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The enduring need for sustainable agricultural production
One of the main purposes of agriculture, which began about 10.000 years ago, is the
production of sufficient food to meet the demand of the human population. Apart from
food, crops are cultivated for other purposes such as fodder, fuel, fibre and medicine
(e.g. Elzebroek and Wind, 2008). Agricultural production is characterized by
stimulating the growth of useful plants and hinder, or even prevent, the growth of
others. For centuries agriculture was extensive, mainly relying on natural conditions as
only limited amounts of external inputs were used. Partly as a result, agriculture was
labour demanding, and up to 1800 a majority of the European population was actively
involved in farming. Yields were low and a relatively large proportion of the annual
production was preserved, to be used as seeding material for the next growing season.
The rapid growth of the human population in Europe during the industrialization in the
second half of the 19th century called for higher crop yields. Eventually, yields
increased through the introduction of new crops, the use of manure and composted
urban waist and the employment of practices such as crop rotation (Mårald, 1998 in
Cordell et al., 2009). Also more sophisticated agricultural tools, such as better quality
steel ploughs, became available.
An even more spectacular breakthrough with respect to yield was achieved during
the Green Revolution, when chemical fertilizers became broadly available and
varieties were introduced that could achieve substantially higher yield levels. Together
with technological developments which led to a decreased labour demand, and the
introduction of chemical crop protection measures, agriculture became increasingly
intensive. Whereas the advantages of these intensive systems were evident, the
disadvantages became quickly apparent. High levels of fertilizer use led to
eutrophication, as a large quantity of the nutrients were not taken up by the crop, but
washed out of the soil column (Lee and Jones-Lee, 2004). Loss of soil structure, soil
erosion and loss of species diversity were other setbacks attributable to high fertilizer
inputs (Reganold et al., 1987). In addition, the use of herbicides and other chemical
control agents led to pollution of air, soil and water, seriously threatening the wellbeing of our natural living environment (Carson, 1962). Yet another drawback of
intensive crop production systems is the strong dependency of farmers on high
quantities of external inputs. With relatively low costs for energy, these systems seem
appealing as they produce high amounts of food at low costs. In the long run, however,
with declining supplies of carbon-based energy sources, it is likely that the
sustainability of these systems will be seriously jeopardized.
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The call for a further increase in crop production, partly related to the continued
growth of the human population (9 billion in 2050), still exists. In production ecology,
the concept of different production levels is well-established. Three groups of
production factors are distinguished that define the hierarchy in levels of crop
production (de Wit and Penning de Vries, 1982; van Ittersum and Rabbinge, 1997):
(i) Growth-defining factors include the physiological and phenological characteristics
of a crop that together with site-specific circumstances such as temperature and
solar-radiation determine the theoretical potential yield of a crop.
(ii) Growth-limiting factors comprise the essential abiotic resources water and nutrient
that, in limited supply, cause the yield to decline from the potential to the
attainable level.
(iii) Biotic factors such as weeds, pests and diseases make up the growth-reducing
factors that further reduce growth and define the actual yield level.
Losses because of the presence of weeds, diseases and pests can be substantial.
Measures to minimize these losses can be focused on managing the size of the pest
population to acceptable low densities, or on reducing the negative impact of these
harmful organisms on crop production. Current crop protection strongly relies on the
use of chemical compounds as these products are effective, not very labour intensive
and relatively inexpensive. The negative side effects of these chemical crop protection
agents call for environmentally-safe and sustainable alternatives that are attractive to
farmers.
Weed problems and curative weed control
Among the biotic production constraints, weeds are considered an important category.
Weeds act at the same thropic level as the crop and cause damage because of
competition for essential resources such as light, water and nutrients. The outcome of
competition between plants is largely determined by the ability of the plants to capture
resources (Grace, 1990). How much reduction in crop yield is caused by a weed
population depends on the relative competitive ability between crop and weed and on
weed density (Cousens, 1985). Weedy plant species that are able to outcompete crop
plants are efficient in capturing resources and are often characterized by a high relative
growth rate. It is also for this reason, that yield reduction through competition is
particularly evident in slow-growing species that reach canopy closure relatively late,
thereby leaving much opportunity for weeds to develop (e.g. Rubatzky et al., 1999;
Baumann et al., 2001a). Oerke (2006) estimated that worldwide, in the absence of
control measures, weeds may cause a potential yield loss of 34% of the attainable
yield, making weeds by far the most threatening yield-reducing factor. The estimated
yield loss because of weeds was about twice as high as that for both animal pests and
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pathogens. Actual yield loss estimates were considerably lower and in the same order
of magnitude (approximately 810%) for the three major categories of biotic
production constraints. The large gap between the potential and the actual yield loss
estimates for weeds indicates that current weed control is relatively effective. For a
large part this is because of the availability and use of herbicides. Chemical control is
generally directed towards weed seedlings in the period around crop establishment
(Bastiaans et al., 2008). During this stage, the weeds will not yet have laid ground for
serious reductions in crop production, whereas the absence of a dense crop canopy
enables a well-targeted control operation. Furthermore, controlling seedlings is often
far easier than killing or removing taller and more developed weed plants. Weed plants
emerging during later stages of crop development are considered less important, as
their relative competitive ability is too weak to cause a major reduction in the
production of the current crop. Seed production of those weeds contributes to future
weed infestations, but in the presence of highly effective, reliable and cheap control
options, this is generally not considered a major threat. It is often the availability of
chemical control options that allows farmers to envisage the weed problem in such a
short-term perspective and in relative isolation from other crop management aspects.
