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8HIS
4H(
THESIS
FOCUSED
ON
THE
ROOT
SYSTEMS
AND
THE
NODULATION
WITHIN
THE
FAMILY


�������� �LEGUME
 FAMILY��
0EGUMES
ARE
KNOWN
 FOR
 THEIR
 SYMBIOTIC
 RELATIONSHIP

BETWEEN
 THEIR
 ROOT
 SYSTEMS
 AND
 ���,#��(! S� L�
 BACTERIA�
 8HIS
 ASSOCIATION

ENABLES
 THESE
 PLANTS
 TO
 UTILIZE
 AERIAL
 2��
 WHICH
 IS
 INACCESSIBLE
 TO
 MANY
 OTHER


SPECIES�
8HEMOST
IMPORTANT
FORAGE
PLANTS
BELONG
TO
THIS
FAMILY�
8HE
 THESIS
 CONSISTS
 OF
 FIVE
 PARTS�
 -N
 THE
 FIRST
 PART
 THE
 INTRA� AND
 INTERSPECIFIC

VARIABILITY
 OF
 ROOT
 SYSTEMS
 OF
 �� LEGUME
SPECIES
 WERE
 INVESTIGATED
 IN
 THE
 FIELD�


6OOT
 SYSTEMS
 AND
 NODULES
 OF
 INDIVIDUAL
 SPECIES
 AS
 WELL
 AS
 ENVIRONMENTAL

INFLUENCES
ON
ROOT
MORPHOLOGY
WERE
DESCRIBED�
 -T
BECAME
APPARENT
THAT
THE
ROOT

SYSTEMS
OF
COMMON
)UROPEAN
LEGUMES
ARE
HIGHLY
VARIABLE�
8HE
VARIABILITY
OF
ROOT

SYSTEMS
 WAS
 ATTRIBUTED
 TO
 6AUNKIEARkS
 LIFE
 FORMS
 RATHER
 THAN
 THE
 MEMBERSHIP


OF SPECIES
IN
TRIBES�
8HE
 SECOND
 AND
 THIRD
 PART
 OF
 THE
 THESIS
 EXAMINED
 THE
 INFLUENCE
 OF
 NUTRIENT

AVAILABILITY
 �24/�
 ON
 HARESFOOT
 CLOVER
 ��%��# �(!� �%)�"&��
 AND
 ZIGZAG
 CLOVER


��� !���(!�
 IN
 POT
 EXPERIMENTS
 WITH
 ALKALINE
 SOIL�
 *IRST
 IT
 IS
 SHOWN

THAT THE ACIDICOLE
BEHAVIOUR
OF
�� �%)�"&� IS
BASED
ON
4
LIMITATION
WHEN
GROWING

ON ALKALINE SOIL�
 8HE
 RELATIVELY
 LARGE
 ROOT
 SYSTEM
 OF
 �� �%)�"&� IN
 TREATMENTS


WITH 4
 CONTRASTED
 HIGHLY
 WITH
 THE
 POORLY
 DEVELOPED
 ROOT
 SYSTEMS
 IN
 OTHER

TREATMENTS�
 7ECOND
 IT
 IS
 DEMONSTRATED
 THAT
 �� !���(! CAN
 BE
 RECOMMENDED

AS A SUITABLE
 LEGUME
 SPECIES
 FOR
 CULTIVATION
 ON
 ALKALINE
 SOILS�
 -T
 REQUIRED

A RELATIVELY
HIGH
4
AND
/
SUPPLY
AS
WELL
AS
ADDITIONAL
MINERAL
2
SUPPLY
TO
ACHIEVE


MAXIMUM
 GROWTH
 POTENTIAL�
 8HE
 MINERAL
 2
 REQUIREMENTS
 OF
 �� !���(! WERE

SUBSTANTIALLY
HIGHER
THAN
OF �� �%)�"&� PLANTED
IN
THE
SAME
SOIL�
8HE THESIS
IS
COMPLETED
WITH
AN
INVESTIGATION
OF
TWO
OF
THE
MOST
IMPORTANT
FORAGE


LEGUMES�
 NAMELY
 ALFALFA
 ��������#� &�'�)��
 AND
 RED
 CLOVER
 ��� $%�'�"&���
 &OTH

SPECIES
WERE
COMPARED
AT SITES
WITH
ORGANIC
 FARMING
AND
DIFFERENT
SOIL
 TEXTURE�

8HE
HERBAGE
YIELD
FROM
THE
SECOND
AND
THIRD
CUT
WAS
SIGNIFICANTLY
AFFECTED
BY
SITE�


8HE
 BIOMASS
 OF
 BELOWGROUND
 ORGANS
 WAS
 NOT
 SIGNIFICANTLY
 AFFECTED
 BY
 SITE

OR BY TIME�
 �������# &�'�)� CREATED
 LESS NODULES
 AND
 LATERAL
 ROOTS

THAN �� $%�'�"&�� 6OOT
 BRANCHING
 OF
 BOTH
 SPECIES
 WAS SLIGHTLY
 HIGHER
 AT
 SITES

WITH A
 HIGHER
 SAND
 CONTENT�
 1ORE
 BRANCHED
 ROOTS
 CREATED
 MORE
 NODULES�


8HE NUMBER
OF
NODULES
PER
PLANT
DECREASED
DURING
THE
SEASON�

8HE
THESIS
PROVIDES
IMPORTANT
INSIGHTS
INTO
ROOT
TRAITS
OF
LEGUMES
AND
THEIR
ABILITY

OF
NITROGEN
 FIXATION�
 -N
 LIGHT
 OF
 FUTURE
CHALLENGES
 TO
AGRICULTURE�
 LIKE
E�G�
SCARCITY


OF RESOURCES
 AND
 LAND�
 CLIMATE
 CHANGE
 AND
 BIODIVERSITY
 LOSS�
 THE UTILIZATION
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OF ECOSYSTEM
SERVICES
WILL
GAIN
MORE
ATTENTION�
6ESULTS
OF
THIS
WORK
ARE
THUS
NOT

ONLY
INTERESTING
FROM
A SCIENTIFIC
PERSPECTIVE
BUT
ALSO
FROM
A
PRACTICAL
AGRONOMIC

POINT
OF
VIEW�
3RGANIC
AS
WELL
AS
CONVENTIONAL
 FARMERS
CAN
USE
 THESE
 FINDINGS

IN THE
 FUTURE
 TO
 INCREASES
BENEFITS
 FROM
 LEGUME
CROPS
AND
 IMPROVE
 THEIR
OVERALL


HERBAGE
YIELDS�

/EYWORDS"
0EGUMES�
NODULATION�
NUTRIENT
AVAILABILITY�
SOIL
TEXTURE�
SPECIES

VARIABILITY�
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Root system variability in common legumes in Central Europe

Lucie Chmelíková & Michal Hejcman*

Department of Ecology, Faculty of Environmental Sciences, Czech University of Life Sciences, Kamýcká 129, CZ-16521
Prague 6 – Suchdol, Czech Republic; e-mail:hejcman@fzp.czu.cz

Abstract: The aim of this study was to provide an overview of field measured root systems of common legume species
growing under different environmental conditions in the Czech Republic. The plants, 214 individuals of 21 selected legume
species from the tribes Galegeae (Astragalus glycyphyllos, Lupinus polyphyllus), Genisteae (Cytisus scoparius, Genista
tinctoria), Loteae (Anthyllis vulneraria, Lotus corniculatus, Securigera varia), Trifolieae (Trifolium arvense, T. campestre,
T. medium, T. pratense, T. repens) and Vicieae (Lathyrus pratensis, L. sylvestris, Vicia angustifolia, V. cracca, V. hirsuta),
were collected using the monolith method from 27 sites.
A rhizome was present in seven species and the maximum branching order was three for 15 species and five for five species.
Recovery buds were recorded on the root system of eight species and woodiness was recorded in 11 species. Root diameter
ranged from 1 to 12 mm – the minimum diameter was recorded in annuals and the maximum in perennials. The colour
of the root system ranged from light to dark. In six species, young roots were light and older roots were dark. Globose,
cylindrical, branched, fan-like and ruff-like nodules were recorded. Only one type of nodule shape was recorded in 11 species,
two in seven species and three or four in three species. Nodules measured up to 2 mm in nine species, from 2 to 4 mm in
three species and more than 4 mm in nine species. Legume root systems are highly variable and the variability was due to
Raunkier’s life forms rather than membership of a tribe.

Key words: annual and perennial species; environmental conditions; Fabaceae; nodules and nodulation; Raunkier’s life
form

Introduction

Legumes (family Fabaceae) comprise more than 650
genera and 18,000 species and are found almost world-
wide (Doyle 2001). In Europe, the temperate herba-
ceous legumes are divided into eight tribes (Polhill
1981). Legumes are known for their symbiotic relation-
ship with Rhizobium s.l. bacteria, enabling them to
utilize aerial N2, which is inaccessible to many other
species (Garg & Geetanjali 2007; Novák 2010). Symbi-
otic nitrogen fixation makes legumes highly competitive
especially in environments limited by mineral (NO−

3
and NH+4 ) nitrogen and with an adequate phosphorus
and potassium supply (Honsová et al. 2007; Jackson et
al. 2008). The presence of Rhizobium bacteria in the
soil initiates nodulation – i.e. the creation of nodules of
several shapes on the roots of legumes. Nodulation can
be affected by soil salinity and pH, moisture, tempera-
ture and nutrient availability (Zahran 1999). In previ-
ous studies, the formation of nodules was recorded only
when plants were grown in mineral nitrogen-deficient
soils (Hirsch 1992), whereas high phosphorus together
with high mineral nitrogen availability in the soil sup-
pressed (Truongt & Brix 2009) or entirely inhibited
nodulation (Roumet et al. 2008). According to Corby
(1988), nodule shape is associated with legume taxo-

nomy and can be species-specific (Zahran 1998) or
tribe-specific (Rejili et al. 2007). In addition to nodula-
tion, the response of the root system to soil conditions
is believed to be life form (Johnson & Biondini 2001)
or species-specific (Mia et al. 1996).
In this study, root systems were defined as the net-

work of underground organs. As plants are sessile and
therefore cannot select the best site for life, their root
systems must be sufficiently plastic to cope with vari-
able soil conditions, especially with water and nutrient
availability (Briggs &Walters 1997; Hodge 2004; Sultan
2000; Šmilauerová & Šmilauer 2010).
The root systems of individual plants can be highly

modified by root competition as the competition for nu-
trients provokes higher energy investment into roots in
order to increase their density and length (Olde Ven-
terink & Güsewell 2010). The presence of nutrient-rich
patches in the soil profile may also modify the root sys-
tem because roots are able to proliferate and grow pref-
erentially into nutrient-rich patches (Robinson 1994;
Forde & Lorenzo 2001; Hejcman et al. 2011).
Lucero et al. (1999) concluded that water deficit

increases the rooting depth of Trifolium repens. Ac-
cording to Skinner & Comas (2010), drought stress in-
creased not only the root depth of six legumes but also
the length of their roots. On the other hand, waterlog-
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ging increased the root crown diameter of Lotus glaber
in a study by Mendoza et al. (2005).
At the individual species level, some of the variabil-

ity in root system morphology can be ascribed to life
form and nutrient acquisition and conservation strate-
gies. The root systems of perennials are more randomly
branched and have larger diameter roots than annuals
(Roumet et al. 2006, 2008). On the other hand, dichoto-
mously branched root systems are more typical in an-
nuals (Gross et al. 1993). This may explain the nutrient
conservative strategy of perennials and the high nutri-
ent uptake capacities of annuals recorded by Roumet et
al. (2006). According to Antos & Halpern (1997), dif-
ferent annual species have a similar root morphology,
differing from perennials especially in terms of rooting
depth.
Root systems have been most frequently studied

in grasses (Hodge et al. 1998; Janeček et al. 2007;
Pecháčková et al. 2003; Šmilauerová & Šmilauer 2002;
Van der Krift & Berendse 2002; Wahl et al. 2001;
Wildová et al. 2007), field crops (Haberle & Svoboda
2000; Lamb et al. 2000; Merrill et al. 2002; Svoboda &
Haberle 2006) and forage legumes (Braun et al. 2010;
Hakl et al. 2007, 2011; Komárek et al. 2010), but there
is a lack of detailed information about the root sys-
tem morphology and variability of common legumes
in Central Europe. Some results of plant excavations
in the field were published by Kutschera (1960) and
Kutschera & Lichtenegger (1992), but the root system
variability of many common species such as Vicia an-
gustifolia, Vicia cracca, Lupinus polyphyllus, Lathyrus
sylvestris, Astragalus glycyphyllos and Cytisus scopar-
ius has never been described.
The aim of this paper was therefore to provide an

overview of field measured root systems of 21 common
legume species growing under different environmental
conditions in Central Europe. We asked the follow-
ing research questions: (i) How does the morphology
of the root systems plus nodules vary in the investi-
gated species? (ii) Which root traits are characteristic
for individual species?

Material and methods

Study area
The plants, 214 individuals of 21 selected legume species,
were collected from 27 sites in the Czech Republic at an
altitude ranging from 350 to 580 m. a.s.l. (see Table 1 for
a list of investigated species and the number of sites from
which each species was collected). The species belonged to
five tribes (Galegeae, Genisteae, Loteae, Trifolieae and Vi-
cieae). The names of the tribes follow Allen & Allen (1981).
The average annual precipitation and temperature ranged
from 600 mm and 8◦C at 350 m a.s.l. up to 700 mm and
6.5◦C at 580 m a.s.l. The sampling sites were described as
dry or humid, field, forest, ruderal or meadow, sun exposed
or shaded, stony or without stones in the upper 30 cm soil
layer, and with low (up to 40%) or high (above 40%) cover
of herbaceous vegetation in a 1-m diameter circle.

Plant collection
The plants were collected from June to August in the years
2007, 2008 and 2009. Collection of all species at all sampling
sites was impossible as the investigated species had different
environmental requirements, and therefore it was impossible
to strictly separate the variability in root systems due to
the species effect and that due to environmental conditions.
The monolith method was used to collect individual plants
(Böhm 1979). The soil monolith measuring 30 × 30 × 30 cm
beneath the plant was dug up and washed with water to
extract the underground organs of the studied plants from
the soil. The plant species nomenclature follows Kubát et
al. (2002).

Traits of root systems
The traits of root systems and nodules that were investi-
gated are summarized in Table 1. Eight traits were evalu-
ated for root systems: type of root system, presence of rhi-
zomes, depth, special diameter, maximal branching order,
colour and woodiness; and two traits for root nodules: shape
and size. The type of root system was classified according
to the database of clonal and bud bank traits of Central Eu-
ropean flora (Klimešová & de Bello 2009). The life forms of
the investigated species follow Raunkiaer (1934). The mea-
sured rooting depth was limited to 30 cm by the use of the
monolith method. The special diameter is the mean value of
taproot diameter under the crown and the maximum diame-
ter within the root system. The root colour ranged from light
to dark (light, near white, light/dark (young roots light and
old dark) and dark). The maximum order of branching indi-
cated the maximum position of a root within the branched
hierarchy of the root system (Eissenstat et al. 2000; Wells
& Eissenstat 2003).

The shape of the root nodules was classified according
to Corby (1971, 1988). The nodules were classified according
to their size as more than 4 mm, 2–4 mm, or less than 2 mm
in diameter (Patreze & Cordeiro 2005).

Data analysis
Intraspecific variability in root morphology was evaluated
using cluster analysis in the STATISTICA 8.0 program
(Statsoft, Tulsa). This analysis was based on the mean val-
ues of all measured root traits for individual species. Individ-
ual categorical variables were coded in the form of dummy
variables. The ordination approach was used to evaluate
interspecific as well as intraspecific variability together. De-
trended Correspondence Analysis (DCA) was used to eval-
uate total variability and the results were visualized in
the form of an ordination diagram. Redundancy Analysis
(RDA) was used to evaluate the proportion of root sys-
tem variability explained by environmental variables and by
species effect. Standardization by species (dependent vari-
ables) was used because the analysed data were of vari-
ous types and units. The statistical significance of the first
and all constrained canonical axes was determined by the
Monte Carlo permutation test. In all analyses, 999 unre-
stricted permutations were used. All ordination analyses
were performed in the CANOCO for Windows 4.5 program
(ter Braak & Šmilauer 2002).

Results

Over three years, 214 plants of 21 legume species were
excavated and measured. The mean values of the in-
vestigated root traits for all studied species are given
in Table 1. The investigated species belonged to five
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Table 1. Summary of root morphology and nodule traits.
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Anthyllis vulneraria AntVul Loteae 5 1 H RS >30 0 3 no 3–4 yes dark a <2
Astragalus glycyphyllos AstGly Galegeae 7 2 H RS >30 0 5 yes 3–4 no near–white b, c, e > 4
Cytisus scoparius CytSco Genisteae 6 3 N RS >30 0 5 yes 7–8 yes dark b, c > 4
Genista tinctoria GenTin Genisteae 11 1 N HR 10–20 1 5 yes 5–6 yes dark a, b, c, e > 4
Lathyrus pratensis LatPra Viciaea 11 6 H HR 20–30 1 3 no 3–4 yes light/dark c < 2
Lathyrus sylvestris LatSyl Viciaea 13 2 H HR 20–30 1 3 yes 11–12 yes light/dark c 2–4
Lotus corniculatus LotCor Loteae 16 5 H RS >30 1 3 yes 5–6 yes dark a <2
Lupinus polyphyllus LupPol Galegeae 11 3 H RS >30 0 3 yes 10–11 no light/dark d > 4
Medicago lupulina MedLup Trifolieae 10 2 H RS >30 0 3 no 3–4 yes light/dark c, e > 4
Medicago sativa MedSat Trifolieae 10 2 H RS >30 0 3 yes 5–6 yes dark c, e > 4
Melilotus albus MelAlb Trifolieae 5 1 H RS 20–30 0 5 no 8–9 no light c, e > 4
Melilotus officinalis MelOff Trifolieae 5 1 H RS 20–30 0 5 no 8–9 no light c, e > 4
Securigera varia SecVar Loteae 12 3 H RS, HR >30 0 3 yes 3–4 yes dark c, e 2–4
Trifolium arvense TriArv Trifolieae 29 3 T/H RS 0–10 0 3 no 1–2 no near–white c, e <2
Trifolium campestre TriCam Trifolieae 6 3 T/H RS 0–10 0 3 no 1–2 no near–white c <2
Trifolium medium TriMed Trifolieae 6 3 H RS 20–30 1 4 no 3–4 yes light/dark c <2
Trifolium pratense TriPra Trifolieae 21 3 H RS 20–30 0 3 no 3–4 no near–white c <2
Trifolium repens TriRep Trifolieae 6 3 H/Ch HRS 10–20 1 3 no 1–2 no near–white c <2
Vicia angustifolia VicAng Viciaea 7 3 T/H RS 10–20 0 3 no 1–2 no near–white c <2
Vicia cracca VicCra Viciaea 12 3 H HR 20–30 1 3 no 3–4 yes dark/white c, e > 4
Vicia hirsuta VicHir Viciaea 5 4 T/H RS 0–10 0 3 no 1–2 no near–white c, b, e 2–4

Life forms according to Raunkiaer (1934): H – hemicryptophyte; N – nanophanerophyte; T – terophyte; Ch – chamaephyte; type
of root system: RS – root splitters, HR – hypogeogenous rhizomes, HRS –horizontal rooting stems or above the soil surface; special
diameter – mean value of taproot diameter under the crown and maximum diameter within the root system; shape of nodules: a –
globose, b – branched, c – cylindrical, d – ruff-like, e – fan-like.

tribes (Galegeae, Genisteae, Loteae, Trifolieae and Vi-
cieae), four life forms (hemicryptophyte, chamaephyte,
nanophanerophyte and therophyte), and three types
of root system (root splitter – Fig. 1; hypogeogenous
rhizomes – Figs 2a,b; horizontal rooting stems on or
above the soil surface – Figs 2c,d). The depth of the
root systems ranged from 0 to 10 cm in three annual
species, from 10 to 20 cm in one annual and five peren-
nial species, from 20 to 30 cm in four perennial species,
and was more than 30 cm in seven perennial species.
A rhizome was present in seven species and the maxi-
mum order of branching was three for 15 species, four
for one species, and five for five species. Recovery buds
were recorded on the root system of eight species and
woodiness was recorded in 11 species. Root diameter
ranged from 1 to 12 mm – the minimum diameter was
recorded in annuals and the maximum in the peren-
nials Lathyrus sylvestris and Lupinus polyphylus. The
colour of the root systems ranged from light to dark. In
six species, young roots were light whereas older roots
were dark (see Fig. 2a). Globose (Figs 3a,b), cylindrical
(Figs 3c,d), branched (Figs 4a,b), fan-like (Figs 4c,d),
and ruff-like (Figs 4e,f) nodules were recorded. One
type of nodule shape was recorded in 11 species, two
types in seven species, and three or four types in three
species. Nodules of up to 2 mm in size were recorded in

nine species, from 2 to 4 mm in three species, and more
than 4 mm in nine species.
The results of the cluster analysis are shown in

Fig. 5. The root system of L. polyphyllus differed the
most from the other investigated species, being sepa-
rated from the other species in the first division. The
main reason for the separation of L. polyphyllus was the
large size of its root system and nodules in comparison
to other species. In addition, roof-like shaped nodules
were only recorded in this species (see Figs 4e,f).
Two large groups of species were distinguished in

the second division. The main cause of the second di-
vision was the light versus dark colour of the root sys-
tems. The large group on the left was divided into four
smaller groups. Trifolium repens, the only species in
Group 1, had horizontal rooting stems on the soil sur-
face (Fig. 2c). Group 2 included species with rhizomes,
such as Vicia cracca, L. sylvestris, Trifolium medium
and Lathyrus pratensis (Fig. 2a). All these species had
light then dark root systems. Group 3 was divided
into two sub-groups: Trifolium pratense (Fig. 1c) on
one side and the annual species Vicia hirsuta, Tri-
folium campestre, Vicia angustifolia and Trifolium ar-
vense (Fig. 1a) on the other. The overall structure of
the root systems was similar, but the annuals differed
from T. pratense by having a flat fibril root system
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Fig. 1. a – root system of Trifolium arvense; b – schematized typical root system of studied annual legumes with “root splitter” root
type; c – root system of Trifolium pratense and d – schematized typical root system of studied perennial legumes with “root splitter”
root type.

spread under the soil surface. The root systems of annu-
als were more branched than in T. pratense and lacked
regenerating buds or rhizomes. The clearly visible tap-
root of T. pratense indicated its perennial character.
Group 4 was composed of species with a taproot and
larger nodules than in the previous groups. Another
typical feature of legumes in Group 4 was the pres-
ence of more shapes of nodules in each species. The
righthand group following division number two included
perennial species with a well-developed taproot. Species
in Group 5 differed from species in Group 6 (division
number 4) by the shape of their nodules (globose, fan-
like, cylindrical and branched versus globose) and by
their larger size. In Group 5, Securigera varia and Med-
icago sativa were strictly separated from nanophanero-
phytes Genista tinctoria and Cytisus scoparius. Group
6 contained species from the tribe Loteae (Lotus cor-
niculatus and Anthyllis vulneraria). A typical feature
of these species was nodules of up to 2 mm in size.
The results of DCA (Fig. 6) corresponded well with

the results of the cluster analysis as the same groups of
species were distinguished. As in the cluster analysis,
L. polyphyllus was separated from all other species. In-
traspecific variability in this species was high, mainly
due to the different sized root systems in the measured
plants.
L. corniculatus and A. vulneraria (Group 6) had

the lowest intraspecific variation in root systems as all
investigated plants were close together in the ordination
diagram. On the other hand, S. varia had the highest
interspecific variability in the root system. This was
because individuals with root splitter (55% cases) and
hypogeogenous rhizome (45% cases) root types were
recorded in this species. Further variability in the root
systems was due to the presence of more than one shape
of nodule on one plant (cylindrical and fan-like) and
their variable size (2–4 mm). The transition between
perennial species with rhizomes (Group 2) and annual
species with a taproot (Group 3) was shown by T.
repens, which has horizontal rooting stems (Group 1).
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Fig. 2. a – root system of Lathyrus pratensis with light/dark colour; b – schematized typical root system of legumes with rhizomes –
“hypogeogenous rhizomes”; c – root systems of Trifolium repens;and d – schematized horizontal rooting stems on or above the soil
surface.

