rather be used for feeding beef cattle or sheep, which have
ower forage quality requirements than have a high milk yielding
airy cattle.

Concentrations of N and P in the herbage were comparable
ith values recorded in F. rubra-dominated grasslands by Pavlů

t al. (2012) or with those for low productivity wetlands (Wassen
t al., 1995). According to Wassen et al. (1995), concentrations of

 in wetlands of below 14 g kg−1 and concentrations of P below
.7 g kg−1 at the peak of growing season are indicators of N and P

imitation. The importance of N, P co-limitation for the existence
f low productive grasslands was demonstrated also in grassland
andscape studies by Klaus et al. (2011, 2013) or by a long-term fer-
ilizer experiment by Oelmann et al. (2009). Regional differences
reclude generalization, but the regional replication is of major

mportance for studies seeking general insights into productivity-
iversity relationships (Klaus et al., 2013).

The similar concentrations of N found in the herbage in both
reatments were probably a result of the N removed in the har-
ested herbage being compensated by N2 fixation, as the cover of N2
xing legumes (Trifolium repens and T. pratense) was substantially
igher in the cutting than in the unmanaged treatment. For exam-
le, the apparent transfer of N from legumes to grasses can exceed
00 kg N ha−1 per year (Elgersma and Hassink, 1997). In addition,

 higher proportion of N-rich legumes, together with a lower pro-
ortion of N-poor stems in the cutting compared to the unmanaged
reatment is another possible explanation for there being similar
oncentrations of N in the herbage from both treatments.

High year-to-year fluctuations in N concentrations can be
xplained by the different herbage production in particular years
nd also by year-to-year differences in plant species composi-
ion. Generally, in years with a high herbage production, lower
oncentrations of N in the herbage were recorded. This negative
elationship between herbage yield and herbage N concentration

s called the dilution effect; it indicates that the N concentration in
he herbage must be evaluated with respect to the herbage yield,
hich is in turn directly related to the phenological stage of the

ndividual species (Duru and Ducrocq, 1997; Hejcman et al., 2010d).
 result significant at � 0.05 and ** – result significant at � 0.01,*** – result significant

The existence of a negative relationship between total soil N con-
tent and the concentration of N in the herbage, means that the total
content of N is a negative indicator of N availability in the soil in our
experiment. High total N content in the soil is connected with poor
soil quality, resulting in an accumulation of soil organic matter and
its slow mineralization.

The slightly higher concentration of P in the herbage from the
unmanaged compared to the cutting treatment could be explained
by the continuous removal of P from the grassland in latter treat-
ment. This removal was  not reflected in the concentration of
plant-available P in the soil extracted by a relatively strong Mehlich
III solution. Ten years under different management was not a suffi-
ciently long period of time to detect these small changes in the soil
P status; this observation is in accordance with several other long-
term studies using CAL extraction (Hejcman et al., 2010c; Pavlů
et al., 2011b). Moreover, small differences in plant-available con-
centrations of P in the soil extracted by Mehlich III solution can
result in very high differences in herbage P concentrations, as was
also recorded in mountain grasslands by Hejcman et al. (2007) and
Semelová et al. (2008). Higher P concentrations in the herbage from
the unmanaged treatment can at least partly be explained by the
higher forb cover there (Pavlů et al., 2011a), with forbs generally
being more P-rich than are grasses (Pirhofer-Walzl et al., 2011). The
negative relationship between herbage yield and P concentration
was explained by the dilution effect described for P by Duru and
Ducrocq (1997).

The significantly higher concentration of K found in the herbage
from the unmanaged compared to the cutting treatment is consis-
tent with a gradual decrease in the concentration of plant-available
K in the soil. The decrease in herbage K concentrations was  recorded
substantially earlier than the decrease in plant-available K concen-
trations in the soil. It seems that soil analyses of plant-available K
are not as sensitive as analyses of herbage K concentrations, and soil
K status can be better predicted by the herbage K analysis: this was
also noted by Oomes (1990). This result is consistent with the con-
clusion of Schaffers (2002), who  found K to be the nutrient with the

strongest relationship between the soil and herbage concentration.

In addition to the low N concentration in the herbage, a rel-
atively low availability of N in the studied grassland was also
indicated by the N:P ratio in the herbage, which was below 11 in
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oth treatments over all years, indicating that the herbage pro-
uction was N-limited. According to the experience of Koerselman
nd Meuleman (1996), Olde Venterink et al. (2003) and Güsewell
2004), N-limitation of herbage production is to be expected if the
:P ratio is below 14 in wet grasslands. Klaus et al. (2011) con-
rmed validity of this threshold also for mesic managed grasslands
itrogen limitation of herbage production was also indicated by the
iomass N:K ratios, which were lower than 2.1, a threshold value for
armonic nutrition in wet grasslands (Olde Venterink et al., 2003).

onclusion

Despite ten years of nutrient depletion by herbage removal,
 was the only nutrient of which the plant-available concentra-

ion significantly decreased. Likewise, K was the only nutrient with
trong relationship between the soil and herbage concentration.
ong-term cutting management can induce N, P and K limitation in
erbage production, which can be better analyzed using biomass
ather than soil chemical properties.
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