The negative side effects related to the use of chemical herbicides has led to stricter
legislations and resulted in a decreased number of available herbicides. The intensive
use of a limited number of herbicides creates a situation where herbicide resistance is
more likely to develop (Heap, 2011). In turn, herbicide resistance further reduces the
range of available herbicides, clearly illustrating the vulnerability of weed
management strategies that rely too heavily on chemical control. This is another
reason why there is an increasing need for knowledge on the design and functioning of
cropping systems that rely to a lesser extent on chemical inputs.
Alternative weed management
Research on alternative curative control strategies largely focuses on biological and
mechanical weed control (e.g. Kurstjens, 2002; Hatcher and Melander, 2003). For
biological control, research efforts resulted in commercial registration of some
bioherbicides, but these never managed to occupy a sizeable share of the market. The
main problem is that the reliability of the field efficacy is not at levels comparable
with that of herbicides (e.g. Hallett, 2005). Mechanical weed control has received, and
is still receiving, significant attention and considerable progress has been made. An
important breakthrough has been the development of technologies for intra-row weed
control (e.g. Kurstjens and Bleeker, 2000). Still, the strong dependency on weather
conditions, as well as damage to soil structure associated with frequent application of
mechanical control limits the possibilities of this technology. Hand weeding is a
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further option, but both labour availability as well as the high costs related to labour
restrict the application of hand weeding.
Another alternative is a more systems-oriented approach, in which the design or the
management of a cropping system is adjusted such that weed populations are kept at
relatively low levels and the negative impact of weeds on crop production is
minimized (Barberi, 2002). This approach referred to as ecological weed management
is a typical component of integrated crop management, where the focus is not only on
maximization of crop production, but also the optimization of resource use and the
minimization of external inputs is considered (Harwood, 1990). Bastiaans et al. (2008)
distinguished three major principles as a basis for ecological management: (i) a
reduced recruitment of weeds from the soil seed bank; (ii) alteration of cropweed
competitive relations to the benefit of the crop; and (iii) a gradual reduction or
depletion of the weed seed bank in the soil. Rather than only focusing on the seedling
phase, weeds are tackled in different stages throughout their life cycle. Various
cultural measures can be used to implement the above-mentioned principles, like the
use of mulches for reducing the establishment of weed seedlings and the use of
transplants or more competitive cultivars to benefit the crop in its competition with
weeds. In this thesis, the introduction of cover crops as a means to enhance the weedsuppressive ability of the cropping system is investigated.
Cover crops for weed control
One option is to introduce the cover crop during the period that the main crop is
absent. Inclusion of cover crops in a crop rotation than introduces two important
mechanisms through which the development of weed populations might be hampered
(Kruidhof et al., 2008). The successful introduction and establishment of cover crops
will prevent germination, growth, development, and most importantly, seed production
of weeds through niche pre-emption and competition. Additionally, cover crop residue
incorporation before the next crop is planted may suppress or retard weed emergence
and growth because of allelopathic effects, stimulation of soil-borne pathogens or a
combination of these two.
Cover crops can also be used in a mixed cropping design in which the cover crop,
also referred to as smother crop, is added as a companion crop to the main crop (e.g.
Liebman and Dyck, 1993; Moore et al., 1994; de Haan et al., 1994; Abdin et al., 2000).
It is this option which is investigated in the research described in this thesis. In this
case, the introduction of the cover crop is primarily aimed at obtaining a fast closing
and more competitive mixed canopy that is able to prevent or inhibit germination and
establishment of weeds and provides a more competitive environment for those weeds
that manage to establish. Using cover crops in this manner seems particularly relevant
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for slow-growing species, such as leeks, carrots and onion, that leave a large part of
the soil bare during a considerable part of the growing season. Apart from weed
suppression, the use of undersown or companion crops can have additional benefits.
Introduction of Trifolium spp. in between crop rows of Brassica species for instance
reduced the abundance and damage because of herbivorous insects (Theunissen et al.,
1995). Cover crops have also been reported to reduce disease related crop damage (e.g.
Kinane and Lyngkjær, 2002; Hiddink et al., 2005) and soil erosion (Wall et al., 1991).