Fig. 3. a – nodule shape of Lotus corniculatus; b – schematized globose nodules; c – nodule shape of Lathyrus pratensis; d – schematized
cylindrical nodules.

Interspecific variability in the root systems of T. repens
was low.
With the exception of two individuals, root system

variability was low in T. arvense. The typical shape
of nodules for all investigated Trifolium species was
cylindrical, but the two most distinct individuals of T.
arvense had fan-shaped nodules. In species with more
than one shape of nodule, not all recorded shapes were
found on all individuals. This substantially increased

the intraspecific variability of the root systems in As-
tragalus glycyphyllos, C. scoparius, G. tinctoria, Med-
icago lupulina, M. sativa, Melilotus albus, Melilotus of-
ficinalis, S. varia, T. arvense, V. cracca and V. hirsuta.
The intraspecific variability in annual species (T.

arvense, T. campestre, V. angustifolia and V. hirsuta)
and T. repens was due primarily to the depth of the root
systems. The special diameter was highly variable in A.
vulneraria, C. scoparius, L. pratensis, M. albus, M. of-
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Fig. 4. a – nodule shape of Lathyrus sylvestris; b – schematized branched nodule; c – nodule shape of Vicia cracca; d – schematized
fan-like nodule; e – nodule shape of Lupinus polyphyllus; f – schematized ruff-like nodule.

ficinalis and T. medium. The special diameter together
with the maximum order of branching was variable in
L. pratensis, L. polyphyllus, M. lupulina, M. sativa, S.
varia and T. pratense.
The results of the redundancy analyses are shown

in Table 2. The environmental variables (dry or humid
site, field, forest, ruderal or meadow, shaded or sun ex-
posed, stony or without stones in the upper 30 cm soil
layer, with low or high cover of herbaceous vegetation)
together explained 48.9% (analysis a1) of the variability
in root systems.

Forward selection was employed to select only
the environmental variables that significantly improved
the model. The total number of 11 environmental
variables was reduced to three, i.e. field, shade and
drought, which together explained 47.1% of the vari-
ability (analysis a2). The variability explained by field,
shade and drought was only 17.4% after the effect
of species was removed from the analysis (analysis
a3).
The highest proportion of root system variability

was explained by the effect of species – species alone
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Fig. 5. Dendrogram based on cluster analysis representing interspecies variability between 21 investigated legume species. The numbers
refer to divisions described in the text. Species abbreviations are given in Table 1. The labels for individual species are consistent with
Fig. 6.

Fig. 6. Ordination diagram of the Detrended Correspondence Analysis (DCA) reflecting the intraspecific and interspecific variability
in the root systems of 21 investigated legume species. Species abbreviations are given in Table 1. The labels for individual species are
consistent with Fig. 5.

explained 44.9% of the root system variability (analysis
a5), and this decreased only marginally when variability
caused by drought, field and shade was removed from
the model (analysis a6).

Discussion

Although the root systems of legumes have frequently
been studied in laboratory and field conditions, there is
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Table 2. Results of redundancy analyses of root systems data.

Expl. Var. Covariables % ax 1 (all) F 1 (all) P 1 (all)

a1 C, D, F, Fo, Mo, R, S, St, H, Species 21.5 (48.9) 49.81 (16.12) 0.001 (0.001)
a2 D, F, S 20.0 (47.1) 47.55 (19.55) 0.001 (0.001)
a3 C, D, F, Fo, Mo, R, S, St, H Species 13.0 (17.4) 27.23 (3.74) 0.001 (0.001)
a4 D, F, S Species 7.9 (22.0) 16.28 (6.49) 0.001 (0.001)
a5 Species 18.4 (44.9) 43.41 (19.82) 0.001 (0.001)
a6 Species D, F, S 16.7 (43.8) 38.08 (19.29) 0.001 (0.001)

An. – analysis code; Expl. var. – explanatory (environmental in Canoco terminology) variables; % ax 1 (all) – species variability
explained by canonical axis 1 or by all axes in brackets (measure of explanatory power of the environmental variables); F 1 (all) –
F statistics for the test of axis 1 or all axes in brackets; P 1 (all) – corresponding probability value obtained by the Monte Carlo
permutation test for the test of axis 1 or all axes in brackets. Environmental variables and covariables: C– cover of vegetation above
40%; D – dry site; F – site with field conditions; Fo – forest; H – humid site; M – meadow; R – ruderal site; S – shaded site; St – stony
site in upper 30 cm of the soil profile. Species were coded in the form of 21 dummy variables.

a lack of studies covering a wide range of species in nat-
ural conditions. Therefore a unique feature of this study
is the wide range of investigated species collected from
different environmental conditions, thus demonstrating
the natural variability of leguminous root systems.
The effect of species and environment on root sys-

tem variability was not fully separated in this study
performed at the landscape level because not all inves-
tigated species were present at all localities. Therefore
there was much overlap between the root system vari-
ability explained by the effect of species and by environ-
mental conditions. This was clear from the large reduc-
tion in variability explained by the environment when
the variability caused by effect of species was removed
from the redundancy analysis by covariables. Despite
being unable to strictly separate the variability caused
by species and by the effects of the environment, large
differences in root systems were recorded between par-
ticular species. This was supported by the fact that
species recorded together at one locality frequently had
different root systems. The variability in root systems
within each species was substantially lower than that of
the whole data set, as indicated by clusters of points for
individual species in the ordination diagram (Fig. 6).
The restricted variability of the root system for individ-
ual species compared to all species together is consistent
with the results of Galloway & Fenster (2000).
Of all the recorded environmental variables, root

system traits were the most affected by moisture and
light availability and by field conditions. This is consis-
tent with studies dealing with the effect of environmen-
tal conditions on root systems (Koukoura et al. 2009;
Salako et al. 2002; Šmilauerová & Šmilauer 2002; Wahl
et al. 2001). Further, it must be noted that the species
present at dry sites frequently differed from species
recorded at wet sites, and therefore it is impossible to
discuss the effect of environmental conditions on the
root system variability of individual species in more de-
tail.
Although the variability caused by site and species

effect cannot be strictly separated, the intraspecific
variability of legume root systems was substantially
lower than the variability within all species. However,
the root systems of many legume species may differ even
when growing in the same environmental conditions,

and this difference is genetic. It must be noted that,
to compare the intra- and interspecific variability of all
studied species exactly, all investigated species must be
present at all studied localities, and this can only be
achieved via transplantation.
The intraspecific variability in root systems was

due to Raunkier’s life forms rather than tribes, since
in several cases species with different life forms were
recorded in the same tribe. For example, annual and
perennial species with highly different root systems
were both recorded in the tribes Trifolieae and Vici-
aea. On the other hand, species in the tribes Loteae,
Galegeae and Genisteae were all perennial and there-
fore had relatively low root system variability. The dif-
ferences between root systems of annuals and perennial
species were also recorded by Fitter et al. (1988), Gross
et al. (1992) and Roumet et al. (2008).
Annual root systems were intermediate between

perennial rhizomatic and perennial species with a tap-
root. This is clearly visible in Fig. 5, in which annu-
als (T. arvense, T. campestre, V. angustifolia and V.
hirsuta) are located in the middle of the dendrogram
between rhizomatic and taproot perennials. The rela-
tion between differences among species and life form is
consistent with the results of Gross et al. (1992).
The intraspecific variability in root systems proba-

bly enables better survival of individual plants in differ-
ent environmental conditions. The individual traits of
root systems differed in terms of their plasticity under
various environmental conditions, e.g. branching was
more plastic than special root diameter. The same re-
sult was recorded by Forde & Lorenzo (2001), indicating
that root diameter may be highly species-specific and
therefore highly heritable, while branching may depend
more on soil conditions at the level of the individual
plant. We concluded that some root traits are deter-
mined more by environmental conditions and others by
heritability. This conclusion is in accordance with the
results of Johnson et al. (1996). In A. vulneraria, A.
glycyphyllos, L. corniculatus, M. sativa and S. varia,
differences in branching contributed the most to the
large differences among individual plants within the
species. The colour of the root systems depended on
the life form: most of the root systems were pale brown
and this colour was recorded in all annuals and in the
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young roots of perennials. According to Corby (1971),
pale brown is the most frequent root colour. Rejili et al.
(2007) suggested that the colour of the roots is depen-
dent on the nodules and the leghaemoglobin content.
The latter was not investigated in our study, nor was
the dependence of colour on nodulation recorded.
The most frequently recorded shape of nodules was

cylindrical. Small globose nodules were considered ju-
venile and thus were ignored by Corby (1971), but not
in our study. We recorded all shapes of nodules, be-
cause small nodules can be wrongly considered as ju-
venile, especially in species with small nodules. For ex-
ample, small globose nodules were typical in L. cor-
niculatus and A. vulneraria, and small cylindrical nod-
ules were found in all Trifolium species. According to
Corby (1988), one shape of nodule may be typical for
a particular tribe or there may be tribes in which more
nodule shapes are possible, but only several of these
are dominant. Our results indicate that more than one
shape of nodule is present in some tribes (Galegeae,
Genisteae and Viciaea), but that often only one shape
is dominant. In our study, most nodules were located on
the lateral roots, which is consistent with the results of
Capoen et al. (2010). The shapes of the nodules were
highly species-specific, as reported previously by Re-
jili et al. (2007). The exceptions were two plants of T.
arvense, which had fan-like nodules of a different size
than all other T. arvense specimens. A possible expla-
nation is that different species of bacteria had created
these nodules, but this requires further investigation. It
is possible that these two plants were infected by bac-
teria from S. varia growing in their vicinity, because
the nodules of S. varia were fan-like. The differences
in root systems may be related to plant taxonomy, but
the taxonomy of S. varia is not entirely clear. Accord-
ing to Allen & Allen (1981), S. varia belongs to the
tribe Loteae. In our study, nodules other than those
that are typical for this tribe were recorded in S. varia,
indicating that S. varia could be included in the tribe
Coronilleae rather than Loteae. The transitional char-
acter of S. varia on the border between these two tribes
was also discussed by Allan & Porter (2000).
The nodules of L. polyphyllus were the most differ-

ent from all other species, which is consistent with the
classification suggested by Corby (1988).
Eight of studied perennial root splitters (A. vul-

neraria, A. glycyphyllos, C. scoparius, L. corniculatus,
L. polyphyllus, M. lupulina, M. sativa and S. varia)
reached a rooting depth of more than 30 cm. This is
consistent with the description of these species in plant
trait databases, as all these species are described as
deep rooting (Fitter & Peat 1994). On the other hand,
all annuals (T. arvense, T. campestre, V. angustifolia
and V. hirsuta), rhizomatous perennials (G. tinctoria,
L. pratensis, L. sylvestris, S. varia and V. cracca) and
some root splitter perennials (L. polyphyllus, M. albus,
M. officinalis, T. medium and T. pratense) were shallow
rooting, reaching depths of up to 30 cm. During plant
excavation, we recorded most of the fine roots of all in-
vestigated legumes in the shallow-rooted species. This

is probably an adaptation to drought, as described by
Merrill et al. (2002).
We can conclude that the root systems of common

European legumes are highly variable. The variability
of root systems was attributed to Raunkier’s life forms
rather than the membership of species in tribes.
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a b s t r a c t

The acidicole behavior of many species is given by their inability to acquire enough P in alkaline soil, but
reasons for acidicole (syn. calcifuge) behavior of Trifolium arvense have never been studied experimen-
tally. We asked how emergence of seedlings, the survival of plants, the growth of aboveground organs,
the nodulation and the growth of roots of this species is affected by different N, P and K supply in alkaline
soil. In the years 2010 and 2011, we performed a pot experiment (ten N, P and K fertilizer treatments)
with seeding of T. arvense into alkaline soil. The acidicole behavior of T. arvense proved to be connected
with the inability of seedlings to acquire enough P during their emergence. In all treatments, T. arvense
was not able to flower in the seeding year and in the second year it flowered only in P treatments. This
indicates the biennial character of the species in the case of late seeding and points to a strong P limitation
of flowering and seeds production in plants grown on alkaline soil. Without P addition, T. arvense was
not able to develop beyond the seedling stage. Nodulation was positively affected by P application and
negatively by N application. Although T. arvense is a typical species for P poor soils, it does not suffer from
P toxicity under high P supply. We concluded that the acidicole behavior of T. arvense is based on its P
limitation when growing on alkaline soil.

© 2012 Elsevier GmbH. All rights reserved.

Introduction

Trifolium arvense L. (haresfoot clover) is an erect or ascending
annual or biennial legume native of Europe, 10–30 cm tall, usu-
ally with spreading branches (Rothmaler et al., 2000; Slavík, 1995),
and roots reaching to a depth of 10 cm (Fitter and Peat, 1994;
Klimešová and de Bello, 2009). This legume preferably occurs on
sun-exposed sites with low soil moisture, low nutrient availabil-
ity and acid soil reaction (Ellenberg et al., 1992) and is a typical
species for pioneer vegetation on sandy and shallow soils in Cen-
tral Europe (Chmelíková and Hejcman, 2012; Chytrý, 2007). The life
strategy (sensu Grime, 2001) is intermediate between ruderal (R)
and stress-tolerant (S).

A question which has never been investigated is why T. arvense
prefers acid and low productive soils. Tyler (2003) suggested that
the acidicole (syn. calcifuge) behavior of many species could be
explained by their inability to acquire enough P, which is present
in different forms in alkaline rather than in acid soils. An alternative
explanation of the acidicole behavior of many species could be their

∗ Corresponding author at: Department of Nutrition Management, Crop Research
Institute, Drnovská 507, CZ-161 06 Prague 6, Ruzyně, Czech Republic.

E-mail address: hejcman@fzp.czu.cz (M. Hejcman).
1 Chair of Organic Agriculture and Agronomy, Technische Universität München,

Alte Akademie 12, D 853 54 Freising, Germany.

inability to acquire enough Fe, Mn or Zn from an alkaline soil, as all
these elements are well plant-available on acid soils, but scarcely
so on alkaline soils (Lambers et al., 2008; Shane et al., 2008). This
explanation of acidicole/acidifuge (syn. calcifuge/calcicole) behav-
ior of species is based on results of transplantation experiments
where many acidicole species transplanted on alkaline soil per-
formed well when P or Fe fertilizers were supplied (Tyler, 1994,
1996).

Legumes are well known for their high P and K requirements,
but low mineral N requirements, as they are able to fix sufficient
amounts of N via symbiotic bacteria (Howieson et al., 2011; Li et al.,
2011; Rochon et al., 2004; Tang et al., 1999). Positive responses of
T. arvense on addition of P were reported by Dodd and Orr (1995)
in soils with low pH, but no information is available of whether the
same response can be recorded in an alkaline soil.

Many stress tolerant species are well adapted to P-poor condi-
tions as they probably have evolved under low P availability in the
soil, as low P availability was a typical feature of many natural, old
soils (Lambers et al., 2008). High P availability is frequently toxic for
species tolerant to edaphic stress, as no mechanisms of protection
against high P supply were necessary during their evolution (Pang
et al., 2010). It has not yet been studied, whether high P availability
is also toxic for stress tolerant legumes such as T. arvense.

The soil reaction affects the survival and persistence of Rhizo-
bium s.l. bacteria and their nodulation on roots, and therefore also
the ability of legumes to fix aerial N2 (Graham and Vance, 2000;

0367-2530/$ – see front matter © 2012 Elsevier GmbH. All rights reserved.
http://dx.doi.org/10.1016/j.flora.2012.09.005
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Table 1
Fertilizer treatments and amount of nutrients applied in one dressing. Numbers
given in brackets correspond to the total seasonal amount of applied nutrients (two
dressings per season).

Treatment N [kg ha−1] P [kg ha−1] K [kg ha−1]

N1 150 (300) – –
N2 300 (600) – –
P1 – 40 (80) –
P2 – 80 (160) –
K – – 100 (200)
N1P1 150 (300) 40 (80) –
N1P1K 150 (300) 40 (80) 100 (200)
N2P1K 300 (600) 40 (80) 100 (200)
N2P2K 300 (600) 80 (160) 100 (200)
Control – – –

Zahran, 1999). It can be supposed that preference of T. arvense for
acid soils might be connected with low root nodulation rates in
alkaline soils, leading to low ability to acquire enough N for growth.

Soil reaction and nutrient availability can highly affect seed ger-
mination and seedling emergence. Seedlings frequently require a
higher P supply than adult plants, as was recently demonstrated
for Rumex crispus and R. obtusifolius by Křišt’álová et al. (2011).
Higher sensitivity of seedlings than of adult plants to P shortage can
be decisive for their survival, but this has never been investigated
in the case of T. arvense. Further, no flowering of several acidicole
species transplanted on alkaline soil was recorded by Tyler (1996),
but T. arvense was not included in this group of plants.

Using a pot experiment with adding fertilizer to an alkaline soil,
the main aim of this study was to investigate the performance of
the principally acidicole T. arvense under such conditions. Within
this context, we asked how the seedlings emergence, the survival
of plants, the nodulation, the growth of roots, the growth of above-
ground organs and the seed production are affected by different N,
P and K availability in an alkaline soil.

Materials and methods

Design of the experiment

In April 2010, a pot experiment was established in an open-
air vegetation hall in the Crop Research Institute in Prague (Czech
Republic, 50◦5′N; 14◦18′E) with natural rain, temperature and
light conditions. The experiment was completely terminated in
September 2011. Pots were fertilized using a combination of two
levels of N addition (N1 and N2), two levels of P addition (P1 and P2)
and one level of K addition (K). Fertilizers were applied in 2010, but
not in 2011. This resulted in ten different treatments: N1, N2, P1, P2,
K, N1P1, N1P1K, N2P1K, N2P2K and a control without any fertilizer
input (see Table 1 for details). Each treatment was replicated five
times (50 pots in total). The pots were fertilized twice per vegeta-
tion season, on 20 April and 27 July, using the following fertilizers
dissolved in water: ammonium nitrate with lime (NH4NO3 + CaCO3,
containing 27.5% N, 10% Ca), super phosphate (Ca(H2PO4)2 + CaSO4,
8.5% P, 20% Ca, 10% S) and potassium chloride (KCl, 50% K,
47% Cl).

The pot volume was 30 L and the pot surface area was 1963 cm2

(pot diameter 50 cm). Clay soil with the following chemical
properties was used: Ntotal = 614 mg kg−1, KMehlich III = 62 mg kg−1

(low K availability), PMehlich III = 16 mg kg−1 (low P availabil-
ity), MgMehlich III = 422 mg kg−1, CaMehlich III = 6777 mg kg−1 and pH
(H2O) = 9.14. The mean temperature from May to October 2010 was
14.4 ◦C.

Data collection

Seedling emergence
Seeds of T. arvense were collected in August 2009 in Western

Bohemia. The collection sites were low productive grasslands and
roads on sandy soils. Seeds were collected from groups of plants at
four localities and mixed to obtain one representative seed sample.
Twenty plants were selected randomly at each site, taking care not
to favor tall or small plants. The seeds were stored at room temper-
ature, in paper bags in the dark, before start of the experiment.

Fifty seeds of T. arvense were sown into each pot with pre-
fertilized soil on 5th May 2010 and the cumulative number of
seedlings (field emergence) was recorded up to 22nd May as no fur-
ther increase in number of seedlings was recorded after this date.
The depth of sowing was 1 cm and pots were watered if necessary
to maintain optimal growth conditions. Heavy rains occurred from
24th May to 2nd June, so that few only plants survived. Therefore
we are using this experiment only to characterize the germination
success under the different fertilizer treatments. We started there-
after the experiment again, seeding the same amount of seeds on
7th July 2010. The cumulative number of seedlings (field emer-
gence) was then recorded up to 4th August. To be sure that no viable
seeds were present in the soil from the first seeding on 5th May,
we removed the upper 2 cm of the soil before the second seeding
on 7th July.

Number of living plants in October
On 10th October 2010, the number of plants in each pot was

counted and expressed as percentage of the total number of used
seeds (50) per each pot to make obtained values directly compara-
ble with field emergence in May and in August.

Aboveground organs
On 10th October 2010, five individual T. arvense plants per pot

were marked and the following traits of them were recorded: (1)
height of the plants; (2) number of leaves per plant; (3) diameter
of the leaf rosette; (4) length of the terminal leaflet blade; and (5)
length of the leaf petiole.

Underground organs
On 10th October 2010, five plants per pot were carefully

removed from each pot and their underground organs were floated
in water. We selected representative plants in each treatment, tak-
ing care not to select the smallest or, on the other hand, the tallest
plants. If possible, we left several plants in pots to observe their
flowering in the following year, but this was not possible for all
treatments as the number of plants was very small in some treat-
ments. Outlines of the plants were digitalized using the scanner.
Three traits of the root systems were recorded: (1) length of the
taproot; (2) diameter of the root neck and (3) maximal order of
branching. In addition to root characteristics, five traits of nodules
were recorded: (1) the number of nodules per plant; (2) the length
of nodules; (3) the width of nodules; (4) the shape of nodules and
(5) their color. The maximal branching order presented the high-
est developmental branching order in hierarchy of the root system
(Eissenstat et al., 2000; Fitter, 1987; Wells and Eissenstat, 2003).
We therefore refer to roots with no dependent laterals as 1st-order,
roots with a single set of dependent laterals as 2nd-order and so on.
The shape of root nodules was classified according to Corby (1971,
1988) as cylindrical, branched, and fan-like shaped, respectively
(see Fig. 1). We recorded the proportion of plants with presence
of particular nodule shapes from the total number of plants per
treatment. For example, 100% of cylindrical nodules indicate that
cylindrical nodules were recorded on all plants in the particular
treatment. The color of nodules was described as white (inactive),
pink (active) or green (moribund or senescent) and expressed in
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Fig. 1. Classification of nodules into (a) cylindrical, (b) branched and (c) fan-like
shaped. A fan-like nodule is clearly visible in the center and a cylindrical nodule in
the upper right hand corner of the photograph of part of a Trifolium arvense root
system.

percentage relative to that of all plants of a treatment. As nodules
with three colors were also frequently recorded, there was a high
overlap of colors.

Data analysis
One-way ANOVA was used to evaluate the effect of treatment on

all collected data. After obtaining significant results, multiple com-
parisons using Tukey’s HSD test were applied to identify significant
differences between treatments. All analyses were performed using
STATISTICA 7.0 software (Statsoft, Tulsa).

Unconstrained PCA analysis was used to visualize similarity
between individual pots, treatments and relationships between
measured plant traits separately for aboveground and underground
parts of plants. All ordination analyses were performed using the
CANOCO for Windows 4.5 program and ordination diagrams were
constructed by CANODRAW program (Ter Braak and Šmilauer,
2002).

Results

Seedling emergence

The effect of fertilizer treatment on field emergence recorded on
22nd May and 8th August was significant. On 22nd May, the highest
field emergence, 32%, was recorded in P1 followed by P2 treatment
and the lowest emergence, 9%, was recorded in the control. Field
emergence was intermediate in all other treatments (Fig. 2a). From
the second seeding approach, on 8th August the highest field emer-
gence, 42%, was recorded in P2 followed by P1 treatment and the
lowest emergence, 8%, was recorded in the control (Fig. 2b).

Number of living plants three months after seeding

On 10th October, the percentage of living plants related to the
total number of seeds used during the second seeding, ranged from
10% in N2 up to 40% in P1 treatment and the effect of treatment
was significant (Fig. 2c). Taking the number of seedlings on 4th
August as the baseline (100%), the number of plants on 10th October
increased about 22%, 4% and 39% in N2, P1 and control treatments,
respectively. On the other hand, the number of plants decreased
about 3%, 8%, 2%, 2%, 33%, 50% and 28% in N1, P2, K, N1P1, N1P1K,
N2P1K and N2P2K treatments, respectively, in two months after
seedling establishment.

Fig. 2. Effect of different fertilizer treatments on field emergence of Trifolium arvense
recorded in (a) 22nd May and in (b) 8th August and (c) the proportion of living plants
after three months experimental cultivation, related to the total number of initial
seeds in each treatment (second seeding approach). Error bars represent standard
errors of the means (SE). Treatment abbreviations are given in Table 1. F and P values
in the upper right hand corner of each figure represent results of one-way ANOVA.
Using Tukey’s post hoc test, treatments with the same letter were not significantly
different at the 0.05 probability value.

Aboveground organs

Plant height, number of leaves per the plant, diameter of the
rosette, length of the terminal leaflet blade and length of the petiole
were highest in P1 and P2 treatments and lowest in all treatments
with high N application (N2), K treatment and in the control. In
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Fig. 3. Ordination diagram showing the results of PCA of aboveground plant traits
of Trifolium arvense raised under different fertilizer treatments (N1, N2, P1, P2, K,
N1P1, N1P1K, N2P1K, N2P2, and Control, see Table 1 for details; 5 separate marks
per code: 5 different pots). Plant traits abbreviations: DiLRo – diameter of the leaf
rosette, HeiPl – height of the plant, LeLe – length of the terminal leaflet blade, LePet
– length of the leaf petiole, NrLea –number of leaves per plant.

all treatments without P application, a violet color indicating P
deficiency was recorded. Photographs of plants in all studied treat-
ments are given in electronic appendices 1, 2 and 3. Differences
between treatments with the highest and the lowest values for
all studied aboveground traits were statistically significant (see
Table 2 for details). Differences among treatments and variabil-
ity among individual pots within one treatment are well visible
from the PCA ordination diagram (Fig. 3). The first axis of the PCA
explained 66.8% and all axes 95.1% of the data variability. Low vari-
ability among individual pots was recorded in control, K, N1P1,
N2P2K and N2P1K treatments as marks for individual pots are
placed close together. High variability among pots was recorded
in N1 and P1 treatments, as one pot in these treatments was highly
distant from the remaining four pots. Three groups of treatments
were recognized according to their position in relation to the first
axis in the ordination diagram. The first group, on the left side of
the diagram, is composed of the control and all treatments with
N2 application, the second group, in the center of the diagram, is
composed of K treatment and all treatments with N1 application,
and the third group, on the right side of the diagram, comprises the
P1 and P2 treatments. Further, all recorded traits were positively
correlated as angles between their vectors are acute in the diagram
and they are directed into the same right side of the diagram. Most
positively correlated with each other was the height of the plant
with the length of the petiole and the number of leaves per plant
with the diameter of the rosette.

No stem elongation, flowering and therefore no seed produc-
tion was recorded in any treatment during the first year of the
experiment. Flowering and seed production was recorded, how-
ever, in several plants which were left in pots after October 2010
and survived the following winter. Flowering and seed production
was recorded only in treatments with P application in 2011. Ta
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Fig. 4. Ordination diagram showing the results of PCA of underground plant traits
of Trifolium arvense in ten investigated fertilizer treatments (N1, N2, P1, P2, K, N1P1,
N1P1K, N2P1K, N2P2, and Control, see Table 1 for details; 5 separate marks per code:
5 different pots). Plant traits abbreviations: BraNo – branched shape of nodules,
CylNo – cylindrical shape of nodules, DiRN – diameter of root neck, FanNo – fan-
like shape of nodules, GreNo – green color of nodules, LeNod – length of nodules,
LeTR – length of taproot, MaxOr – maximal order of branching, NrNod – number
of nodules, PinNo – pink color nodules, WhiNo – white color of nodules, WiNod –
width of nodules.

Underground organs

There was no significant effect of treatment on length of the
taproot, which ranged from 5 to 6 cm in control and N2 treatment,
and up to 9 and 12 cm in P2 and P1 treatments, respectively (Table 2,
Electron. Appendix 3). Diameter of the root neck and maximal order
of the branching were significantly affected by the treatment.

The number of nodules per plant ranged from one in N2 treat-
ment up to 13 in P1 and P2 treatments, and the effect of treatment
was significant (Table 2). The length and width of nodules were low
in the control, in K treatment, and in all treatments with N appli-
cation. It was high in P1 and P2 treatments. The effect of treatment
on length and width of nodules was significant (Table 2). Cylindri-
cal nodules were most commonly recorded in all treatments. In N2
and control treatments, only 20% and 40% of plants, respectively,
had nodules and all nodules were cylindrical. A low proportion of
plants with nodules in the control and N2 treatment highly con-
trasted with all plants with nodules in P1, P2 and N1P1 treatments.
Further, only cylindrical nodules were recorded in N1, K, N2P1K and
N2P2K treatments. All three types of nodules (cylindrical, branched
and fan-like shaped) were recorded only in P1 and P2 treatments
(Table 2). Finally, all three colors of nodules were recorded only in
all plants of P1, P2 and N1P1K treatments. The most active nodules,
as indicated by their pink color, were found in treatments N1, P1,
P2, K, N1P1 and N1P1K.

Differences in underground organs among treatments and vari-
ability among individual pots within one treatment are well visible
from the PCA ordination diagram in Fig. 4. The first axis of the PCA
explained 38.5% and all axes 72.6% of the data variability. Similar
to aboveground organs, three groups of treatments can be recog-
nized according to their position in relation to the first ordination
axis. The first group, on the left side of the diagram, is composed
of the control and all treatments with N2 application, the second
group, in the center of the diagram, is composed of K treatment

and all treatments with N1 application, and the third group, on the
right side of the diagram, comprises the P1 and P2 treatments. In
the N1P1 treatment, the negative effects induced by N fertilization
were reduced.

Almost all recorded below-ground traits were positively corre-
lated, as in the diagram angles between their vectors are acute and
directed into the same, right side of the diagram.

Discussion

Seedling emergence

Results of this study indicate poor emergence of T. arvense with-
out any additional supply of nutrients and in the case of high
mineral N supply when sown into an alkaline soil. Addition of min-
eral P without any other nutrients increased field emergence of
T. arvense in comparison with the control three times in the May
cohort and five times in the July cohort. Such a huge increase in
emergence rate after addition of mineral P, together with the vio-
let rather than green color of seedlings in the treatments without P,
indicate strong growth limitation of seedlings by insufficient P sup-
ply in alkaline soils. One of the mechanisms leading to an acidicole
behavior of T. arvense can be therefore traced back to their inability
under a high soil pH to acquire enough P for their growth.

Survival of plants

Small seedlings of T. arvense were highly sensitive to mechani-
cal damage caused by heavy rains, as almost all seedlings died after
heavy rains at the end of May and only several taller plants in P1 and
P2 treatments survived. Therefore the rapid early growth is neces-
sary to escape from the apparently highly sensitive seedling stage
and to survive up to the autumn, but the rapid growth was recorded
only in P1 and P2 treatments. Some seeds seeded in July germinated
with a long delay, since the highest number of plants was recorded
in October rather than in August. Such delay in germination is a
typical feature for legumes with characteristic hard-coat dormancy
(Grime, 2001). The high delay in germination of seeds and emer-
gence of seedlings in the N2 treatment was probably caused by
negative effects of high mineral N supply on seed germination,
as was previously recorded for several other species (Křišt’álová
et al., 2011; Mandák and Pyšek, 2001) and because of P deficiency
in seedlings. High mortality of plants between early August and
October was recorded especially in NPK treatments. This was prob-
ably because of toxic effects of mineral N on T. arvense seedlings, as
the species is usually growing under N poor conditions (Ellenberg
et al., 1992). We can conclude that P limitation of seedling growth
together with high N supply increase mortality of T. arvense in
alkaline soil.

Aboveground organs

In all treatments without P supply, the plants were unable to
continue developing beyond the seedling stage not only after the
first seeding in May, but also after the second seeding in July. This
may have been caused by the strong P limitation. Further, abso-
lutely no flowering was recorded and thus no seeds were produced
in any fertilizer treatment in 2010, but only in treatments with
P application in 2011. This is in accordance with results by Tyler
(1996) for several other acidicole species which could develop
beyond the seedling stage only with additional P supply in alka-
line soil. Flowering and seed production was recorded only in the
second year, indicating the biennial character of the investigated
population. The next explanation of no flowering in the first year
can be long-day character of the species as was recorded for sev-
eral other clover species (Nunes and Ray Smith, 2003). Probably
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late seeding in July prevented flowering as the species can behave
as annual or biannual depending on time of seeding during the veg-
etation season. In other legumes, flowering decreased linearly with
delay of sowing (Karaguzel et al., 2005). Whether this is true also
for T. arvense requires further research.

Addition of P stimulated development of leaves and therefore
positively affected the size of the leaf rosette, overwintering and
flowering, as also showed by Bucciarelli et al. (2006) for Medicago
truncatula. The survival of annual or biennial species is strictly
dependent on sufficient seed production and therefore the posi-
tive effect of P addition on plant size and reproduction is crucial for
successful finishing of the life cycle.

We detect no toxicity of high P supply, although T. arvense is a
species typically growing on P poor soils. It seems that P toxicity
can be recorded only in some legumes (see Pang et al., 2010) and
that this is not a common feature of all legumes developed under
low P availability. Further, no toxicity of high P supply on T. arvense
in an acid soil was recorded by Dodd and Orr (1995).

Underground organs

Fertilizer treatments strongly affected underground organs of T.
arvense. The relatively large root system of plants in P1 and P2 treat-
ments highly contrasted with the poorly developed root systems in
other treatments. Root growth was strongly limited by insufficient
P supply in treatments without P application. The positive effect of
P availability on the size of the root system was also recorded by
other authors for different species (Adams et al., 2002; Dunbabin
et al., 2004; Hill et al., 2006; Lynch and Brown, 2001; Pang et al.,
2010; Raghothama and Karthikeyan, 2005; Svoboda and Haberle,
2006). The most remarkable was the positive effects of P1 and P2
treatments and negative effects of high N application (N2) on nodu-
lation. The positive effect of high P availability and negative effect
of high N availability on nodulation is in accordance with results by
other authors for other legume species (Adams et al., 2002; Brauer
et al., 2002; Li et al., 2011; Roumet et al., 2008). The inability of
T. arvense to acquire enough P in the alkaline soil thus negatively
affected also its N2 fixation via symbiotic bacteria. This is consis-
tent with conclusions by Høgh-Jensen et al. (2002) for T. repens, that
below optimum P supply, there was a decline in N2 fixation.

Increase in P availability affected not only the number of nod-
ules per plant, but also the shape of nodules as their active area.
Therefore also the efficiency to fix N2 increased after P application.
The decrease of nodulation can be the consequence of N fertiliza-
tion, when N acquisition can be realized by uptake of nitrate and
ammonium as well. P availability in the soil is thus responsible
for the development of different amounts and shapes of nodules.
In addition, the P fertilizer used contained sulphur which pro-
motes nodulation (Varin et al., 2010). The application of sulphate
could thus increase whole plant dry mass, root length, and nodule
biomass.

Several shapes of nodules on one plant of T. arvense were rarely
recorded under field conditions with low P availability (Chmelíková
and Hejcman, 2012; Kutschera, 1960). Under field conditions, cylin-
drical nodules absolutely dominated and other shapes of nodules
can probably become developed only under high P supply.

Conclusions

The acidicole behavior of T. arvense is connected with the inabil-
ity of seedlings to acquire enough P during their emergence under
alkaline soil conditions. In all treatments, T. arvense was not able
to flower in the seeding year and flowered only in P treatments in
the second year. This indicates the biennial character of the species
in the case of late seeding and points to a strong P limitation of

flowering and seeds production in plants grown on alkaline soil.
Without P addition, T. arvense was not able to develop beyond the
seedling stage with such a growing substrate. Nodulation was pos-
itively affected by P application and negatively by N application,
indicating high connection between N2 fixation and P supply of
plants. Although T. arvense is a typical species for P-poor soils, it
does not suffer from P toxicity under high P supply.
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Appendix 1. Effect of (a) N1, (b) N2, (c) P1, (d) P2, (e) K and (f) N1P1 treatments on the 
aboveground part of plants photographed on 16th September 2010. Treatment abbreviations 
are given in Table 1. 



Appendix 2. Effect of (a) N1P1K, (b) N2P1K, (c) N2P2K and (d) control treatments on the 
aboveground part of plants photographed on 16th September 2010. Treatment abbreviations 
are given in Table 1. 



Appendix 3. The scanned plants collected in (a) N2, (b) K and (c) P2 treatment on 10th

October 2010. Treatment abbreviations are given in Table 1.
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ABSTRACT

Little is known about the effects of nutrient availability on the growth of Trifolium
medium in alkaline soil. In 2010, a pot experiment (10 N, P and K fertiliser treat-
ments) with seeding of T. medium into alkaline soil was performed and emergence of
seedlings, survival, aboveground and belowground organs were studied. The positive
effects of increased nutrient availability on seedling emergence ranged from 5% in the
control to 17% in the high P treatment. The lowest mortality was in treatments with P
and K supply and the highest in treatments with N supply, due to the sensitivity of
young plants to high N availability. The highest values of most measured aboveground
plant traits were recorded in treatments with simultaneous application of N, P and K.
There were highly positive effects of P supply alone or in combination with N and K
on the development of belowground organs. Taproot length ranged from 11.5 in high
N to 40.2 cm in P treatment. There was a negative effect of N application on nodula-
tion, especially in N treatments, where growth of T. medium was limited by insuffi-
cient P supply. The number of nodules per plant ranged from 0.8 to 4.5 in the high N
and P treatments. As demonstrated in this study, T. medium is a potentially suitable
legume for alkaline soils. It requires a relatively high P and K supply as well as moder-
ate mineral N supply to achieve its maximum growth potential.

INTRODUCTION

Trifolium medium L. (zigzag clover) is a perennial species with
flexuous stems up to 50-cm tall, and extensive slender rhi-
zomes, with leaflets commonly 15–40-mm long and petioles up
to 8-cm long (Fitter & Peat 1994; Klime#sov!a & de Bello 2009;
Chmel!ıkov!a & Hejcman 2012a). T. medium is a typical ecoton-
al species at the border between tall shrub vegetation and
grasslands in Central Europe (Chytr!y 2007). The life strategy
(sensu Grime 2001) is intermediate between SC (stress-tolerant
combined with competitor strategy) and CSR (competitor
combined with stress-tolerant and ruderal strategy; Hermy
et al. 1999). According to Ellenberg et al. (1992), T. medium
prefers sun-exposed sites without any specific requirements for
soil pH, with low or intermediate nutrient availability and an
Ellenberg indicator value for nutrients of 3. T. medium has
been frequently studied in Australia, particularly because of its
potential use for forage production on alkaline soils (Cocks
2001; Dear et al. 2007; Suriyagoda et al. 2011).

Legumes are well known for their high P and K demand, and
low mineral N requirement (Honsov!a et al. 2007; Pavl$u et al.
2012). The symbiotic relationship of Rhizobium bacteria and
legumes enables them to fix N2 from the air, which is inaccessi-
ble to many other species (Garg & Geetanjali 2007; Nov!ak
2010). Nitrogen fixation makes legumes highly competitive,
especially in environments where plant growth is limited by N
availability. Legumes require a relatively high P supply as P

availability directly affects N2 fixation and therefore plant
growth (Hellsten & Huss-Danell 2001). Generally, the P
requirements of nodulating legumes are higher than those of
non-nodulating crops, and the maintenance of adequate P
availability in the soil is therefore highly important for high
biomass production (Giller & Cadisch 1995; Rochon et al.
2004; Erkovan et al. 2010; Li et al. 2011). In addition to a rela-
tively high P requirement, legumes are also known for their
high K, S and Zn requirements (Grewal 2010). An increase in
soil pH above neutral is connected with reduced uptake of P,
Al, Zn, Cu, Mn and Fe, and with an increased uptake of Ca and
Mg in many plant species (Fageria et al. 1995; Moreira & Fage-
ria 2010). In addition, decreased K uptake on alkaline soils can
be related to antagonistic effects of Ca and Mg (Fageria et al.
1995).
Legumes express a wide array of phenotypic traits that

improve adaptation to low nutrient availability. Their root
system responds markedly more than aboveground organs to
different N and P availability in the soil (Johnson & Biondini
2001). Under low nutrient availability, legumes increase bio-
mass allocation to roots, increase the density of the root system
and root hairs, create cluster roots or employ mycorrhizas
(Adams et al. 2002; Denton et al. 2006; Sheokand et al. 2009;
Pang et al. 2010; Suriyagoda et al. 2010; Wrage et al. 2010).
Most leguminous species require a neutral or slightly acid soil
pH, especially when they depend on symbiotic N2 fixation
(Bordeleau & Prevost 1994). For example, optimal soil pH for
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alfalfa is pH (CaCl2) 5.4 (Moreira & Fageria 2010). According
to Bordeleau & Prevost (1994), soils with a pH (CaCl2) <4.0 or
>8.0 are toxic for many legume species and reduce nodulation.
In acid and alkaline soils, low P mobility is frequently observed
(Baligar 1987). Dodd & Orr (1995), for example, reported P
limitation of growth in 18 annual legume species in acid soil.
Although the nutrient requirements of many legume species

have been widely studied, little is known concerning the effect
of nutrient availability on emergence, nodulation and growth
of above- and belowground organs of T. medium. Using a pot
fertiliser experiment, our aim was to answer the following
questions: (i) how is emergence, seedling survival, growth of
above- and belowground organs and nodulation of T. medium
affected by N, P and K availability in alkaline soil; and (ii) is it
possible to grow T. medium as an alternative legume on
strongly alkaline soils (typical for karst areas in the Czech
Republic)?

MATERIAL AND METHODS

Experiment description

In April 2010, a pot experiment was established in an open-air
vegetation hall in the Crop Research Institute at Prague (Czech
Republic, 50°5′ N, 14°18′ E) with natural rain, temperature
and light conditions. The experiment was terminated in Octo-
ber 2010 because the plants were removed for analysis of
belowground organs. In the pot fertiliser experiment, a combi-
nation of two levels of N addition (N1 and N2), two levels of P
(P1 and P2) and one level of K (K) addition were used. This
resulted in 10 investigated treatments: N1, N2, P1, P2, K,
N1P1, N1P1K, N2P1K, N2P2K and a control with no fertiliser
input (see Table 1 for details). Each treatment was replicated
five times (50 pots in total). The pots were fertilised twice per
vegetative season, on 20 April and 27 July, using the following
fertilisers dissolved in water: ammonium nitrate with lime
(NH4NO3 + CaCO3, containing 27.5% N, 10% Ca), super
phosphate (Ca(H2PO4)2 + CaSO4, 8.5% P, 20% Ca, 10% S)
and potassium chloride (KCl, 50% K, 47% Cl). The pot volume
was 30 l and the pot surface area was 1963 cm2 (pot diameter:
50 cm). Natural soil rich in CaCO3 was used. The soil had the
following chemical properties: Ntotal = 614 mg!kg"1, KMehlich

III = 62 mg!kg"1 (low K availability), PMehlich III = 16 mg!kg"1

(low P availability), MgMehlich III = 422 mg!kg"1, CaMehlich

III = 6777 mg!kg"1 and pH (H2O) = 9.14. The mean tempera-
ture from May to October 2010 was 14.4 °C.

Seeds of T. medium were obtained from the Research Insti-
tute for Fodder Crops, Troubsko, and mother plants used for
seed production were collected around Brno town. The seeds
were stored at room temperature in paper bags in the dark
before the start of the experiment. Fifty seeds of T. medium
were sown in each pot with pre-fertilised soil on 5 May 2010.
The depth of sowing was 1 cm and pots were watered when
necessary, to maintain optimal growth conditions during the
whole vegetative season.

Seedling emergence

The cumulative number of seedlings (seedling emergence)
was recorded up to 22 May, as no further increase in seedling
number was recorded after this date.

Number of living plants

The number of living plants was counted in each pot on 21
July, 4 August and 10 October 2010 and expressed as the
proportion (percentage) of living plants from the total number
of seeds (50) sown per pot. This proportion ensured that the
number of plants was directly comparable with seedling emer-
gence recorded in May.

Aboveground organs

On 10 October 2010, the following plant traits were recorded
for individual plants of T. medium in each pot: (i) plant height;
(ii) number of inflorescences; (iii) length of leaf petiole; (iv)
length of terminal leaflet; (v) number of stems; (vi) number of
leaves per stem; and (vii) number of leaves per plant.

Belowground organs

On 10 October 2010, each plant was carefully removed from
each pot and belowground organs were floated in water. Repre-
sentative plants in each treatment were selected, taking care not
to select the smallest or tallest plants. Whole plants were indi-
vidually digitised using a scanner. Three traits of the root
system were recorded: (i) length of the taproot; (ii) diameter of
the root neck; and (iii) maximum order of branching. In addi-
tion to root characteristics, five traits of nodules were recorded:
(i) number of nodules per plant; (ii) width of nodules; (iii)
length of nodules; (iv) nodule colour; and (v) nodule shape.
The maximum order of branching showed the position of a
root within the branched hierarchy of the root system (Eissen-
stat et al. 2000; Wells & Eissenstat 2003). Nodule colour was
described as white, pink or green. The proportion of plants
with different-coloured nodules was recorded. For example,
100% white nodules indicated that white nodules were found
in all plants in a particular treatment. As plants with nodules of
all three colours were also frequently recorded, there was a high
overlap of colours. The shape of root nodules was classified
according to Corby (1971, 1988) as cylindrical or fan-shaped.
The proportion of plants with particular nodule shapes from
the total number of plants per treatment was recorded. For
example, 100% cylindrical nodules indicated that cylindrical
nodules were recorded on all plants in a particular treatment.

Table 1. Fertiliser treatments and amount of nutrients applied in one dress-

ing. Numbers in parentheses correspond to the total seasonal amount of

applied nutrients (two dressings together).

treatment N (kg!ha"1) P (kg!ha"1) K (kg!ha"1)

N1 150 (300) – –

N2 300 (600) – –

P1 – 40 (80) –

P2 – 80 (160) –

K – – 100 (200)

N1P1 150 (300) 40 (80) –

N1P1K 150 (300) 40 (80) 100 (200)

N2P1K 300 (600) 40 (80) 100 (200)

N2P2K 300 (600) 80 (160) 100 (200)

control – – –

Plant Biology © 2013 German Botanical Society and The Royal Botanical Society of the Netherlands2
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Statistical analysis

One-way analysis of variance (ANOVA) was used to evaluate the
effect of treatment on all collected data. After obtaining signifi-
cant results, multiple comparisons using Tukey’s HSD test were
applied, to identify significant differences between treatments.
All analyses were performed using STATISTICA version 7.0 (Stat-
soft, Tulsa, OK, USA). Unconstrained principal components
analysis (PCA) was used to visualise similarity between individ-
ual pots, treatments and relationships between measured plant
traits separately for aboveground and belowground parts. All
ordination analyses were performed using CANOCO for Windows
version 4.5 and ordination diagrams were constructed with the
CANODRAW (ter Braak & #Smilauer 2002).

RESULTS

Seedling emergence

The effect of fertiliser treatment on seedling emergence
recorded on 22 May was significant (Fig. 1a). The highest seed-
ling emergence (17%) was recorded in the P2 treatment,

followed by the N1 treatment with 16% emergence. The lowest
emergence of 6% and 5% was recorded in the N2 treatment
and the control, respectively. Emergence in all other treatments
was intermediate between these values.

Number of living plants in July, August and October

On 21 July, the proportion of living plants from the total
number of seeds sown ranged from 5.6% in the N2 treatment
to 13.6% in the K treatment, and the effect of treatment was
significant (Fig. 1b). On 4 August (Fig. 1c) and 10 October
(Fig. 1d), the plant number decreased and the highest propor-
tion of living plants was recorded in the P1 (9.6% and 10.4%)
and K (10.4% and 10%) treatments. The lowest proportion of
living plants was in the N2 (1.6% and 1.2%), N2P1K (2.4%
and 1.2%) and N2P2K (3.2% and 2.8%) treatments.

Aboveground organs

The effect of treatment on all investigated aboveground traits
of plants was significant (Table 2). Generally, the size of plants
increased in the order N2, K, control, P1, N1, N1P1, P2,

(a) (b)

(c) (d)

Fig. 1. Effect of investigated fertiliser treatments on (a) seedling emergence of Trifolium medium recorded on 22 May, and the proportion of living plants from

the total number of seeds sown in each treatment (b) on 21 July, before the second fertilisation, (c) on 4 August, after the second fertilisation and (d) on 10

October. All four (a, b, c and d) figures have the same units and the range of axes and are thus directly comparable. Error bars represent SE of the mean. Treat-

ment abbreviations are given in Table 1. F and P values in the upper right corner of each figure represent results of one-way ANOVA. Using Tukey’s post-hoc test,

treatments with the same letter were not significantly different at P = 0.05.
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N2P1K, N2P2K and N1P1K treatments. Scanned whole plants
and photographs of plants in all studied treatments are pro-
vided in Figs 2, 3 and 4. Plant height ranged from <6 cm in N2
and K treatments and the control, to >20 cm in N2P2K and
N1P1K treatments. No inflorescences were recorded in N2 and
N1P1 treatments or in the control, however >1 inflorescence
per plant was recorded in the N1P1K treatment.

Leaf petioles and terminal leaflets <1-cm long were recorded
in the N2 treatment and petioles and leaflets >3 cm were
recorded in N2P2K, N2P1K and N1P1K treatments. The
number of stems per plant ranged from one in N2 to four in
N1P1K treatment. The number of leaves per stem ranged from
4.3 in N2 to 19.6 in the N2P2K treatment. The number of
leaves per plant ranged from 4.3 in N2 to 67.6 in the N1P1K
treatment. Differences among treatments and variability
among individual plants within a treatment are clearly visible
from the PCA ordination (Fig. 5). The first axis of the PCA
explained 70.1% of the variation, and all axes together
accounted for 95.5% of data variability.

Belowground organs

With the exception of nodule width and proportion of fan-like
nodules, the effect of treatment was significant for all other
investigated traits of belowground organs (Table 2). Taproot
length ranged from 11.5 to 40.2 cm in N2 and P1 treatments
(Fig. 2), respectively. The maximum diameter of the root neck
ranged from 0.2 cm in N2 to 0.72 cm in P1 treatment, followed
by 0.7 cm in P2, N1P1K, N2P1K and N2P2K treatments. The
maximum order of branching ranged from 2.3 in N2 to 3.9 in
P1 treatment. The number of nodules per plant ranged from
0.8 in N1 and N2 treatments to 4.5 in P2 treatment. Nodule
width ranged from 0.5 to 1.7 mm in N2 and P1 treatment,
respectively. Nodule length ranged from 0.8 mm in N2 to
3.8 mm in K and P1 treatments. Except for N2 and N1P1
treatments, nodules of all three colours were recorded in all
treatments. Cylindrical nodules were more common in all
treatments. In N1P1 and N1 treatments, nodules were only
recorded in 14% and 17%, respectively, of plants and all
nodules were cylindrical.

Differences in belowground organs among treatments and
variability among individual plants within a treatment are

clearly visible from the PCA ordination (Fig. 6). The first axis
of the PCA explained 30.6% of the variation and all axes
together explained 66.3% of data variability. P2 and P1 treat-
ments are clearly separated from all other treatments on the left
of the diagram. Treatments with a combination of all nutrients
(N1P1K, N2P1K and N2P2K) and the control are located in
the centre.

DISCUSSION

Seedling emergence

The number of seedlings indicated poor emergence of
T. medium in treatments without any additional supply of
nutrients or with a high N supply and no other nutrients (N2
treatment) in alkaline soil. In acid soils, Woodman et al.
(1998) recorded a negative effect of N fertiliser application on
seedling emergence of several legume species. In the current
study, either no effect or a positive effect of increased nutrient
availability on seedling emergence was recorded. This might be
related to low nutrient availability in the used soil and there-
fore to a stimulating effect of increased nutrient supply on early
growth of seedlings. A similar positive effect of increased nutri-
ent availability on emergence was recorded in the same soil for
T. arvense L. (Chmel!ıkov!a & Hejcman 2012b). This contradicts
results for several other species in which a high N supply
reduced germination (Atriplex spp. Mand!ak & Py#sek 2001) or
seedling emergence (Rumex obtusifolius L. and R. crispus L.;
K#r!ı#s#t!alov!a et al. 2011).
Emergence was only partly stimulated by P supply, substan-

tially less than for T. arvense (Chmel!ıkov!a & Hejcman 2012b),
R. obtusifolius and R. crispus (K#r!ı#s#t!alov!a et al. 2011), indicating
that emergence of T. medium is less affected by nutrient avail-
ability than in the species with smaller seeds. Seed size, there-
fore, appears to play an important role in the response of
seedling emergence to nutrient availability in the soil. Further-
more, some control seeds germinated with a relatively long
delay, as the proportion of living plants on 21 July was higher
than on 22 May. A delay in seed germination in the control
might be due to slower breaking of the seed coat than in other
treatments, as a hard seed coat (physical dormancy) is a typical
feature of Fabaceae (Baskin et al. 2000).

(a) (b) (c)

Fig. 2. Scanned plants collected in (a) N2, (b) P2 and (c)

K treatments on 10 October 2010. Treatment abbrevia-

tions are given in Table 1.
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Number of living plants in July, August and October

There was a notably decrease in the number of living plants in
treatments with N application between 21 July and 4 August.
This was because of the high negative effect of a second N
application performed 27 July on individual plants. Following
this application, plants in treatments with high N addition
withered. This indicates a negative effect of high N supply,
especially NH4

+, on legumes and is consistent with previous
results for T. arvense (Chmel!ıkov!a & Hejcman 2012b) and
T. pratense (Neuberg et al. 2011). Legumes are generally sub-
stantially more sensitive to high mineral N supply than grasses,
and therefore intensive N fertiliser supply reduces the propor-
tion of legumes and benefits grasses in plant communities
(Hogh-Jensen & Schjoerring 1997; Britto et al. 2001; Honsov!a
et al. 2007; Liebisch et al. 2013).
The highest survival of plants in P1 and K treatments indi-

cates a positive effect of improved P and K supply on plant

survival. An improved K supply generally increases plant resis-
tance to environmental stress (Zahran 1999). A positive effect
of P and K application to T. medium seedlings is consistent
with results for T. pratense and T. repens, which responded
highly positively to P and K application in grassland fertiliser
experiments (Honsov!a et al. 2007; Pavl$u et al. 2012; Liebisch
et al. 2013). The high P and K requirements of T. medium are
thus in agreement with the generally high P and K require-
ments of other grassland legumes.

Aboveground organs

Plant traits with the highest values were recorded in treatments
after application of all the tested nutrients. Many studies have
demonstrated a positive effect of increased P supply on
legumes (Fageria et al. 1995; Cruz et al. 1997; Patreze & Corde-
iro 2005; Bucciarelli et al. 2006; Erkovan et al. 2010; Pang et al.
2010; Suriyagoda et al. 2011). A positive effect of P supply on

(a) (b)

(c) (d)

(e) (f)

Fig. 3. Effect of (a) N1, (b) N2, (c) P1, (d) P2, (e) K and

(f) N1P1 treatments on aboveground part of plants pho-

tographed on 16 September 2010 (in a 50-cm diameter

and 30 l volume pot). Treatment abbreviations are given

in Table 1.
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growth of aboveground organs was also observed here, but was
most positive when P was applied simultaneously with N and
K, supporting the findings of Zhao et al. (2007). Gates & Wil-
son (1974) found little effect of K application on aboveground
biomass. The tallest plants were in the N1P1K (25.7 cm) and
N2P2K (23.2 cm) treatments, indicating relatively high nutri-
ent requirements of T. medium not only for P and K, but also

for N. On permanent pasture, Ates (2011) observed substan-
tially taller (65.5 cm) plants of T. medium than recorded in
the current study. Smaller plants in the current experiment
were probably related to the short (1 year) duration of the

(a) (b)

(c) (d)

Fig. 4. Effect of (a) N1P1K, (b) N2P1K, (c) N2P2K and

(d) control treatments on aboveground plant parts pho-

tographed on 16 September 2010 (in a 50-cm diameter

and 30 l volume pot). Treatment abbreviations are given

in Table 1.

Fig. 5. Ordination diagram showing results of PCA of aboveground plant

traits of T. medium in 10 investigated fertiliser treatments (N1, N2, P1, P2,

K, N1P1, N1P1K, N2P1K, N2P2 and control, see Table 1 for details). Plant

trait abbreviations: HeiPl – Height of plant, LeLe – length of terminal leaflet,

LePet – length of leaf petiole, NrInflo – number of inflorescences, NrLPl –

number of leaves per plant, NrLSt – number of leaves per stem.

Fig. 6. Ordination diagram showing results of PCA of belowground plant

traits of T. medium in 10 investigated fertiliser treatments (N1, N2, P1, P2,

K, N1P1, N1P1K, N2P1K, N2P2 and control, see Table 1 for details). Plant

trait abbreviations: CylNo – cylindrical nodules, DiRN – diameter of root

neck, FanNo – fan-shaped nodules, GreNo – green nodules, LeNod – length

of nodules, LeTR – length of taproot, MaxOr –maximum order of branching,

NrNod – number of nodules, PinNo – pink nodules, WhiNo – white nodules,

WiNod – width of nodules.
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experiment, as T. medium is a perennial species and thus
requires several years to achieve its growth potential.
The tall plants of T. medium in the N2P2K treatment applied

here contrast with very small plants of T. arvense found in
another N2P2K treatment (Chmel!ıkov!a & Hejcman 2012b).
This indicates substantially higher N requirement of T. medium
than T. arvense and clearly reflects their Ellenberg indicator
values for nutrients of 1 for T. arvense and 3 for T. medium
(Ellenberg et al. 1992). Although T. medium is able to fix N2

via symbiotic bacteria, there is a tendency for it to obtain more
mineral N directly from the soil solution when this is available.
There were no inflorescences in N2 and N1P1 treatments or

in the control. The positive effect of P addition on flowering
was not as large as in the studies of Mabapa et al. (2010) and
Kumar (2011) with different legume species. In perennial species
such as T. medium, a highly positive effect of P addition on flow-
ering is usually observed in the second and subsequent years, but
not in the first seeding year. A positive effect of P supply on
length of the terminal leaflets and petioles is consistent with the
results of Bucciarelli et al. (2006) and Yahiya et al. (1995).
The highest number of stems (four) and highest number of

leaves per stem were observed after N1P1K treatment. This is
in agreement with results for T. medium in pasture vegetation
with soil pH 5.9 (Ates 2011). Berg et al. (2009) reported similar
results for Medicago sativa, where addition of P increased for-
age yield by enhancing biomass per stem. In the current study,
the number of stems was low in N2 and K treatments without
simultaneous P application, indicating the high P requirement
of T. medium and that P was a growth-limiting nutrient that
directly affects development of different organs.

Underground organs

There was a highly positive effect of P supply on development
of underground organs, as also observed following application
of all nutrients (N1P1K, N2P1K and N2P2K treatments). There
was a negative effect of N application on nodulation, especially
in the N1 and N2 treatments, where growth of T. medium was
limited by insufficient P supply.
The longest taproots of T. medium were recorded in treat-

ments with P, in agreement with results for M. sativa (Baligar
1987). Application of N considerably reduced rooting depth, as
also described in Svoboda & Haberle (2006) for Triticum
aestivum L. under field conditions. There was an increase in

diameter of the root neck in T. medium after P treatments and
in all treatments with N, P and K application (N1P1K, N2P1K
and N2P2K), as also found in experiments of Wahl et al.
(2001) for non-legume species and Pang et al. (2010) for
legume species. This positive effect of high P supply on root
diameter is consistent with results of Hill et al. (2006) for other
legume species. The maximum order of branching was found
in treatments P1, K and P2, and the minimum in the N2 treat-
ment. Simultaneous N and P application increased root
branching similar to the study of Forde & Lorenzo (2001).

The most positive effects of P1 and P2 treatments and nega-
tive effects of high N application without other nutrients (N1
and N2 treatments) affected nodulation. A positive effect of P
and negative effect of N application on nodulation in legumes
is consistent with results of many authors for different legume
species (Adams et al. 2002; Brauer et al. 2002; Roumet et al.
2008; Li et al. 2011; Chmel!ıkov!a & Hejcman 2012b). In general,
the degree of nodule inhibition after N application depended
on the P level, as described in Gates & Wilson (1974) for Stylo-
santhes humulis, where combinations of N and P application
stimulated successful nodulation in contrast to separate N
application.

CONCLUSIONS

As demonstrated in this study, T. medium is potentially a suit-
able legume species for growth in alkaline soils. It requires a
relatively high P and K supply as well as additional mineral N
supply to achieve maximum growth potential. The mineral N
requirements are substantially higher than for T. arvense
planted in the same soil (Chmel!ıkov!a & Hejcman 2012b). Only
moderate N supply on soils containing sufficient P and K will
benefit growth. High availability of mineral N under low P and
K supply can cause high mortality of seedlings, decrease growth
rate of aboveground and belowground organs and also decrease
the number of nodules per plant.
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Seasonal development of biomass yield in grass-legume mixtures on 
different soils and development of above- and below-ground organs of 
Medicago sativa

Abstract 

Grass-legume mixtures are suitable for crop rotations under organic 

farming. Little attention has been paid to seasonal development of 

mixtures with alfalfa under field conditions. We investigated the effects of 

site and cut on herbage and below-ground biomass yields and on above- 

and below-ground traits of Medicago sativa. Six sites in southern 

Germany with alfalfa in mixtures were monitored during the year 2011. 

Dry matter herbage yield ranged from 9 to 16 t ha-1. The proportion of the 

first, second and third cuts within the total herbage yield was 45, 36 and 

19%. The below-ground biomass in the upper 30 cm soil layer ranged 

from 1.7 to 3.8 t ha-1.There was no seasonal trend. Diameter of the root 

neck and maximum order of branching of alfalfa increased during the 

season. The number of nodules per plant decreased from 9.5–17.0 in May 

to 7.5–13.0 in August. By the last cut, roots with larger diameter created 

smaller nodules. More branched roots created more nodules independent 

of their shape. Thinner roots had more active nodules. Plant height, 

number of stems and inflorescences per plant were higher in July and 

August than in May. Mixtures are recommended due to their positive 

effects. 

Keywords: alfalfa; lucerne; nodulation; root traits 

Introduction 

Alfalfa (syn. lucerne) is one of the most important forage legumes. It is 

adaptable to a wide range of environments and provides a high forage yield of good 

quality (El-Din & Assaeed 1995; Berg et al. 2007; Grewal 2010; Moreira & Fagaria 

2010). Alfalfa can be planted in monocultures or in grass-legume mixtures, where it 
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increases organic matter content in the soil and also substantially increases N 

availability via its symbiotic relationship with Rhizobium s.l. bacteria. Perennial forage 

legumes such as alfalfa take a higher proportion of their N from fixation of gaseous N2 

when intercropped with grasses than planted in monocultures. Therefore the use of 

grass-legume mixtures can result in higher N2 fixation compared to legume 

monocultures (Loiseau et al. 2001; Carlsson & Huss-Danell 2003; Nyfeler et al. 2011). 

Mixtures can thus produce higher herbage yields than the best monocultures and this is 

called the “overyielding” effect (Halling et al. 2002; Høgh-Jensen & Schjørring 1997; 

Gierus et al. 2012; Fin et al. 2013). Hence, mixtures play a pivotal role in contributing 

to the soil nitrogen balance for example in organic farming. In such farming systems 

maximising the amount of N fixed by plants and retained within the soil is of paramount 

importance for the yield of the following crop (Hatch 2007). 

Root traits are important, because of their close relationship to herbage yield, as 

the below-ground organs predetermine the production of above-ground organs (Lamb et 

al. 2000; Annicchiarico 2007). Root traits are heritable. However, they are plastic, to 

cope with variable soil conditions such as water and nutrient availability (Briggs & 

Walter 1997; Sultan 2000; Hodge 2004; Šmilauerová & Šmilauer 2010). Roots 

continually emerge, age, and die throughout the vegetation season at rates that differ 

among subsets of the root population and change in response to seasonal and 

environmental factors (Hendrick & Pregitzer 1993; Reid et al. 1993; Forbes et al. 1997; 

Ruess et al. 1998; Majdi 2001). 

Nodulation, which is the colonisation of roots by symbiotic bacteria and the 

precondition for N fixation, is highly affected by site conditions such as salinity, soil 

pH, nutrient availability, moisture and temperature (Athar & Johnson 1996; Zahran 

1998; Li et al. 2012). For example, a positive effect of high P and a negative effect of 

high N availability on nodulation were recorded for many legume species (Brauer et al. 

2002; Svoboda & Haberle 2006; Roumet et al. 2008; Li et al. 2011). In addition, Shaw 

et al. (1966) observed a positive effect of molybdenum availability on the number and 

weight of nodules. Nodulation is also affected by various biotic factors, such as the 

presence of rhizobia, mycorrhizal fungi, the intensity of photosynthesis and the 

occurrence of pathogens (Zahran 1998; Guo et al. 2010). According to Corby (1988) 

nodule shape is associated with legume taxonomy and can be species- or tribe-specific. 

Cylindrical elongated or fan-like nodules are characteristic for the genus Medicago
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(Zahran 1998; Chmelíková & Hejcman 2012a). The colour of nodules is a reliable 

indicator of nodule activity: young and inactive nodules are white; active nodules are 

pink; moribund or senescent nodules are green, and brown nodules are inactive (Pate & 

Dart 1961; Swaraj & Bishnoi 1996). 

Previous studies (Lamb et al. 2000; Glab 2008; Aranjuelo et al. 2011; Neumann 

et al. 2011; Testa et al. 2011) have investigated morphological traits of alfalfa roots 

particularly in monocultures. However, little attention has been paid to nodulation or the 

seasonal development of nodules if alfalfa is grown in mixtures with other legumes and 

grasses. The aim of this study was therefore to investigate the seasonal development of 

root and nodule traits of alfalfa in grass-legume mixtures under field conditions of 

organic farming. We asked the following research questions: (i) how is the herbage 

yield and yield of below-ground organs of the grass-legume mixture affected by the 

locality and time within the vegetation season? (ii) how are the diameter of the root 

neck, maximum order of branching and nodule traits of alfalfa affected by locality and 

time? (iii) how are the above-ground plant traits of alfalfa affected by locality and time? 

(iv) how is the nodule variability in alfalfa affected by locality and time? 

Materials and Methods 

Study area 

All data were collected at six sites (D1, S1, S2, V1, V2, and V3) on organic 

experimental farms in southern Bavaria (Germany) in the surroundings of Freising 

(48 24'N, 11 45'O). The altitude of the collection sites (see Table 1 for the description of 

sites) ranged from 450 to 480 m a.s.l., the mean annual precipitation from 780 to 800 

mm and mean annual temperature from 7.8 to 8.4°C. The sites differed in soil 

conditions, but the climatic conditions (mean annual temperature and precipitation) 

among sites were uniform due to their spatial proximity. At each experimental site all 

data were collected in four sampling plots each 10 × 10 m in size. Sample plots were 

selected in a way to avoid areas with visibly low or high plant density to have a roughly 

even plant density in all plots. A standard drill technique was used for seeding. Intra-

row and inter-row spacing was 12.5 cm. Seeded grass-legume mixtures were 

homogeneous at all sites and were composed of Medicago sativa variety Eugenia (4 kg 
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ha-1), Trifolium pratense (5 kg ha-1), T. repens (2 kg ha-1), Dactylis glomerata (1 kg ha-

1), Festuca rubra (1 kg ha-1), F. pratensis (8 kg ha-1), and Phleum pratense (4 kg ha-1). 

Grass-legume mixtures were established at all sites in 2010, one year before data 

collection. The exception was the D1 site, where the mixture was established in 2009 

and all data were collected in the second year of vegetation. The site D1 is not 

compared with the other sites because the effect of plant age and the effect of site 

cannot be separated. Nevertheless, the data from the site D1 was collected in the same 

way as for the other sites and serve only informatively. 

Data collection 

Herbage and below-ground organ yield of the grass-legume mixture 

Cuts at all sites were performed at the end of May, the beginning of July and at 

the end of August, according to agronomic requirements and at similar developmental 

stages. Fresh biomass was measured by cutting the sward mechanically in the central 

area of each sampling plot (1.8 m × 9.0 m per sample) at a height of about 2 cm. Sub-

samples of 0.5 kg were then taken from the cut material and oven-dried at 60°C for 48 h 

to determine the dry-matter content and herbage yield. 

On the day of each cut, soil monoliths 15 cm deep and 7 cm in diameter were 

collected for the determination of below-ground organ biomass in each sampling plot. 

Two monoliths (0–15 and 15–30 cm), one from the inter-row space and one from the 

intra-row space, were collected with an auger. The samples were temporarily stored at -

18°C before root separation and counting. Samples were separated using a 0.5 mm 

mesh sieve. Residues were cleaned with water and then roots were drained in a 

hydraulic sieving-centrifugation device. Finally, to prevent mould contamination, roots 

were hand-cleaned from organic debris and immersed in 10% (v/v) ethanol solution. 

Below-ground organs of alfalfa 

On each day of cutting, five alfalfa plants were selected haphazardly in each 

sampling plot, taking care not to favour tall or small plants. The monolith method was 

used to collect the five individual plants (Böhm 1979). The soil monolith measuring 30 
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× 30 × 30 cm beneath the plant was dug up and washed carefully with water to extract 

the below-ground organs of the plants from the soil. Subsequently, each whole plant 

was digitised using a scanner (Brother MFC-6890CDW). 

Two traits of the root systems were recorded: 1) diameter of the root neck and 2) 

maximum order of branching. In addition to root characteristics, four traits of nodules 

were recorded: 1) the number of nodules per plant; 2) the size of nodules; 3) the shape 

of nodules and 4) the nodule colour. The maximum branching order reflected the 

highest developmental branching order in the hierarchy of the root system (Fitter 1987; 

Eissenstat et al. 2000; Wells & Eissenstat 2003). We therefore refer to roots with no 

dependent laterals as first order, roots with a single set of dependent laterals as second 

order, and so on. The shape of root nodules was classified according to Corby (1971; 

1988) as cylindrical or branched. We recorded the proportion of plants with the 

presence of particular nodule shapes from the total number of plants per sampling plot. 

For example, 100% cylindrical nodules indicated that cylindrical nodules were recorded 

on all plants in the particular replicate. The colour of nodules was described as pink 

(active), green (senescent) or brown (moribund) and was expressed as a percentage 

relative to that of all plants within a treatment. As nodules with two colours were also 

frequently recorded, there was a high overlap of colours. 

Above-ground organs of alfalfa 

The above-ground organs were measured at the same five alfalfa plants and 

were evaluated with roots simultaneously. Five traits of above-ground organs were 

recorded: 1) plant height – distance between root neck and the tallest point of the 

plant; 2) the number of stems per plant; 3) the length of the longest terminal leaflet; 

4) the length of the longest leaf petiole and 5) the number of inflorescences per 

plants. 

Soil properties 

Soil samples were taken in August 2011. In each sampling plot a pooled sample 

was taken from 0 to 30 cm depth after removing plant residues and roots. Results were 

averaged to form one representative measure for each site. The soil samples were dried 



7 

and sieved to 2 mm. All analyses were conducted in accordance with standardised 

methods of the Association of German Agricultural Analytical and Research Institutes 

(VDLUFA 1991). Details concerning soil properties at each site together with analytical 

methods are given in Table 1.

Data analysis 

One-way ANOVA was used to evaluate the effects of site and cut on all 

collected data. After obtaining significant results, multiple comparisons using Tukey’s 

HSD test were applied, to identify significant differences among sites and among cuts. 

The analyses were based on the values of all measured traits for individual plants. All 

analyses were performed using STATISTICA 7.0 software (Statsoft, Tulsa). The values 

of individual yields and plant traits (with exceptions of nodule traits) were compared 

among five sites (S1, S2, V1, V2, V3). The nodule traits were compared for all sites.  

Principal component analysis (PCA) was used to detect trends in the 

development of above- and below-ground organs during the vegetative season on five 

sites. Unconstrained PCA analysis was used to visualise similarity between individual 

plants of five sites, sites and cuts. The relation was visualised separately for above- and 

below-ground organs of all sites (D1 included). All analyses were performed using the 

CANOCO for Windows 4.5 program and results of the analyses were visualised in the 

form of ordination diagrams constructed by CANODRAW program (ter Braak & 

Šmilauer 2002). 

Results 

Herbage and below-ground organ yield of the grass-legume mixture 

The herbage yield over all three cuts was significantly affected by site and 

ranged from 8 to 12 t ha-1 at D1 and V1 sites, respectively (for details see Table 2). The 

effect of site on herbage yield of the first cut was not significant, but was significant for 

the second and third cuts. In addition, the herbage yield was significantly affected by 

cut at all sites. The proportion of the first, second and third cuts on the total herbage 

yield over all sites was 45, 36 and 19%, respectively (Table 2). 
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The biomass of below-ground organs was not significantly affected by site or by 

time. In the upper 30 cm of the soil, the dry matter biomass of below-ground organs 

ranged from 1.7 to 3.8 t ha-1 in the first cut, from 1.3 to 2.4 t ha-1 in the second cut and 

from 1.7 to 2.8 t ha-1 in the third cut (Table 2). 

Below-ground organs of alfalfa 

The diameter of the root neck, maximum branching order, the number of 

nodules per plant, nodule size, and the proportion of cylindrical, branched, pink and 

green nodules were significantly affected by the site. There was no significant effect of 

site on brown nodules in May. The significant effect of cut on nodule size and on the 

proportion of pink and green nodules was recorded at all sites (see Table 3 for details). 

The largest root diameter was recorded at the S2 site in July. The most branched 

nodules were recorded in May. The lowest maximum order of branching was recorded 

at sites S1 and S2 in May, at sites V1 and V2 in July, and at S2 and V1 in August. 

With the exception of site S2, the lowest nodule number per plant was recorded 

in August and the highest in May. The number of nodules per plant ranged from 1.0 at 

site D1 in July and August to 17.5 at site V1 in May. Cylindrical nodules were the most 

common at all sites. The proportion of plants with cylindrical nodules ranged from 27% 

at site D1 to 78–88% at all other sites and the proportion of plants with branched 

nodules ranged from 8% at site D1 to 72% at site S1. The branched nodules were 

generally larger than the cylindrical nodules and the size of nodules ranged from 0.8 to 

12.4 at sites D1 and V1, respectively. The most active nodules, as indicated by their 

pink colour, were recorded in May. Afterwards the proportion of plants with pink 

nodules gradually decreased. The proportion of plants with green nodules was highest at 

all sites in May and July and the proportion of plants with brown nodules was highest in 

August. 

Differences in below-ground organs among sites and cuts are clearly visible 

from the PCA ordination diagram in Figure 1. The first axis of the PCA explained 

90.1%. The PCA analysis shows, that roots with larger diameter created smaller 

nodules. This is e.g. well visible in August for the third cut. More branched roots 

created more nodules independent of their shape. The thinner roots had more active 

nodules. As a consequence, the most nodules were created in May. 
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The relatively small change and the low variability in below-ground organs over 

time at site D1 and their dissimilarity compared to those of other sites is clearly visible 

in Figure 2a. The D1 points are located in the same quadrant relative to the centre. 

Higher variability of plant traits was recorded at sites S1, S2, V1, V2, and V3. There 

was a clear trend in the development of below-ground organs among cuts as is indicated 

by the shift in the position of marks for individual plots. The plants from the first and 

the second cut varied more than the plants from the third cut. Differences are so low for 

the third cut that points of the five sites are located in the same quadrant. 

Above-ground organs of alfalfa 

We observed a significant effect of site on plant height, the length of the 

terminal leaflet and leaf petiole (Table 4). The effect of cut was significant for alfalfa 

plant height at all sites. Generally, the shortest plants were recorded in May. Plant 

height ranged from 29.6 cm at site S2 in May, to 63.7 cm at site V1 in July (see Table 4 

for details). 

The largest number of stems per plant (with exception of site D1) was recorded 

at site V3 (2.4, 2.9 and 5.0). The least number of stems was recorded at site V1 in May 

and at site S1 in July and August. The shortest leaflet of 1.6 cm and petiole length of 1.8 

cm was recorded at site V3 in July. The longest terminal leaflet of 2.6 cm and petiole 

length of 3.6 cm was recorded at sites S1 and S2 in August. The highest number of 

inflorescences per plant (3) was recorded at site S2 in July. Only at site D1 

inflorescences were recorded in August, too. 

Differences in the above-ground plant traits among sites were not as large as for 

below-ground organ traits. The differences among individual plants during all three 

months are clearly visible from the PCA ordination diagram in Figure 3. The first axis 

of the PCA explained 84.2%. In August, the plants from site D1 differed most from 

plants at other sites (Figure 2b). The plants of the other sites were more similar. This 

can be seen e.g. in May, where the points of above-ground traits of all five sites are 

located in the same quadrant. 
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Discussion 

Herbage and below-ground organ yield of the grass-legume mixture 

The herbage yield and yield of below-ground organs in the upper 30 cm soil 

layer was analysed as background information for the detailed research on alfalfa plant 

traits. The lowest herbage yield of 8 t ha-1was recorded at site D1, where both the 

highest organic matter content and highest N availability in the soil was observed. A 

possible explanation for this is that the crop mixture at this site was in the second year 

of vegetation in contrast to the first year of vegetation of mixtures at other sites. Braun 

et al. (2010) measured a herbage yield of 16 t ha-1 when investigating the same mixture 

in the first year of vegetation at site D1. This gives evidence that site D1 has the highest 

production potential of all studied sites. A decrease in herbage yield between the first 

and second year of vegetation was thus 50% and this is roughly in agreement with the 

decrease of 57–78% recorded between the first and second year of vegetation by 

Albayrak & Türk (2013). The highest herbage yield of the first and the lowest yield of 

the third cut agree with the commonly recorded pattern of herbage production in legume 

stands and grasslands in Central Europe (Hrevušová et al. 2009; Gierus et al. 2012; 

Hakl et al. 2012a). 

Although significant differences in herbage yield were recorded among sites for 

the second and third cut, differences in below-ground biomass were not significant. 

Below-ground organ biomass was thus relatively similar at sites with different herbage 

production, which is in contrast to results of Hakl et al. (2011). Our results thus indicate 

a shift in favour of roots in the relative proportion of above- and below-ground biomass 

related to decreasing productivity of sites in terms of total herbage yield. 

Luo et al. (1995) recorded higher fine root mass in spring and fall than in 

summer. This is partly in agreement with the seasonal development of below-ground 

organs at four of six studied sites (Figure 2). The fine root biomass can be connected 

with root branching order. The highest mean value of branching order was recorded in 

the first cut at all five sites. 

The legume and grass proportion differed in time as also found by Fin et al. (2013) or 

Sanderson et al. (2013). Similar to results of Marley et al. (2003) the contribution from 

different species (e.g. alfalfa and red clover) to total herbage yield differed according to 
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cuts. Stage of maturity affected the yield of alfalfa, but in line with Marley et al. (2003) 

the influence was not significant in each cut. 

Below-ground organs of alfalfa 

The differences in root traits were not caused by different climatic conditions at 

the study sites. Climatic parameters were uniform and the sites differed only in soil 

conditions. Results showed that root branching was affected by soil conditions and roots 

with greater diameter developed smaller nodules. Also more branched roots developed 

more nodules independent of their shape and thinner roots had more active nodules. 

In this study, roots at site D1 differed from all other sites. This seems to be 

caused by the different age of the stand. Root diameter and the number of branched 

roots were associated with the age of the alfalfa stands, as already shown in other 

studies (Suzuki 1991; Pietola & Smucker 1995; Hakl et al. 2011). 

Root branching was similar at all other sites with one year old plants. The 

branching order was slightly higher at sites with a higher sand content (V2 and S2), 

which was probably connected with easier root penetration, similar to the study by 

Salako et al. (2002). Roots compete with themselves as well. According to Harper 

(1977) the presence of neighbours affected the environment of a plant and resulted in 

changes in growth rate or morphology. Hakl et al. (2011) described this effect e.g. for 

root diameter and number of lateral roots. Small scale differences in stand density at 

sampled plots together with low number of plants (n=5) led to high variability and 

unconvincing trends in root traits development over vegetation period. The age of the 

stand probably had no direct effect on nodule traits, because of their short lifespan 

between 10 to 12 weeks (Puppo et al. 2005). However, indirect effects can be assumed. 

Alfalfa plants are known for their thick, long and unbranched roots (Kutschera 1960; 

Chmelíková & Hejcman 2012a). Older plants of alfalfa have lower number of thin 

roots, which are more easily infected by bacteria and more likely show nodulation 

afterwards. 

According to many studies (Lynch & Brown 2001; Adams et al. 2002; Dunbabin 

et al. 2004; Raghothama & Karthikeyan 2005) the effect of nutrient content in the soil 

seems to be very important. Our data suggested an influence of nutrients on nodules. 

Unfortunately it is not possible to determine the role of individual nutrients because of 
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their interaction. This is typical for studies under practical field conditions, which are 

subject to complex environmental and species interactions. At site D1 with the oldest 

plants, the soil was characterised by a substantially higher N availability than at other 

sites. This probably explains the low number of nodules, their small size and the low 

proportion of branched nodules, since nodulation is negatively affected by high N 

availability in the soil (Adams et al. 2002; Brauer et al. 2002; Beebe et al. 2006; Grewal 

2010; Li et al. 2011). Cylindrical and branched nodules can both be observed on roots 

of alfalfa. However, branched nodules are especially abundant at sites with low N and 

high P availability, as was observed in our previous study (Chmelíková & Hejcman 

2012b). With the exception of site D1, root diameter was slightly higher at sites with a 

higher availability of soil P in comparison to other localities. This is in agreement with 

results by Pang et al. (2010) for M. sativa in soils with sufficient P availability. Lynch & 

Brown (2001) and Hill et al. (2006) recorded more branched roots of bean under 

conditions with low P availability. However, Adams et al. (2002) recorded more 

branched roots in soils with higher P availability. At the six studied localities, roots 

were neither more nor less branched and no relation to different P availability was 

apparent. Differences in P availability among localities were probably not sufficient to 

be reflected by roots. In addition, there was probably an effect of other nutrients, for 

example K deficiency at site D1. According to Høgh-Jensen (2006) K deficiency can 

induce changes in the relative growth of roots and nodules. 

In contrast to roots, nutrient availability greatly affected nodules. At site D1 low 

nodulation in the second year of vegetation due to a high availability of N in the soil can 

probably explain the substantial decrease in the proportion of legumes and the increase 

in grasses recorded in grass-legume mixtures in the second and subsequent year of 

vegetation (Fin et al. 2013). In agreement with results of Zahran (1998) nodule number 

decreased during the vegetation season at all sites except S2, where a slight increase 

was observed. The different development at site S2, which has a high content of sand in 

the soil, might be due to good P availability. The highest number of pink nodules was 

recorded in May and of green nodules in August. This colour change during the 

vegetative season was also observed by Swaraj & Bishnoi (1996). There was no 

positive effect of Mo availability on the number and size of nodules. This contrasts with 

positive effects of Mo availability on the number and size of nodules on soybean 

recorded by Vieira (1998) and Toledo et al. (2010). The reason for these different 
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results might be that Mo availability was sufficient at all sites in our study. During the 

vegetative season, the lowest proportion of brown and green nodules was recorded at 

the site with higher Mo availability in the soil. This result is in agreement with that of 

Shaw et al. (1966), reporting the main effect of Mo on nodulation appeared to be a 

longer period of effective N2 fixation, which leads to more active nodules (pink) than 

senescent and moribund nodules (green or brown). 

Above-ground organs of alfalfa 

The highest values for above-ground traits (plant height, the number of stems 

per plant and leaf size) were recorded for the cut with the highest herbage yield. This is 

similar to results of other studies (Annicchiarico et al. 2010; Monirifar 2011; Hakl et al. 

2012b). According to Sheaffer et al. (2000) the cutting effects determined yield and 

quality of leaf, stem, and total herbage of six alfalfa entries. Plant height and the number 

of stems per plant were affected by time of cut within the season. In the second cut, 

plant height was larger than in the first cut, which agrees with results of Shen et al. 

(2013) and was probably due to rapid stem growth from the stubble. 

Stem number per plant increased with age and was much greater at site D1 with older 

plants, than at other sites. Many authors (Volenec et al. 1987; Peterson et al. 1992; 

Sengul 2002) have described the same positive effect of age on alfalfa stem number per 

plant. According to Singh & Winch (1974) the number of stems increases markedly 

soon after cutting. With the exception of S1 and S2, the highest stem number per plant 

was recorded at all sites for the final cut, which agrees with results by Sheaffer et al. 

(2000). Site S1 and S2 had a quite low pH value not suitable for alfalfa, which prefers 

pH between 6.5–7.0 (Rhykerd & Overdahl 1972; Peters et al. 2005). Although this 

difference in soil condition may be one reason for differences in stem numbers, there 

may be others like small differences in plant density, management, water stress or 

nutrient availability, which went undetected in this study. The longest terminal leaflet 

and petiole was measured either in the first or third harvest, indicating some effect of 

time within the season on leaf shape. 

As suggested by Suzuki (1991) the proportion of above-ground alfalfa organs 

decreased with age and the reduction in older stands was more evident in the second 
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cut. This is in agreement with our results, as the plant height in the second cut was 

lower at the site with older plants (D1) in comparison to the other sites. 

Inflorescences were only recorded in July (S1, S2, V1, V2, and V3) (at site D1 also in 

August), which correlates with the flowering time of M. sativa. In May, no 

inflorescences were observed, because the earliest month of flowering for the species is 

June (Fitter & Peat 1994). More inflorescences were recorded for plants with a higher 

number of stems. The number of inflorescences seems to be influenced by P content of 

the soil. However, this effect may be affected by soil pH and clay content, which alter 

the availability of P to the plants. 

Contrasting with results of Wang et al. (2012) we found no dependence of 

above-ground plant traits on soil type. We suspect that differences in soil physical and 

chemical properties among investigated sites were probably not high enough in this 

study. 

Stand density or drought stress might be responsible for some of the observed 

differences in the above-ground plant traits among sites. Drought stress may have 

occurred at site S2 in spring and might be reflected by shorter terminal leaflets and 

petioles. The reduction in alfalfa leaflet size and stem weight under drought stress is 

well known and enables water loss to be reduced (Christian 1977). 

Conclusions 

This study yielded interesting results on alfalfa in grass-legume mixtures under 

practical field conditions. Novel findings are thus relevant for agricultural practice and 

the efficient production of fodder crops. 

In the first year of vegetation, the dry matter yield of the herbage ranged from 9 

to 16 t ha-1 without fertilizer input on common agricultural soils in Bavaria. The 

proportion of the first, second and third cuts within the total herbage yield was 45, 36 

and 19%, respectively. The amount of the dry matter below-ground biomass ranged 

from 1.3 to 2.8 t ha-1 in the upper 30 cm soil layer. There were no clear temporal trends 

during the vegetation season or significant differences among sites. 

In alfalfa plants, the diameter of the root neck and the maximum order of 

branching generally increased with time and both traits were affected by site conditions. 

Root branching was slightly higher at sites with a higher sand content, which was 
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probably connected with easier root penetration. A clear seasonal development of 

nodulation was recorded. The number of nodules per plant generally decreased from 

9.5–17.0 in May to 7.5–13.0 in August. At sites with a high availability of N, the 

number of nodules was only 3.5 in May and 1.0 in August and nodules were very small. 

By the last cut, roots with larger diameter created smaller nodules. More branched roots 

created more nodules independent of their shape. Thinner roots, which appear mostly at 

the beginning of vegetation season, had more active nodules. With the exception of 

plant height and the number of stems per plants and inflorescences per plant, other 

above-ground plant traits were minimally affected by time within the season. 

Although in this study not all effects and interactions of biotic and abiotic 

factors could be determined due to the complexity of a practical field study, it was 

possible to assess above-ground and below-ground aspects simultaneously. Even though 

not all analysed aspects were significant, our results suggest some important relations 

between above- and below-ground traits. Future studies should focus on these relations 

to derive further knowledge that can be used to optimize herbage yields and positive 

effects of alfalfa and other legume roots. 

Finally, we conclude that grass-legume mixtures should be an integral part of 

crop rotations under organic farming conditions. In such farming systems grass-legume 

mixtures with alfalfa can provide high herbage yields without fertilizer input and a large 

amount of below-ground organs that remain in the soil. 
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Table 1. Description of study sites. 

Table 2. Dry matter herbage yield and yield of below-ground organs in the upper 30 cm 

of the soil of grass-legume mixtures at sites D1–V3. A detailed description of sites is 

given in Table 1. P – probability value obtained by the F test. Differences between sites 

denoted by the same letter (a–c) or differences between cuts denoted by the same letter 

(A–B) were not significantly different at the 0.05 probability value calculated by post-

hoc comparisons using the Tukey HSD test. 

Table 3. Summary of below-ground traits of alfalfa plants. One-way ANOVA was 

applied to evaluate the significance of the site effect. Differences between sites denoted 

by the same letter (a–d) or differences between cuts denoted by the same letter (A–C) 

were not significantly different at the 0.05 probability value, calculated by post-hoc 

comparison using the Tukey HSD test. 

Table 4. Summary of above-ground traits of alfalfa plants. One-way ANOVA was 

applied to evaluate significance of the site effect. Differences between sites denoted by 

the same letter (a–c) and differences between cuts denoted by the same letter (A–C) 

were not significantly different at the 0.05 probability value calculated by post-hoc

comparison using the Tukey HSD test. 

Figure 1. Ordination diagram showing the results of PCA of roots and nodule traits of 

Medicago sativa at six sites (S1, S2, V1, V2, and V3– see Table 1 for site description). 

Plant trait abbreviations: BroNod – brown nodules; CylNod – cylindrical nodules; 

Diamet – diameter of the root neck; FanNod – fan-like nodules; GreeNod – green 
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nodules; NodNr – number of nodules per plant; NodSize – size of nodules; OrdBran – 

maximum order of branching; PinNod - pink nodules. 

Figure 2. Principal component analysis (PCA) ordination (a) of below-ground organs 

and (b) of above-ground organs of Medicago sativa on sites D1, S1, S2, V1, V2, and V3 

in May (1), July (2) and August (3) 2011. 

Figure 3. Ordination diagram showing the results of PCA of above-ground plant traits 

of Medicago sativa at six sites (S1, S2, V1, V2, and V3- see Table 1 for site 

description). Plant trait abbreviations: Inflor - number of inflorescence; LeLe - length of 

the terminal leaflet; LeafPet - length of the leaf petiole; NrStem - number of stems per 

plant; PlHeig - height of the plant. 
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Table 1. Description of study sites. 

1measured in a suspension with 0.01 M CaCl2; 2extracted by a calcium-acetate-lactate solution (CAL);
3measured by the CAT method; 4determined by the HWE method; 5determined by the Dumas dry-
combustion method; 7measured in pot experiment – estimation of N availability in the soil via N uptake 
by Lolium perenne  from 10 kg of the soil, extracted for nitrate (0.01 M CaCl2, 1:5 soil-to-extraction 
ratio), analysed photometrically after separation by HPLC. 

 D1 S1 S2 V1 V2 V3 

Altitude (m a.s.l.) 450 470 470 480 480 480 

Mean annual 
temperature (°C) 7.8 8.4 8.4 7.8 7.8 7.8 

Mean annual 
precipitation (mm) 800 800 800 790 790 790 

Soil type Stagnic 
Fluvisol 

Haplic 
Cambisol 

Haplic 
Cambisol Cambisol Cambisol Cambisol 

Sand (%) 4 37 43 25 57 18 
Silt (%) 71 45 41 58 31 51 
Clay (%) 25 18 16 17 12 31 
pH1 7.3 5.6 5.8 6.3 6.2 7.1 
P (mg/100g)2 2.6 4.8 6.2 2.2 3.1 7.0 
K (mg/100g)2 1.7 12.5 10.0 8.3 8.3 10.0 
B (mg/kg)3 0.3 0.1 0.1 0.3 0.1 0.1 
Cu (mg/kg)3 4.8 2.9 4.2 3.1 2.2 2.6 
Fe (mg/kg)3 26 144 181 113 113 94 
Mn (mg/kg)3 4.7 296 191 314 213 232 
Zn (mg/kg)3 6.7 9.3 19.4 3.4 3.3 3.9 
Mo (mg/kg)4 0.11 0.03 0.03 0.03 0.04 0.05 
C organic (g/kg)5 111.7 9.6 8.8 11.4 11.2 10.2 
N total (g/kg)6 8.3 1.0 0.8 1.2 1.2 0.9 
C : N ratio 9.45 9.6 10.90 9.62 9.64 11.50 
N uptake by grass 
(g)7 1.81 0.99 0.84 1.05 1.07 1.03 

Age (in years) 2 1 1 1 1 1 
Proportion of 
legumes on herbage 
yield (%) 

60–70 50–70 40–70 60–85 60–75 60–75 
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Table 2. Dry matter herbage yield and yield of below-ground organs in the upper 30 cm of the soil of 
grass-legume mixtures at sites D1–V3. A detailed description of sites is given in Table 1. P – probability 
value obtained by the F test. Differences between sites denoted by the same letter (a–c) or differences 
between cuts denoted by the same letter (A–B) were not significantly different at the 0.05 probability 
value calculated by post-hoc comparisons using the Tukey HSD test. 

D1 S1 S2 V1 V2 V3 Mean p 
Herbage  
(t/ha) 

May 3.4 5.7aB 5.4aB 5.2aA 3.4aA 4.5aA 4.8 0.113 
July 2.2 2.9aA 2.5aA 4.8bcA 4.1bA 5.7cA 3.9 <0.001 
August 2.4 2.4bA 2.3bA 1.9abB 1.4aB 1.5aB 1.9 <0.001 
Total 
yield 8.0 11.0ab 10.2ab 11.9a 8.8a 11.7a 10.7 0.134 

P 0.001 <0.001 <0.001 0.003 0.001  
Below- 
ground 
organs  
(t/ha) 

May 3.8 2.5aA 1.7aA 2.4aA 2.1aA 2.1aA 2.2 0.586 
July 2.0 2.2aA 1.3aA 2.3aA 2.1aA 2.4aA 2.1 0.340 
August 2.2 1.9aA 1.7aA 2.2aA 2.8aA 1.7aA 2.1 0.582 
P  0.538 0.318 0.679 0.687 0.847   
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Table 3. Summary of below-ground traits of alfalfa plants. One-way ANOVA was applied to evaluate the 
significance of the site effect. Differences between sites denoted by the same letter (a–d) or differences 
between cuts denoted by the same letter (A–C) were not significantly different at the 0.05 probability 
value, calculated by post-hoc comparison using the Tukey HSD test.

Trait Date D1 S1 S2 V1 V2 V3 Mean p 
Root neck diameter - May 8.8 3.5aBC 3.8abBC 4.2abA 4.8bA 4.4abBC 4.1 0.005
Diamet (mm) July 11.8 6.0abAC 6.9bAC 4.7aA 4.7aA 5.1aAC 6.5 <0.001
 August 10.9 6.7cAB 6.3bcAB 4.9aA 5.2abA 6.1abcAB 5.8 0.001
 MEAN 10.5 5.4 5.7 4.6 4.9 5.2 
 P <0.001 <0.001 0.165 0.428 0.001
Maximum order of  May 3.1 2.5aBC 2.5aBC 3.0abBC 3.0abBC 3.1bB 2.8 0.001
Branching - OrdBran July 3.2 2.7abAC 3.2bAC 2.5aAC 2.3aAC 2.6abAC 2.6 0.001
 August 3.6 2.6abAB 2.3aAB 2.3aAB 3.0bB 2.4aAB 2.5 <0.001
 MEAN 3.3 2.6 2.7 2.6 2.8 2.7  
 P 0.375 0.002 <0.001 <0.001 <0.001 
Number of nodules May 3.5cB 16abB 9.5cA 17.5aC 14.0aB 17.0abB 12.9 <0.001
per plant - NodNr July 1.0aC 13abA 11.5abA 14.0bB 11.5abA 10.0aA 10.2 <0.001
 August 1.0aB 12.5aA 12.0aA 10.5aA 10.5aA 7.5aC 9.0 <0.001
 MEAN 1.5 12.5 11.0 14.0 12.0 12.0  
 P <0.001 0.003 0.070 <0.001 0.002 <0.001 
Size of nodules -  May 1.7aB 15.1bC 11.1abB 8.1abB 7.3abA 8.7abA 8.7 0.009
NodSize July 0.4cA 8.5abB 3.4acA 12.3bA 6.4abcA 8.7abA 6.6 <0.001
 August 0.3aA 8.6abA 9.3abA 16.9bA 7.4aB 3.4aB 7.7 <0.001

MEAN 0.8 10.3 7.9 12.4 7.0 6.9  
 P 0.001 <0.001 0.001 <0.001 0.005 0.002 
Cylindrical nodules - 
CylNod (%) May 60bB 100aB 80abA 100aA 90aA 100aB 88 <0.001

 July 15aB 90aAB 70aA 95aA 85aA 85aAB 73 <0.001
 August 5bA 70aA 85aA 60aB 90aA 60aA 62 <0.001
 MEAN 27 87 78 85 88 82  
 P <0.001 0.016 0.517 <0.001 0.857 0.003 
Branched nodules -  May 10aA 70bA 40abA 25aB 40abA 45abA 38 <0.001
FanNod (%) July 0bA 60aA 30abAB 65aA 35abA 35abA 37 <0.001
 August 15bA 85aA 80aB 75aA 80aB 65aA 67 <0.001
 MEAN 8 72 50 55 52 48  
 P 0.226 0.218 0.003 0.003 0.006 0.160 
Pink nodules -  May 45bB 100aB 80aA 100aA 95aA 85aA 84 <0.001
PinNod (%) July 10aC 15cA 60aA 95bA 90abA 85abA 59 <0.001
 August 10abA 0aA 0aB 35bB 20abB 10abB 13 0.005
 MEAN 22 38 47 77 68 60  
 P 0.007 <0.001 <0.001 <0.001 <0.001 <0.001 
Green nodules - May 45bB 100aC 80aB 100aA 85aAB 95aA 84 <0.001
GreeNod (%) July 0aC 50bB 35bA 100aA 90aB 85aA 60 <0.001
 August 10aA 15aA 20bA 65cB 55bcA 30abcB 33 <0.001
 MEAN 18 55 45 88 77 70  
 P <0.001 <0.001 <0.001 <0.001 0.017 <0.001 
Brown nodules - May 15aA 20aA 5aB 0aB 5aB 0aA 8 0.082
BroNod (%) July 0bA 95dB 50aA 20abA 45aA 85cdC 49 <0.001
 August 0bA 50aA 75aA 75aA 60aA 40abB 50 <0.001
 MEAN 5 55 43 32 37 42  
 P 0.042 <0.001 <0.001 0.003 0.001 <0.001 
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Table 4. Summary of above-ground traits of alfalfa plants. One-way ANOVA was applied to evaluate 
significance of the site effect. Differences between sites denoted by the same letter (a–c) and differences 
between cuts denoted by the same letter (A–C) were not significantly different at the 0.05 probability 
value calculated by post-hoc comparison using the Tukey HSD test.

Trait Date D1 S1 S2 V1 V2 V3 Mean p 
Height of the plant -
PlHeig (cm) 

May 39.3 37.2abB 29.6cB 41.1bA 33.8acA 35.7abA 35.4 <0.001
July 39.8 46.0aA 51.3aA 63.7bB 49.2aB 54.2abB 52.7 <0.001
August 47.1 52.2bA 52.6bA 43.1aA 38.0aA 42.1aA 45.6 <0.001
MEAN 42.1 45.1 44.5 49.3 40.3 44.0  
P <0.001 <0.001 <0.001 <0.001 <0.001

Number of stems per 
plant - NrStem 

May 4.4 2.0aA 2.0aA 1.8aA 2.4aA 2.4aA 2.1 0.233
July 3.9 1.9aA 2.4abA 2.6abAB 2.6abAB 2.9bA 2.5 0.059
August 7.1 1.6aA 1.7aA 3.3bB 3.3bB 5.0cB 3.0 <0.001
MEAN 5.1 1.8 2.0 2.6 2.8 3.4  
P 0.151 0.183 <0.001 0.017 <0.001

Length of the 
terminal leaflet -
 LeLe (cm) 

May 1.9 2.1abA 1.8bB 2.2aA 2.2aB 2.2aA 2.1 0.007
July 2.3 2.3aAB 2.4aA 2.1aA 1.7bA 1.6bB 2.0 <0.001
August 2.1 2.4aB 2.6aA 2.4aA 1.8bA 2.0bA 2.2 <0.001
MEAN 2.1 2.3 2.3 2.2 1.9 1.9 
P 0.029 <0.001 0.103 <0.001 <0.001

Length of the leaf  
Petiole - LeafPet 
(cm) 

May 3.1 2.5aB 2.4aA 3.5bA 2.4aA 2.6aA 2.7 <0.001
July 2.6 3.4abA 2.3abA 2.2abB 2.4abA 1.8aB 2.4 0.037
August 2.8 3.6cA 3.5bcB 2.9abcA 2.7abA 2.6aA 3.1 0.001
MEAN 2.8 3.2 2.7 2.9 2.5 2.3  
P 0.006 <0.001 <0.001 0.841 <0.001

Number of 
inflorescence per 
plant - Inflor 

May 0 0A 0A 0A 0A 0A 0 n.a.
July 0.4 0.5aA 3.0bB 1.1aB 1.6abB 1.3abB 1.5 0.002
August 2.8 0A 0A 0A 0A 0A 0 n.a.
MEAN 1.1 0.2 1.0 0.4 0.5 0.3 
P 0.153 <0.001 <0.001 <0.001 <0.001



Figure 1. Ordination diagram showing 
six sites (S1, S2, V1, V2, and V3
brown nodules; CylNod – cylindrical nodules; Diamet 
nodules; GreeNod – green nodules; NodNr 
OrdBran – maximum order of branching; PinNod 
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Figure 1. Ordination diagram showing the results of PCA of roots and nodule traits of 
six sites (S1, S2, V1, V2, and V3– see Table 1 for site description). Plant trait abbreviations: 

cylindrical nodules; Diamet – diameter of the root neck; 
green nodules; NodNr – number of nodules per plant; NodSize 

r of branching; PinNod - pink nodules.

of Medicago sativa at 
Plant trait abbreviations: BroNod – 

diameter of the root neck; FanNod – fan-like 
number of nodules per plant; NodSize – size of nodules; 



Figure 2. Principal component analysis (PCA) ordination (a) of below
ground organs of Medicago sativa 
(3) 2011.
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Figure 2. Principal component analysis (PCA) ordination (a) of below-ground organs and (b) of above
Medicago sativa on sites D1, S1, S2, V1, V2, and V3 in May (1), July (2) and August 

ground organs and (b) of above-
on sites D1, S1, S2, V1, V2, and V3 in May (1), July (2) and August 



Figure 3. Ordination diagram showing 
at six sites (S1, S2, V1, V2, and V3
number of inflorescence; LeLe -
- number of stems per plant; PlHeig 
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Figure 3. Ordination diagram showing the results of PCA of above-ground plant traits 
at six sites (S1, S2, V1, V2, and V3- see Table 1 for site description). Plant trait abbreviations: 

length of the terminal leaflet; LeafPet - length of the leaf petiole; NrStem 
number of stems per plant; PlHeig - height of the plant.

ground plant traits of Medicago sativa
Plant trait abbreviations: Inflor - 
length of the leaf petiole; NrStem 
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Abstract 

Grass-legume mixtures are suitable for crop rotations in organic farming systems. 

However, little attention has been paid to seasonal development of below-ground organs of 

Trifolium pratense in grass-legume mixtures on different soils. We asked (i) how the 

above-ground plant traits of red clover are affected by locality and time?, (ii) how the 

diameter of the root neck, the maximum order of branching and (iii) the nodule traits of red 

clover are affected by locality and time; Red clover was investigated in grass-legume 

mixtures in the first year of vegetation on five sites in southern Germany. At all sites 

sampling took place at the day of cut. Cuts were performed at the end of May, the 

beginning of July and at the end of August. 

The main message of this study is that under similar climatic conditions the root traits 

(diameter of the root neck, order of root branching, size of nodules, and proportion of 

senescent nodules) differed according to soil conditions and time within the season. Root 

diameter increased during the season. Root branching suggested positive influence of sand 

content. Also more branched roots developed more nodules. Thinner roots had more active 

nodules (pink color). Usually at the end of season roots develop a bigger diameter and thus 

have more non active senescent (green color) or moribund (brown color) nodules. Nodule 

activity differed more according to season than to soil conditions. The number of nodules 

per plant (12.5 - 19.5) decreased from May to August. Cylindrical nodules were found on 

85 - 100% of the plants and branched nodules only on 0 - 25%. 

The height of plants was lowest in May and increased in July. The highest mean of number 

of stems per plant (3.3 - 6.3) was recorded in August. The higher number of plant stems at 

one site was probably connected with the higher age of these plants. 

The results on above- and below-ground traits of red clover and its ability of N2 fixation 

provided by this study are not only interesting from a scientific perspective, but also from 

a practical agronomic point of view. Organic as well as conventional farmers can use these 

findings in the future to increases benefits from legume crops and improve their overall 

biomass yields.
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Introduction 

Red clover (Trifolium pratense L.) is one of the most important forage legumes of the 

temperate zones. The species is known to cope well with a wide range of climatic, soil, pH, 

environmental and management conditions. It provides good yields even in areas with 

problems due to soil acidity or excessive soil moisture (Smith et al., 1987). Consequently, 

red clover is an alternative legume species for sites with unsuitable environmental 

conditions for growing alfalfa. Red clover is cultivated alone or in a mixture with grasses 

and other legumes (Abberton and Marshall, 2005; Hakala and Jauhiainen, 2006). 

However, it is more frequently sown in mixtures than in monoculture because this leads to 

higher and more stable dry-matter (DM) yields (Halling et al., 2002). Additionally in 

mixed swards the nitrogen use efficiency is higher (Scholefield et al., 2002) and the risk for 

DM yield loss in case of failure of red clover is less. 

Because of the association of legumes with Rhizobium bacteria a grass-clover mixture 

should have a sufficient clover content to optimize the benefits of N2 fixation and increase 

the stability of DM yield (Halling et al., 2002). Therefore, especially in organic farming it 

is of high importance for the yield of the following crop to maximize the amount of N2

fixed and retained within the soil (Hatch et al., 2007). Furthermore the deep roots of red 

clover improve nutrient uptake from deeper soil layers, and provide a high capacity for the 

uptake of divalent cations like Ca2+or Mg2+ (Frame et al., 1998). However, soil acidity, 

which causes phosphorous (P) and molybdenum (Mo) deficiencies, can limit red clover 

productivity (Mora et al., 2005). For that reason specifically Mo plays an important role in 

legume species due to its involvement in the symbiotic process of N2 fixation (Marschner, 

1995; Ribera et al., 2010). 

T. pratense is a root-splitter meaning that there is normally no vegetative spread unless the 

root is fragmented due to decay or injury (Klimešová and de Bello, 2009) Grasses in 

comparison have their typical fibrous root system. Fornara and Tilman (2008) found that 

the complementarity of grass and legume resource use in grasslands increased total 

biomass and particularly root biomass. This fact leads to greater soil C and N accumulation 

relative to corresponding monocultures (Schipanski and Drinkwater, 2012). Thus root traits 

are important factors influencing DM yield, because the below-ground plant biomass is 

correlated with above-ground biomass (Lamb et al., 2000; Annicchiarico, 2007). 

In spite of this, there is a lack of studies that investigated the root traits of T. pratense. 

Most studies were mainly on the relationship between above-ground plant traits and yield 



4 

or between genetic traits and above-ground plant traits but rarely included roots or their 

nodules (Riday, 2008; Drobná, 2009; Grljusic et al., 2008; Nikolic et al., 2010; Jakešová et 

al., 2011; Pagnotta et al., 2011; Tucak et al., 2013). In addition there is a lack of 

continuous investigations on changes in above- and below-ground traits of red clover 

covering an entire growing season. There is a relationship between above- and below-

ground plant traits. E.g. Sturz et al. (1997) described positive correlation between number 

of nodules and growth of red clover. Further a correlation was found between growth of 

adventitious roots and flowering of red clover (Montpetit and Coulman, 1991). 

The aim of this study was to investigate T. pratense plant traits in grass-legume mixtures 

during a complete growing season under field conditions of organic farming. 

Simultaneously, a study under the same conditions and with the same investigation method 

was carried out on alfalfa as well (Chmelíková et al., submitted). This provides the 

opportunity to discuss the two most important legume species with respect to their 

suitability for different soil conditions. 

We asked the following research questions for red clover: (i) how are the above-ground 

plant traits of red clover affected by locality and time, (ii) how are the diameter of the root 

neck, the maximum order of branching and the nodule traits of red clover affected by 

locality and time, and (iii) how is the nodule variability in red clover affected by locality 

and time? 

Materials and methods 
Study area 

All data were collected at six sites (D1, S1, S2, V1, V2, and V3) on organic experimental 

farms in southern Bavaria (Germany) in the surroundings of Freising (48 24'N, 11 45'O). 

The altitude of the collection sites (see Table 1 for the description of sites) ranged from 

450 to 480 m a.s.l., the mean annual precipitation from 780 to 800 mm and mean annual 

temperature from 7.8 to 8.4°C. The sites differed in soil conditions, but the climatic 

conditions (mean annual temperature and precipitation) among sites were uniform due to 

their spatial proximity. At each experimental site all data were collected in four sampling 

plots each 10 × 10 m in size. At all sites sampling took place at the day of cut. Cuts were 

performed at the end of May, the beginning of July and at the end of August. 
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Sample plots were selected in a way to avoid areas with visibly low or high plant density to 

have a roughly even plant density in all plots. A standard drill technique was used for 

seeding. Intra-row and inter-row spacing was 12.5 cm. Seeded grass-legume mixtures were 

homogeneous at all sites and were composed of Trifolium pratense (5 kg ha-1), Medicago 

sativa (4 kg ha-1), T. repens (2 kg ha-1), Dactylis glomerata (1 kg ha-1), Festuca rubra (1 kg 

ha-1), F. pratensis (8 kg ha-1), and Phleum pratense (4 kg ha-1). Grass-legume mixtures 

were established at all sites in 2010, one year before data collection. The exception was 

site D1, where the mixture was established in 2009 and all data were collected in the 

second year of vegetation. The site D1 is not compared with the other sites because the 

effect of plant age and the effect of site cannot be separated. Nevertheless, the data from 

the site D1 was collected in the same way as for the other sites and is presented for the 

sake of completeness. 

To describe the production potential of each sampling plot, background information on the 

total yield and the average biomass of below-ground organs in the upper 30 cm soil layer 

from Chmelíková et al. (submitted) were added to Table 1. The three cuts contributed with 

45%, 36% and 19% to the total herbage yield. Details of the methods used to determine 

herbage yield and below-ground biomass are described in Chmelíková et al. (submitted). 

Data collection 

Below-ground organs of red clover 

On each sampling date five plants were selected in each sample plot, taking care not to 

favor tall or small plants. The monolith method was used to collect individual plants 

(Böhm, 1979). The soil monolith measuring 30 × 30 × 30 cm beneath the plant was dug up 

and washed carefully with water to extract the belowground organs of the plants from the 

soil. Subsequently, each whole plant was digitized using a scanner. 

Two traits of the root systems were recorded: 1) diameter of the root neck, and 2) 

maximum order of branching. Root neck is also known as the root collar or root crown, 

which is the part of a root system from which a stem arises. The maximum branching order 

reflected the highest developmental branching order in the hierarchy of the root system 

(Fitter, 1987; Eissenstat et al., 2000; Wells and Eissenstat, 2003). We therefore refer to 

roots with no dependent laterals as first order, roots with a single set of dependent laterals 

as second order, and so on. In addition to root characteristics, four traits of nodules were 
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recorded: 1) the number of nodules per plant, 2) the size of nodules, 3) the shape of 

nodules, and 4) the nodule color. The shape of root nodules was classified according to 

Corby (1971, 1988) as cylindrical or branched. We recorded the proportion of plants with 

the presence of particular nodule shapes from the total number of plants per replicate. For 

example, 100% cylindrical nodules indicated that cylindrical nodules were recorded on all 

plants in the particular replicate. The color of nodules was described as pink (active), green 

(senescent) or brown (moribund) and was expressed as a percentage relative to that of all 

plants within a replicate. As nodules with two colors were also frequently recorded, there 

was a high overlap of colors. 

Above-ground organs of red clover 

Five traits of above-ground organs were recorded: 1) the plant height, 2) the number of 

stems per plant, 3) the length of the terminal leaflet, 4) the length of the leaf petiole, and 5) 

the number of inflorescences. 

Soil properties 

Soil samples were taken in August 2011. At each site, four separate subsamples were taken 

from 0 to 30 cm depth after removing plant residues and roots. Subsamples were combined 

to form one representative sample. The soil samples were dried and sieved to 2 mm. 

Standardized methods in accordance with the Association of German Agricultural 

Analytical and Research Institutes (VDLUFA, 1991) were used to measure characteristic 

soil properties. We choose the results on N uptake by grass from a simple pot experiment 

growing Lolium perenne in soil gathered from the sample sites as a consistent and 

comparable indicator of N availability to plants. Detailed information on soil properties at 

each site together with analytical methods is given in Table 1. 

Data analysis 

One-way ANOVA was used as a univariate method to separately assess differences 

between the sites and between the cuts during the season for all data collected. After 

obtaining overall significant results, multiple comparisons using Tukey’s HSD test were 

applied to identify significant differences among sites and among cuts. All analyses were 

performed using STATISTICA 7.0 software (Statsoft, Tulsa). The plant traits (with 
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exceptions of nodule traits) were compared among five sites (S1, S2, V1, V2, V3). The 

nodule traits were compared for all sites. Principal component analysis (PCA) was used as 

a multivariate method to detect more complex trends in the development of above- and 

below-ground organs during the vegetative season at five sites (S1, S2, V1, V2, V3). 

Unconstrained PCA analysis was used to visualize similarity between plants at five sites 

and cuts. Trends were visualized separately for above- and below-ground organs of all sites 

(D1 included). All analyses were performed using CANOCO for Windows 4.5 and results 

of the analyses were visualized with ordination diagrams constructed by CANODRAW 

(ter Braak and Šmilauer, 2002). 

Results 

Below-ground organs of red clover 

The diameter of the root neck, the maximum order of branching, the size of nodules, and 

the proportion of brown nodules were significantly affected by the site on all dates. The 

diameter of the root neck and the number of brown nodules were significantly affected by 

time at all sites (see Table 2 for details). 

With exception of site D1, the largest root diameter was recorded in May and July at site 

S2 (6.7 and 8.7 mm) and in August at site S1 (9.8 mm). The lowest root diameter was 

recorded in May at site S1 (5.5 mm), in July at V1 (6 mm) and in August at V3 (6.9 mm). 

The highest mean maximum order of branching was recorded in May at site S2. The 

maximum order of branching ranged from 2.3 at site S1 in July to 4.3 at the site S2 (and at 

site D1 in August as well). 

The most nodules were measured in May at all sites (18-19.5), except for the site D1 

(12.5). The lowest number of nodules per plant was recorded in May and July at site D1 

and in August at site V1 and V3. The biggest nodules were measured in August (D1, S1, 

S2, and V2) and July (V1 and V3). Cylindrical nodules were found on 85-100% of the 

plants. On the other hand, the branched nodules were recorded on only 0-25% of the 

plants. At sites D1, S1, S2 and V1 the branched nodules were found in August. In July they 

were only recorded at site V1, whereas in May at site V2 and V3. The branched nodules 

were always bigger than the cylindrical. 
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High N2 fixation activity of nodules, indicated by their pink color, was recorded in May for 

99% of nodules. The amount of pink nodules decreased with time to 80% in July and 37% 

in August. The nodules with the longest activity period were recorded in August on site 

D1. Some pink nodules were partially green. The majority of green nodules (100% of 

plants) was recorded in May at sites S1, S2 and V3 as well as in July at the sites V1, V2 

and V3. The majority of green nodules on site D1 was recorded in May. The least brown 

nodules (0-10%) were recorded on the sites S1, S2, V1, V2, and V3 in May. At site D1 the 

least brown nodules (5%) were found in July. The mean proportion of brown nodules 

increased in time- from 13% in May to 76% in July. 

Differences in belowground organs among sites and variability among individual plants in 

all three months are visible from the PCA ordination diagram in Figure 1. The first axis of 

the PCA explained 55.6% of the variability in the data. In May the plants had the lowest 

variability in comparison to July and August. In Fig. 1 it is visible, that the plant traits 

differed according to cut. During the season plants increased their root diameter and the 

nodules became moribund (brown). More branched roots created more nodules. The 

nodules had mostly cylindrical shape and only rarely fan-like shape. 

The differences in the development over the season are shown in Figure 2a. Different 

trends for the development were observed at site D1 (especially the first and second cut) 

and V3 (especially the second and third cut). 

Above-ground organs of red clover 

A significant effect of site was found for all above-ground traits except number of stems 

per plant in May, length of the terminal leaflet in August and number of inflorescences in 

May and in July (see Table 3). 

Only at site V3 no significant effect of season was found for number of stems per plant, 

length of the terminal leaflet and for the length of the leaf petiole. 

Plant height ranged from 29.0 cm at site V2 in May to 70.6 cm at site V1 in July. 

Generally, the height of plants was the lowest in May and increased in July. In August 

plant height was high at the site S1 and S2 as well. Excluding D1 the highest number of 

stems per plant was measured at site V1 in May (3.7), at S2 in July (4.5) and at S1 in 

August (6.3). In May, the lowest number of stems was recorded at site S1. At site V1, the 

lowest number of stems was measured in July and August. Finally, the highest mean 

number of stems per plant was recorded in August. 
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The longest terminal leaflet (4.8 cm) was recorded at site S2 in August and the longest leaf 

petiole (31.9 cm) at site S1 in July. The shortest terminal leaflet was found at site V2 in 

May. The shortest length of the leaf petiole was measured at site S2 in May as well. The 

mean length of the terminal leaflet and the leaf petiole increased in time. 

In May no inflorescences were recorded at sites V1, V2 and V3. No inflorescences were 

found at sites V2 and V3 in August as well. In July, inflorescences were found on each 

site. The most inflorescences per plant (1.8) were recorded at site S1. At site D1 2.7 

inflorescences were recorded in July. 

The differences among individual plants in all three months are visible from the PCA 

ordination diagram in Figure 3. The first axis of the PCA explained 84.2%. The differences 

between the sites S1 and S2 as well as the sites V1, V2 and V3 for the second and third cut 

are shown. The highest values of above-ground plant traits were recorded at sites S1 and 

S2 for the third and second cut simultaneously. At the sites V1, V2, V3 the highest values 

were recorded in the second cut. The similar development in time is well visible in Fig. 2b. 

The trend in development of site D1 was similar to sites V1, V2 and V3, but there is a 

difference for the second cut. 

Discussion 

Below-ground organs of red clover 

Clearly the main result of this study is that under similar climatic conditions the root traits 

differed not only according to soil conditions but during the season as well. Root diameter 

e.g. increased during the season. Root branching suggested positive influence of sand 

content. More branched roots developed more nodules. Thinner roots had more active 

nodules (pink color). Roots with bigger diameter, which develop normally at the end of the 

season, had non active senescent (green color) and moribund (brown color) nodules. 

Nodule activity differed more according to season than to soil conditions. 

Roots at site D1 differed from all other sites may be due to the different age of the stand. 

On average root diameter of red clover plants was higher at site D1. Such an association of 

root traits with the age of stands was already shown for alfalfa in other studies (Suzuki

1991; Pietola and Smucker 1995; Hakl et al. 2011). Nonetheless the effect could not be 

separated from the site conditions. Nevertheless the difference between one and two year 
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old plants of red clover seems to be much lower in comparison to differences found for M. 

sativa (Chmelíková et al., submitted). The age of plants positively influenced root diameter 

and maximum order of branching as found by many other authors (Suzuki, 1991; Pietola

and Smucker, 1995; Hakl et al., 2011). Generally, the roots of red clover were more 

branched in comparison with the results on roots of alfalfa from our previous study. For 

red clover there was no relationship between branching and time within season. Contrary 

to red clover the branching of alfalfa increased with time (Chmelíková et al., submitted). 

The branching order was a bit higher at sites with higher sand content (V2 and S2). Salako

et al. (2002) suggested that roots will branch more at sites with better possibility of 

penetration e.g. with high sand content as at sites V2 and S2. Archer et al. (2002) and Glab

(2008) found decreased root volume with decreasing sand content. However, the lowest 

sand content, which occurred at site V3, had no effect on root volume. Root diameter at V3 

was not larger than at other sites. The possibility of penetration into the soil by roots is 

affected by plowing. At plowing depth, which was visible in the soil profile, considerable 

differences in the thickness of tap roots were observed at all sites with plowing 

management. 

Observed tap roots of red clover had cylindrical nodules, as described by many other 

authors (Corby, 1971; Sturz et al., 1997; Klimešová and de Bello, 2009; Chmelíková and 

Hejcman, 2012a). Our results suggested a slightly positive effect of sand content in soil 

(site S2 and V2) and a slightly negative effect of clay content (D1 and V3) on root 

diameter. In comparison to clay soils Mela (2003) showed for well aerated sandy soils, that 

red clover developed deep and strong roots and nodules. Pardo et al. (2000) observed a 

quite homogeneous distribution of roots in fine soil. The spatial distribution of roots and 

the ability of plants to take up water were strongly affected by soil structural conditions. 

According to Jansen et al. (2010) soil type explained 42% of variation in water uptake by 

lupine. However, the strengths of this relation seem to be dependent on the species. Thus 

French (2002) observed the same for pea, but results were not significant. 

According to Puppo et al. (2005) nodules have a short lifespan of only 10-12 weeks, 

meaning that the age of plants has no direct influence on nodule traits. Voisin et al. (2002) 

and Hatch et al. (2007) observed nodulation and found a tendency of decreasing N2

fixation activity with legume age. This was also shown by our results on nodulation at the 

site D1 with two year old plants. Red clover created more nodules than alfalfa (Chmelíková 

et al., submitted) at the same site with high nitrogen availability. The nodules of red clover 
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were much smaller than the ones of alfalfa. Simultaneously, according to Jensen (1986), 

Voisin et al. (2002) and Cupina et al. (2010) N2 fixation activity depended on growth rate 

and phenology during the growth period and was generally decreasing with flowering and 

maturation. As described by these authors we found that when inflorescence increased the 

number of nodules decreased. At five out of six sites the nodule activity (proportion of 

pink nodules) decreased during the season. Only at site D1 the proportion of active nodules 

was high during the whole season. This exception can be explained by higher content of 

molybdenum in the soil. Many authors (Marschner 1995, Leite et al., 2009; Toledo et al., 

2010; Farooq, 2012) found molybdenum to increase the number and the weight of nodules 

and thus improving the symbiotic process of N2 fixation of legumes. The importance of 

molybdenum is also pointed out by results of Shaw et al. (1966) on alfalfa. This study 

reported that the main effect of Mo on nodulation appeared to be a longer period of 

effective N2 fixation, which means that over time more nodules stayed active (pink) and 

did not become senescent or moribund (green or brown). The same influence on activity of 

nodules was recorded at site D1 for alfalfa as well (Chmelíková et al., submitted).  

Furthermore, the negative influence of high amounts of mineral nitrogen in the soil on 

nodulation was recorded by many authors (Buttery et al., 1992; Voisin et al., 2002; Peoples

and Griffiths, 2009). Simultaneously mineral nitrogen enhances plant and thus root growth. 

Both impacts were probably found at site D1. In contrast, the positive influence of 

molybdenum and potassium on the nodulation of clover (T. alexandrinum) described by 

Xia and Xiong (1991) and Gates and Wilson (1974) could not be proved.

Different amounts of roots in the subsoil may also influence the relationship between acid-

soluble potassium (K) and K uptake from soil reserves, because the exploited soil volume 

thereby varies. Generally, grass roots are concentrated near the surface and are thinner and 

more finely branched than the roots of red clover (Evans 1977; Sveistrup and Haraldsen, 

1997). In contrast, clover roots spread out deeper and the amount of clover may therefore 

influence K uptake from the subsoil (Ogaard and Hansen, 2010). The differences could be 

an advantage of clover concerning the uptake of immobile nutrients. The different soil 

reactions (pH between 5.6 and 7.3) did not affect the nodulation. Opposed to that, Brauer

et al. (2002) found increased numbers of nodules in soil with higher soil reaction. 

At the sites with higher numbers of nodules, the yield was higher as well. There was a 

positive relationship between nodulation and yield of the grass-legume mixture, as already 

reported by Warembourg et al. (1997). Nodulation and nitrogenaze activity is suppressed 
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by high levels of available nitrogen in the soil, as proposed for forage legumes by Mengel

et al. (2001) and by Chmelíková and Hejcman (2012b; 2013) for clover species. Generally, 

red clover responded less to nitrogen availability in soil in comparison to alfalfa. As far as 

can be concluded from our study design, plant age seemed to express more in above-

ground traits of red clover than in its below-ground traits (Chmelíková et al., submitted). 

Above-ground organs of red clover 

The three cuts in 2011 revealed the seasonal development of above-ground organs of red 

clover in the grass-legume mixture. This development was associated with changes in 

stand structure and yield as well as nodule and root traits. 

Plant height and the number of stems were affected by time within the season. At time of 

the second cut plant height was larger than at time of the first cut. This finding agrees with 

results of Shen et al. (2013) and was probably due to rapid stem growth from the stubble. 

Above-ground plant traits (e.g. plant height and number of stems) contribute to yield 

production. Yield was positively related to plant height as described by Užík (1975). 

Drobná (2009) recorded the highest plants at sites with the highest yield production. The 

largest observed plant height (70.6 cm) was recorded for the second cut. By contrast, Fan 

et al. (2004) recorded the largest heights (70 cm) at time of the first cut. Tucak (2009) and 

Asci (2011) investigated the plant height of red clover cultivars (average height: 57.3 cm; 

range: 32.7-66.7 cm). Further, Muntean (2006) found that the height of the clover plants in 

the first year of growth was smaller than in the second year. These results seem to be 

inconsistent with the results at site D1, where the plants were smaller than the younger 

plants at the other sites. However, the effect could not be determined because of the 

interaction between plant age and site conditions. Results can nevertheless be affected by 

differences between a monoculture and a species mixture. In monocultures e.g. den 

Hollander et al. (2006) recorded higher plants than in a mixture. Additionally there may be 

an influence of the change in the proportion of legumes or the increase in grasses by the 

year of vegetation, as suggested by Fin et al. (2013). Comparing site D1 with the other 

sites we found a slight change in the composition of the mixture with time. Nevertheless, 

the highest and the shortest plants of red clover were growing on the same sites like the 

highest plants of alfalfa (Chmelíková et al., submitted). 

Fan et al. (2004) observed the highest increase of dry matter accumulation during the stem 

branching and flower formation. Our results showed no clear positive relationship between 
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the number of stems per plant and yield. There was no positive relationship between the 

number of inflorescences per plant and yield. On average there was a considerable 

decrease in biomass between the first (45% of total yield), second (36% of total yield) and 

third (19% of total yield) cut (Chmelíková et al., submitted). The regrowth of red clover 

decreased with repeated cutting at the same reproductive stage. Fan et al. (2004) described 

the outcome in plant height as a clear phenomenon due to the proportional reduction of 

regrowth days at the peak of the growing season. 

Stem number per plant increased with age and with number of cuts. One of the sites with 

higher number of stems was D1, where plants were older. The highest numbers of stems 

per plant were however recorded at sites with one year old plants. Many authors (Peterson

et al., 1992; Taylor and Quesenberry, 1996; Sengul, 2002) described the positive effect of 

age on stem number as well. According to Singh and Winch (1974) the number of stems 

increased markedly soon after cutting. With the exception of D1 and V2 the highest stem 

number was recorded at time of the final cut, what is in line with results by Taylor and 

Quesenberry (1996). The number of stems in red clover increased after cutting as the 

number of stems in alfalfa (Chmelíková et al., submitted). According to Sheaffer et al. 

(2000) this is connected with low leaf production. Taylor and Quesenberry (1996) 

additionally found the number of stems, leaves and petioles increasing with age as well. 

However, our results showed no relationship between higher number of stems and the 

lengths of the leaflet or the petiole. The lengths of leaf petiole and of the terminal leaflet 

increased with time. The same effect of seasonal leaf development was recorded for alfalfa 

as well (Chmelíková et al., submitted). 

With exception of the site D1 the above-ground plant traits were clearly affected by 

locality and time. This is similar to results of Queen et al. (2009), who found the influence 

of location and year of vegetation on plants of red clover to be higher than the influence of 

light penetration through canopy and soil moisture. Because Site D1 differed in many 

factors like plant age, nutrient in the soil etc. it was not compared to the other sites.  

The highest values of the most above-ground plant traits were observed on haplic cambisol 

suggesting a positive influence of the soil type. Pardo (2000) as well as Kristofferesen and 

Riley (2005) described the importance of the soil type for good persistence of red clover. 

The soil type influenced the nutrient and water uptake and was further reflected in the plant 

morphology. 
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The most inflorescences were recorded at the time of the second cut. Similar results were 

observed by Elgersma et al. (2000). The number of inflorescence was affected by time 

within the season. The majority of inflorescences was recorded in July at all sites. This is 

in accordance with the flowering time of red clover. With the exception of site D1 only a 

few inflorescences were recorded in May and August because the earliest month of 

flowering for the species is May (Fitter and Peat, 1994). 

In conclusion we provide important insights about above- and below-ground traits of red 

clover and its ability of N2 fixation. In light of future challenges to agriculture, like e.g. 

scarcity of resources and land, climate change and biodiversity loss, the utilization of 

ecosystem services will gain more attention. Results of this study are thus not only 

interesting from a scientific perspective, but also from a practical agronomic point of view. 

Organic as well as conventional farmers can use these findings in the future to increases 

benefits from legume crops and improve their overall biomass yields. 

Acknowledgements 
This paper is based on a contribution to the International Workshop sompatic, 

Rauischholzhausen (Germany), nov 20th-22nd 2013 (supported by DFG). The authors are 

deeply indebted to Helmut Blaschke, the initiator of this research. Agathe Zach is 

gratefully acknowledged for her great help in laboratory. Julia Huber, Doris Haag, Thomas 

Siegl and Juliana Vassileva are gratefully acknowledged for their help with the field work 

and data collection. This work was sponsored by the Scholarship Program of the German 

Federal Environmental Foundation “DBU” (project: AZ: 30011/294) and IGA FŽP 

20124279.  



15 

References 

Abberton, M.T., Marshall, A.H. (2005): Progress in breeding perennial clovers for 

temperate agriculture. J. Agr. Sci. 143, 117–135. 

Annicchiarico, P. (2007): Lucerne shoot and root traits associated with adaptation to 

favorable or drought-stress environments and to contrasting soil types. Field Crop Res.

102, 51–59. 

Archer, N.A.L., Quinton, J.N., Hess, T.M. (2002): Below-ground relationships of soil 

texture, roots and hydraulic conductivity in two-phase mosaic vegetation in South-east 

Spain. J. Arid Environ. 52, 535–553. 

Asci, O.O. (2011): Biodiversity in red clover (Trifolium pratense L.): collected from 

Turkey. I: Morpho-agronomic properties. Afr. J. Biotechnol. 10, 14073–14079. 

Böhm, W. (1979): Methods of studying root systems. Springer-Verlag, Berlin, Germany 

p. 188. 

Brauer, D., Ritchey, D., Belesky, D. (2002): Effects of lime and calcium on root 

development and nodulation of clovers. Crop Sci. 42, 1640–1646. 

Buttery, B.R., Park, S.J., Hume, D.J. (1992): Potential for increasing nitrogen fixation in 

grain legumes. Can. J. Plant Sci. 72, 323–349. 

Chmelíková, L., Hejcman, M. (2012a): Root system variability in common legumes in 

Central Europe. Biologia 67, 116–125. 

Chmelíková, L., Hejcman, M. (2012b): Effect of nitrogen, phosphorus and potassium 

availability on emergence, nodulation and growth of acidicole Trifolium arvense L. in 

alkaline soil. Flora 207, 805–811. 

Chmelíková, L., Hejcman, M. (2013): Effect of nitrogen, phosphorus and potassium 

availability on emergence, nodulation and growth of Trifolium medium L. in alkaline 

soil. Plant Biology: In press.

Chmelíková, L., Hejcman, M., Schmid, H., Hülsbergen, K.-J. (2014): Seasonal 

development of biomass yield in grass–legume mixtures on different soils and 

development of above- and below-ground organs of Medicago sativa. Submitted. 

Corby, H.D.L. (1971): The shape of leguminous nodules and the color of leguminous roots. 

Plant Soil 35, 305–314. 

Corby, H.D.L. (1988): Types of rhizobial nodules and their distribution among the 

Leguminosae. Kirkia 13, 53–123. 



16 

Cupina, B., Krstic, D., Mikic, A., Eric, P., Vuckovic, S., Pejic, B. (2010): The effect of field 

pea (Pisum sativum L.) companion crop management on red clover (Trifolium 

pratense L.) establishment and productivity. Turk. J. Agric. For. 34, 275–283. 

den Hollander, N.G., Bastiaans, L., Kropff, M.J. (2007): Clover as a cover crop for weed 

suppression in an intercropping design I. Characteristics of several clover species. Eur. 

J. Agron. 26, 92–103. 

Drobná, J. (2009): Yield and forage quality of Romanian red clover (Trifolium pratense 

L.) varieties studied in Slovakia. Not. Bot. Horti Agrobo. 37, 204–208. 

Eissenstat, D.M., Wells, C.E., Yanai, R.D., Whitbeck, J.L. (2000): Building roots in a 

changing environment: implications for root longevity. New Phytol. 147, 33–42. 

Elgersma, A., Schlepers, H., Nassiri, M. (2000): Interactions between perennial ryegrass 

(Lolium perenne L.) and white clover (Trifolium repens L.) under contrasting nitrogen 

availability: productivity, seasonal patterns of species composition, N2 fixation, N 

transfer and N recovery. Plant Soil 221, 281–299.

Evans, P.S. (1977): Comparative root morphology of some pasture grasses and clovers. 

New Zeal. J. Agr. Res. 20, 331–335. 

Fan, J., Zhong, H., Harris, W. (2004): Effects of cutting at different reproductive 

development stages on aftermath growth of red clover (Trifolium pratense) in a 

subtropical montane environment. New Zeal. J. Agr. Res. 47, 209–217. 

Farooq, M., Wahid, A., Siddique, K.H.M. (2012): Micronutrient application through seed 

treatments – a review. J. Soil Sci. Plant Nutr. 12, 125–142. 

Fin, J.A., Kirwan, L., Connolly, J. et al. (2013): Ecosystem function enhanced by 

combining four functional types of plant species in intensively managed grassland 

mixtures: a 3-year continental-scale field experiment. J. Appl. Ecol. 50, 365–375. 

Fornara, D.A., Tilman, D. (2008): Plant functional composition influences rates of soil 

carbon and nitrogen accumulation. J. Ecol. 96, 314–322. 

Frame, J., Charlton, J.F.L., Laidlaw, A.S. (1998): Red clover. In: Temperate forage 

legumes. Wallingford, CAB International: 181–223. 

French, R.J. (2002): Soil factors influencing growth and yield of narrow-leafed lupin and 

field pea in Western Australia. Aust. J. Agr. Res. 53, 217–225. 

Fitter, A.H., Peat, H.J. (1994): The Ecological Flora Database. J. Ecol. 82, 415–425. 

Fitter, A.H. (1987): An architectural approach to the comparative ecology of plant root 

systems. New Phytol. 106, 61–77. 



17 

Gates C.T., Wilson J.R. (1974): The interaction of nitrogen and phosphorus on the growth, 

nutrient status and nodulation of Stylosanthes humilis H.B.K. (Townsville Stylo). 

Plant Soil 41, 325–333. 

Glab, T. (2008): Effects of tractor wheeling on root morphology and yield of lucerne 

(Medicago sativa L.). Grass Forage Sci. 63, 398–406. 

Grljusic, S., Bolaric, S., Popovic, S., Cupic, T., Tucak, M. (2008): Comparison of 

morphological and RAPD markers in evaluation of red clover (Trifolium pratense L.) 

changes caused by natural selection. Period. Biol. 110, 237–242. 

Hakala, K., Jauhiainen, L. (2006): Yield and nitrogen concentration of above- and below-

ground biomasses of red clover cultivars in pure stands and in mixtures with three 

grass species in northern Europe. Grass Forage Sci. 62, 312–321. 

Hakl, J., Fuksa, P., Šantrůček, J., Mášková, K. (2011): The development of lucerne root 

morphology traits under high initial stand density within a seven-year period. Plant 

Soil Environ. 57, 81–87. 

Halling, M.A., Hopkins, A., Nissinen, O., Paul, C., Tuori, M., Soelter, U. (2002): Forage 

legumes – productivity and composition. Landbauforschung Voelkenrode SH 234, 5–

15. 

Hatch, D.J., Goodlass, G., Joynes, A., Shepherd, M.A. (2007): The effect of cutting, 

mulching and applications of farmyard manure on nitrogen fixation in a red 

clover/grass sward. Bioresource Technol. 98, 3243–3248. 

Jakešová, H., Řepková, J., Hampel, D., Čechová, L., Hofbauer, J. (2011): Variation of 

morphological and agronomic traits in hybrids of Trifolium pratense x T. medium and 

a comparison with the parental species. Czech J. Genet. Plant Breed. 47, 28–36. 

Jansen, G., Eickmeyer, F., Volker, M. (2010): Einfluss von Kalkung und pH-Wert im 

Boden auf Kornertrag und Eiweißgehalt von Lupinus angustifolius L. Journal für 

Kulturpflanzen 62, 193–202. 

Jensen, E.S. (1986): The influence of rate and time of nitrate supply on nitrogen fixation 

and yield in pea (Pisum sativum L.). Fert. Res. 10, 193–202. 

Klimešová, J., de Bello, F. (2009): CLO-PLA: the database of clonal and bud bank traits of 

Central European flora. J. Veg. Sci. 20, 511–516. 

Kristoffersen, A.O., Riley, H. (2005): Effects of soil compaction and moisture regime on 

the root and shoot growth and phosphorus uptake of barley plants growing on soils 

with varying phosphorus status. Nutr. Cycl. Agroecosys. 72, 135–146. 



18 

Lamb, J.F.S., Johnson, L.D., Barnes, D.K., Marquez–Ortiz, J.J. (2000): A method to 

characterize root morphology traits in alfalfa. Can. J. Plant Sci. 80, 97–104. 

Leite, L.F.C., de Araujo, A.S.F., Costa, C.D., Ribeiro, A.M.B. (2009): Nodulation and grain 

yield of cowpea in response to molybdenum. Rev.Cienc. Agron. 40, 492–497. 

Marschner, H. (1995): Mineral Nutrition of Higher Plants. Academic Press, London, UK 

p. 889. 

Mela, T. (2003): Red clover grown in a mixture with grasses: yield, persistence and 

dynamics of quality characteristics. Agr. Food Sci. Finland 12, 195–212. 

Mengel, K., Kirkby, E.A., Kosegarten, H., Appel, T. (2001): Principles of plant nutrition. 

Kluwer Academic Publishers, Dordrecht, The Netherlands p. 849. 

Montpetit, J.M., Coulman, B.E. (1991): Responses to divergent selection for adventitious 

root growth in red clover (Trifolium pratense L.). Euphytica 58, 119–127. 

Mora, M.L., Shene, C., Violante, A., Demanet, R., Bolan, N.S. (2005): The effect of organic 

matter and soil chemical properties on sulfate availabity in Chilean volcanic soils. In: 

Huang, P.M., Violante, A., Bollang, J.M., Vityakon, P.: Soil abiotic and biotic 

interactions and the impact on the ecosystem and human welfare, Science Publishers, 

New Hap-shire, USA pp. 223–244. 

Muntean, L. (2006): The variability of the morphological traits of tetraploid red clover 

cultivars studied in Cluj-Napoca environmental conditions. Not. Bot. Horti Agrobo.

34, 79–87. 

Nikolic, Z., Vasiljevic, S., Karagic, D., Vujakovic, M., Jovicic, D., Katic, S., Surlan-

Momirovic, G. (2010): Genetic diversity of red clover cultivars (Trifolium pratense L.) 

based on protein polymorphism. Genetika-Belgrade 42, 249–258. 

Ogaard, A.F., Hansen, S. (2010): Potassium uptake and requirement in organic grassland 

farming. Nutr. Cycl. Agroecosys. 87, 137–149. 

Pagnotta, M.A., Annicchiarico, P., Farina, A., Proietti, S. (2011): Characterizing the 

molecular and morphophysiological diversity of Italian red clover. Euphytica 179, 

393–404. 

Pardo, A., Amato, M., Chiaranda, F.Q. (2000): Relationships between soil structure, root 

distribution and water uptake of chickpea (Cicer arietinum L.). Plant growth and water 

distribution. Eur. J. Agron. 13, 39–45. 



19 

Peterson, P.R., Sheaffer, C.C., Hall, M.W. (1992): Drought effects on perennial forage 

legume yield and quality. Agron. J. 84, 774–779. 

Peoples, M., Griffiths, J. (2009): The legume story - how much nitrogen do legumes fix? 

Farming Ahead 209, 50–52. 

Pietola, L.M., Smucker, A.J.M. (1995): Fine root dynamics of alfalfa after multiple cuttings 

and during a late invasion by weeds. Agron. J. 87, 1161–1169. 

Puppo, A., Groten, K., Bastian, F., Carzaniga, R., Soussi, M., Lucas, M.M., Rosario de 

Felipe, M., Harrison, J., Vanacker, H., Foyer, C. (2005): Legume nodule senescence: 

roles for redox and hormone signaling in the orchestration of the natural aging process. 

New Phytol. 165, 683–701. 

Queen, A., Earl, H., Deen, W. (2009): Light and moisture competition effects on biomass 

of red clover under seeded to winter wheat. Agron. J. 101, 1511–1521. 

Ribera, A.E., de la Luz Mora, M., Ghiselini, V., Demanet, R., Gallardo, F. (2010): 

Phosphorus-molybdenum relationship in soil and red clover (Trifolium pratense L.) on 

acid andisol. J. Soil Sci. Plant Nutr. 10: 78–91.

Riday, H. (2008): Heritability of frost-seeded red clover establishment. Euphytica 163, 81–

87. 

Salako, F.K., Tian, G., Kang, B.T. (2002): Indices of root and canopy growth of 

leguminous cover crops in the savanna zone of Nigeria. Trop. Grasslands 36, 33–46. 

Schipanski, M.E., Drinkwater, L.E. (2012): Nitrogen fixation in annual and perennial 

legume-grass mixtures across a fertility gradient. Plant Soil 357, 147–159. 

Scholefield, D., Halling, M., Tuori, M., Isolahti, M., Soelter, U., Stone, A.C. (2002): 

Assessment of nitrate leaching from beneath forage legumes. Landbauforschung 

Voelkenrode SH 234, 17–25. 

Sengul, S. (2002): Yield components, morphology and forage quality of native alfalfa 

ecotypes. OJBS 2, 494–498. 

Shaw, N.H., Gates, C.T., Wilson, J.R. (1966): Growth and chemical composition of 

Townsville lucerne (Stylosanthes humilis). 1. Dry matter yield and nitrogen content 

in response to superphosphate. Aust J Exp Agr Animal Husb. 6, 150–156. 

Sheaffer, C.C., Martin, N.P., Lamb, J.F.S., Cuomo, G.R., Jewett, J.G., Quering, S.R.

(2000): Leaf and stem properties of alfalfa entries. Agron. J. 92, 733–739. 



20 

Shen, Y., Jiang, H., Zhai, G., Cai, Q. (2013): Effects of cutting height on shoot regrowth 

and forage yield of alfalfa (Medicago sativa L.) in a short-term cultivation system. 

Grass Forage Sci. 59, 73–79. 

Singh, Y., Winch, J.E. (1974): Morphological development of two alfalfa cultivars under 

various harvesting schedules. Can. J. Plant Sci. 54, 79–87. 

Smith, M.S., Frye, W.W., Varco, J.J. (1987): Legume winter cover crops. Adv. Soil Sci. 7, 

95–139. 

Sturz, A.V., Christie, B.R., Matheson, B.G., Nowak, J. (1997): Biodiversity of endophytic 

bacteria which colonize red clover nodules, roots, stems and foliage and their 

influence on host growth. Biol. Fert. Soils 25, 13–19. 

Suzuki, M. (1991): Effect of stand age on agronomic, morphological and chemical 

characteristics of alfalfa. Can. J. Plant Sci. 71, 445–452. 

Sveistrup, T.E., Haraldsen, T.K. (1997): Effects of soil compaction on root development of 

perennial grass leys in northern Norway. Grass Forage Sci. 52, 381–387. 

Taylor, N.L., Quesenberry, K.H. (1996): Red clover science. Kluwer Academic Publishers,

Dordrecht, The Netherlands p. 226. 

ter Braak, C.J.F., Šmilauer, P. (2002): CANOCO reference 470 manual and CanoDraw for 

Windows user’s guide: software for Canonical Community Ordination (Version 4.5). 

Microcomputer Power, Ithaca. 

Toledo, M.Z., Garcia, R.A., Pereira, M.R.R., Boaro, C.S.F., Lima, G.P.P. (2010): 

Nodulation and nitrate reductase activity affected by molybdenum application in 

soybean. Biosci. J. 26, 8585–864. 

Tucak, M., Popovic, S., Cupic, T., Spanic, V., Meglic, V. (2013): Variation in yield, forage 

quality and morphological traits of red clover (Trifolium pratense L.) breeding 

populations and cultivars. Zemdirbyste-Agriculture 100, 63–70. 

Tucak, M., Cupıc, T., Popovıc, S., Stjepanovıc, M., Gantner, R., Meglıc, V. (2009): 

Agronomic evaluation and utilization of red clover (Trifolium pratense L.) germplasm. 

Not. Bot. Horti Agrobo. 37, 206–210. 

Užík, M. (1975): The crop of fodder plants and its structure of di- and polyploidy varieties 

of red clover. Rost. Vyroba 21, 1323–1335. 

VDLUFA (1991): Methodenbuch Band I: Die Untersuchung von Böden. VDLUFA-Verlag, 

Darmstadt, Germany p. 426. 



21 

Voisin, A.S., Salon, C., Munier-Jolain, N.G., Ney, B. (2002): Effect of mineral nitrogen on 

nitrogen nutrition and biomass partitioning between the shoot and roots of pea (Pisum 

sativum L.). Plant Soil 242, 251–262. 

Warembourg, F.R., Lafont, F., Fernandez, M.P. (1997): Economy of symbiotically fixed 

nitrogen in red clover (Trifolium pratense L.). Ann. Bot.-London 80, 515–523. 

Wells, C.E., Eissenstat, D.M. (2003): Beyond the roots of young seedlings: The influence 

of age and order on fine root physiology. J. Plant Growth Regul. 21, 324–334. 

Xia M.Z., Xiong F.Q. (1991): Interaction of molybdenum, phosphorus and potassium on 

yield of Vicia faba. J. Agr. Sci. 117, 85–89. 



22 

Table 1: Description of study sites. 

 D1 S1 S2 V1 V2 V3 

Altitude (m a.s.l.) 450 470 470 480 480 480 

Mean annual 
temperature (°C) 7.8 8.4 8.4 7.8 7.8 7.8 

Mean annual 
precipitation (mm) 800 800 800 790 790 790 

Soil type Stagnic 
Fluvisol 

Haplic 
Cambisol 

Haplic 
Cambisol Cambisol Cambisol Cambisol 

Sand (%) 4 37 43 25 57 18 
Silt (%) 71 45 41 58 31 51 
Clay (%) 25 18 16 17 12 31 
pH1 7.3 5.6 5.8 6.3 6.2 7.1 
P (mg/100g)2 2.6 4.8 6.2 2.2 3.1 7.0 
K (mg/100g)2 1.7 12.5 10.0 8.3 8.3 10.0 
B (mg/kg)3 0.3 0.1 0.1 0.3 0.1 0.1 
Cu (mg/kg)3 4.8 2.9 4.2 3.1 2.2 2.6 
Fe (mg/kg)3 26 144 181 113 113 94 
Mn (mg/kg)3 4.7 296 191 314 213 232 
Zn (mg/kg)3 6.7 9.3 19.4 3.4 3.3 3.9 
Mo (mg/kg)4 0.11 0.03 0.03 0.03 0.04 0.05 
C organic (g/kg)5 111.7 9.6 8.8 11.4 11.2 10.2 
N total (g/kg) 8.3 1.0 0.8 1.2 1.2 0.9 
C : N ratio 9.45 9.6 10.90 9.62 9.64 11.50 
N uptake by grass (g)6 1.81 0.99 0.84 1.05 1.07 1.03 
Age (in years) 2 1 1 1 1 1 
Proportion of legumes 
on herbage yield (%) 60-70 50-70 40-70 60-85 60-75 60-75 

DM of total herbage 
yield (t ha-1) 8.0 11.0 10.2 11.9 8.8 11.7 

DM of below-ground 
organs (t ha-1) 

2.7 2.2 1.6 2.3 2.3 2.1 

All measurements were according to VDLUFA (1991) standards: 1measured in a suspension with 0.01 M 
CaCl2; 2extracted by a calcium-acetate-lactate solution (CAL); 3measured by the CAT extraction method; 
4determined by the hot water extraction (HWE) method; 5determined by the Dumas dry-combustion method;
6measured in pot experiment – estimation of N availability in the soil via N uptake by Lolium perenne from 
10 kg of the soil, extracted for nitrate (0.01 M CaCl2, 1:5 soil-to-extraction ratio), analyzed photometrically 
after separation by HPLC.  
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Table 2: Summary of below-ground traits of red clover plants. One-way ANOVA was applied to evaluate the 
significance of the site effect. P – probability value obtained by the F test. Differences between sites denoted by the 
same letter (a–d) or differences between cuts denoted by the same letter (A–C) were not significantly different at 
the 0.05 probability value, calculated by post-hoc comparison using the Tukey HSD test. 
Trait Date D1 S1 S2 V1 V2 V3 Mean P 
Diameter of the 
root neck - 
Diamet (mm) 

May 8.7 5.5aA 6.7bA 5.6abA 5.6abB 5.8abA 5.8 0.032
July 11.1 7.0abB 8.7bAB 6.0aA 7.5abA 7.7abB 7.4 0.003
August 7.8 9.8cC 9.1bcB 7.9abB 8.0abcA 6.9aAB 8.3 0.001
MEAN 9.2 7.4 8.1 6.5 7.0 6.8  
P  <0.001 0.017 <0.001 <0.001 0.004

Maximal order 
of branching - 
OrdBran 

May 3.4 3.5aA 4.3bA 4.2abA 3.6abA 3.9abA 3.9 0.005
July 3.8 2.3bB 4.3aA 3.7aA 3.8aAB 3.7aA 3.5 <0.001
August 4.3 3.3aA 3.4aB 3.1aB 4.2bB 3.4aA 3.5 <0.001
MEAN 3.8 3.0 4.0 3.6 3.9 3.6  
P  <0.001 0.001 <0.001 0.012 0.082  

Number of 
nodules per 
plant - NodNr 

May 12.5bA 19.5aA 19.5aA 18.0aA 19.5aA 18.5aB 18.0 <0.001
July 14.0aA 14.5abB 17.0abcA 17.5bcA 18.0cA 14.5abA 16.0 0.212
August 14.0abA 17.5cdA 19.5dA 12.5aB 16.0bcB 13.5aA 15.5 <0.001
MEAN 13.5 17.0 17.5 16.5 18.0 15.5  
P 0.146 <0.001 0.049 <0.001 <0.001 <0.001

Size of nodules 
- NodSize 

May 1.1aA 1.3aA 1.2aA 1.5abA 1.3aA 1.8bA 1.4 <0.001
July 1.3aA 1.2aA 1.8aAB 1.8aA 1.5aA 2.7bB 1.8 <0.001
August 1.4aA 2.1aB 2.0aB 1.4aA 1.6aA 1.7aAB 1.7 0.027
MEAN 12.5 15.0 16.5 15.0 14.5 21.0  
P 0.083 <0.001 0.031 0.346 0.482 0.027 

Cylindrical 
nodules - 
CylNod (%) 

May 100aA 100a 100aA 100a 100a 95aA 99 0.421
July 85aA 100a 90aA 100a 100a 100aA 96 0.048
August 100A 100 100A 100 100 100A 100 n.a.
MEAN 95 100 97 100 100 98  
P 0.042 n.a. 0.130 n.a. n.a. 0.374  

Branched 
nodules - 
FanNod (%) 

May 0aA 0aA 0aA 0aA 25bB 10abA 6 0.001
July 0aA 0aA 0aA 25abA 0aA 10abA 3 0.212
August 5aA 10aA 5aA 10aB 0aA 0aA 3 0.405
MEAN 2 3 2 12 8 7  
P 0.374 0.130 0.374 0.046 0.003 0.355  

Pink nodules - 
PinNod (%) 

May 95aA 100aC 100aC 100aA 100aA 100aA 99 0.421
July 85abcA 65abB 60aB 95bcA 75abcA 100cA 80 0.005
August 80cA 5aA 5aA 55bcB 35abB 40abB 37 <0.001
MEAN 90 60 60 83 70 80  
P 0.377 <0.001 <0.001 <0.001 <0.001 <0.001

Green nodules - 
GreeNod (%) 

May 90aA 100aA 100aA 95aA 90aA 100aA 96 0.309
July 70bB 80abA 75bA 100aA 100aA 100aA 88 <0.001
August 85aA 90aA 80aA 80aA 85aA 80aB 83 0.949
MEAN 81 90 90 92 90 90  
P <0.001 0.115 0.065 0.059 0.226 0.012 

Brown nodules 
- BroNod (%) 

May 55bB 10aA 5aB 0aB 10aB 0aA 13 <0.001
July 5cA 50bB 85aA 40bA 95aA 100aC 63 <0.001
August 20bA 100aC 95aA 70aA 90aA 80aB 76 <0.001
MEAN 30 50 60 37 70 60  
P 0.001 <0.001 <0.001 <0.001 <0.001 <0.001
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Table 3: Summary of above-ground traits of red clover plants. One-way ANOVA was applied to evaluate 
significance of the site effect. P – probability value obtained by the F test. Differences between sites denoted 
by the same letter (a–c) and differences between cuts denoted by the same letter (A–C) were not significantly 
different at the 0.05 probability value calculated by post-hoc comparison using the Tukey HSD test. 

Trait Date D1 S1 S2 V1 V2 V3 Mean p 
Height of the 
plant - PlHei(cm) 

May 37.0 38.5bB 35.1abB 39.5bA 29.0aA 31.5aA 34.7 <0.001
July 38.1 50.8bA 51.5bA 70.6aB 64.2aB 68.6aB 61.1 <0.001
August 40.2 50.5cA 55.9cA 35.9bA 29.2aA 32.3abA 40.8 <0.001
MEAN 38.1 46.8 47.5 48.6 40.8 44.1  
P  <0.001 <0.001 <0.001 <0.001 <0.001

Number of stems 
per plant - 
NrStem 

May 4.9 3.2aA 3.5aA 3.7aA 3.5aAB 3.3aA 3.4 0.660
July 4.2 4.3bA 4.5bAB 2.7aB 2.9aA 3.7abA 3.6 <0.001
August 4.1 6.3cB 5.5bcB 3.3aAB 4.1aB 4.1abA 4.6 <0.001
MEAN 4.4 4.5 4.5 3.2 3.5 3.7  
P  <0.001 0.003 0.010 <0.001 0.080  

Length of the 
terminal leaflet - 
LeLe (cm) 

May 2.7 3.5abB 3.8aB 3.7aA 3.0bB 3.7aA 3.5 0.004
July 3.3 4.6bA 4.7bA 3.9aAB 3.8aA 4.2abA 4.2 0.001
August 4.5 4.7aA 4.8aA 4.4aB 3.7aA 4.7aA 4.4 0.311
MEAN 3.5 4.3 4.4 3.9 3.5 4.2  
P  <0.001 <0.001 0.007 0.001 0.413  

Length of the leaf 
petiole - LeafPet 
(cm) 

May 16.7 25.2bB 17.5aB 24.4bA 19.1aA 21.6abA 21.5 <0.001
July 18.0 31.9bA 29.9bA 19.1aB 18.9aA 18.6aA 23.7 <0.001
August 22.7 30.8bA 30.5bA 23.4aA 22.3aB 21.7aA 25.7 <0.001
MEAN 19.1 29.3 25.9 22.3 20.1 20.6  
P  0.002 <0.001 0.007 0.002 0.050  

Number of 
inflorescences per 
plant - Inflor 

May 1.0 0.1aA 0.2aA 0aA 0aA 0aA 0.0 0.497
July 2.7 1.8aB 1.4aB 1.2aB 1.4aB 1.2aB 1.4 0.741
August 1.8 0.4bA 0.4bA 0.1aA 0aA 0aA 0.2 0.007
MEAN 1.9 0.8 0.7 0.4 0.5 0.4 
P  0.002 0.003 <0.001 <0.001 <0.001



Figure 1: Ordination diagram showing 
six sites (S1, S2, V1, V2, and V3
brown nodules; CylNod – cylindrical nodules; Diamet 
nodules; GreeNod – green nodules; NodNr 
OrdBran – maximum order of branching; PinNod 
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Ordination diagram showing the results of PCA of roots and nodule traits of 
six sites (S1, S2, V1, V2, and V3– see Table 1 for site description). Plant trait abbreviations: 

cylindrical nodules; Diamet – diameter of the root neck; 
green nodules; NodNr – number of nodules per plant; NodSize 

r of branching; PinNod - pink nodules.

of Trifolium pratense at 
Plant trait abbreviations: BroNod – 

diameter of the root neck; FanNod – fan-like 
number of nodules per plant; NodSize – size of nodules; 



Figure 2: Principal component analysis (PCA) ordination (a) of below
ground organs of Trifolium pratense 
2011.

26 

Principal component analysis (PCA) ordination (a) of below-ground organs and (b) of above
Trifolium pratense on sites D1, S1, S2, V1, V2, and V3 in May (1), July (2) and August (3) 

ground organs and (b) of above-
on sites D1, S1, S2, V1, V2, and V3 in May (1), July (2) and August (3) 



Figure 3: Ordination diagram showing 
at six sites (S1, S2, V1, V2, and V3
number of inflorescence; LeLe -
number of stems per plant; PlHeig 
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Ordination diagram showing the results of PCA of above-ground plant traits 
at six sites (S1, S2, V1, V2, and V3- see Table 1 for site description). Plant trait abbreviations: 

- length of the terminal leaflet; LeafPet - length of the leaf petiole; NrStem 
number of stems per plant; PlHeig - height of the plant. 

ground plant traits of Trifolium pratense
Plant trait abbreviations: Inflor - 

length of the leaf petiole; NrStem - 
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