Furthermore, leguminous cover crops can enhance soil fertility, by fixing nitrogen
from the air (Brown et al., 1993 in Abdin et al., 2000).
A major drawback of combining a cover crop with a main crop is the competition
that the cover crop exerts on the main crop. Particularly cover crops with a strong
weed-suppressive ability have been found to compete strongly with the main crop
(Nicholson and Wien, 1983; Lotz et al., 1997; Kleinhenz at al., 1997; Brandsaeter et
al., 1998). In this thesis, emphasis is put on the importance of cover crop species
selection as a means to minimize the competitive pressure on the main crop, while
maintaining adequate weed suppression. The question is posed whether cover crops
can successfully suppress weeds, while leaving the main crop nearly unaffected.
A pilot study on mixtures of Brussels sprouts and malting barley
In 2000, an integrated project on increased biodiversity at the field level, with special
emphasis on the role of cover crops, was initiated. The purpose of the study was to
investigate pest, disease and weed-suppressive effects of a cover crop added as a minor
component in mixture with a main crop. Brussels sprouts (Brassica oleracea
gemmifera) as main crop combined with malting barley (Hordeum vulgare) as added
cover crop was selected as model system. The selected species differ substantially in
physiology and morphology and were considered suitable for carrying out experiments
on the effects of mixed cropping on the abundance of herbivorous insects and their
predators and on below-ground disease suppressiveness. Within the framework of the
integrated project, a pilot study was done that focused on the weed-suppressive ability
and agronomical features of a mixed crop consisting of Brussels sprouts and malting
barley. Pure and mixed stands of Brussels sprouts and malting barley were planted in
large-sized plots of 9 m × 6.75 m. Brussels sprouts were planted at a fixed row
distance of 0.75 m and three plant densities (4.44, 6.67 and 8.89 plants m2) were
created by modifying the interplant distance in the row. Mixed plots were formed by
adding either one, two or three rows of malting barley in between the Brussels sprouts
rows, corresponding to barley densities of 37, 74 and 111 plants m2, respectively. As
all density combinations were included, a total of 9 mixtures was investigated and
compared to the performance of the pure stands. Weed-suppressive ability was
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visually assessed and for Brussels sprouts both the shoot dry matter of whole plants as
well as the harvestable sprout yield was determined. Although the yield of malting
barley was determined, it is not contained in this short description of the pilot study.
First and foremost, it was observed that introduction of malting barley, even at the
highest density, was by no means able to restrain the severe weed infestation. The
establishment and further growth of weeds, mainly Chenopodium album, was not
prevented by undersowing the Brussels sprouts with malting barley (Bastiaans et al.,
2007). With respect to shoot dry matter of Brussels sprouts, results clearly showed that
malting barley competed strongly with the main crop (Figure 1). In mixtures with three
rows of barley, this resulted in stunted growth of Brussels sprout plants. Moreover,
severe losses in sprout yield were observed, even in mixtures that only contained one
row of malting barley in between two rows of the main crop (Figure 1).
The pilot study revealed that, from a weed management perspective, a mixed
cropping system consisting of Brussels sprouts and malting barley did not offer any
advantage compared to a pure stand of Brussels sprouts. On the contrary, some
important disadvantages were observed that clearly illustrated some of the aspects that
need to be taken into consideration when the aim is to successfully introduce a second
crop to a main crop in order to reduce the weed problem.
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Figure 1. Total yield, economic yield and harvest index (HI) of
Brussels sprouts grown in pure stand and in mixture with
different plant densities of barley. Results represent averages
obtained with Brussels sprouts grown at 4.4 and 6.7 plants m2
(after Bastiaans et al., 2007).
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First, the pilot clearly illustrated that the introduction of a smother crop is not a
suitable option for every main crop. The results on Brussels sprouts illustrated what
could be classified as a ‘worst case’ scenario. Apart from a reduced growth of the main
crop, the competition from malting barley had a dramatic effect on the harvest index.
Consequently, sprout yield was double affected. This indicates that the yield of
Brussels sprouts is particularly sensitive to competition (Bastiaans et al., 2007) and it
would be better to restrict the use of smother crops to main crops of which the harvest
index is not affected by competition. Secondly, the results demonstrated that not every
crop is a suitable companion crop. Malting barley planted between rows of the main
crop obstructed the use of mechanical weed control, whereas it competed insufficiently
with weeds. At the same time, it competed strongly with Brussels sprouts. Clearly,
malting barley qualifies as an unsuitable companion crop for weed suppression.
Problem definition and objective
The pilot study convincingly showed that the introduction of a cover crop might
combine poor weed suppression with severe damage to the main crop. The one
positive conclusion that can be drawn from this observation is that the characteristics
responsible for weed suppression and the characteristics responsible for the
competitive damage to the main crop are not necessarily the same. This suggests that,
theoretically, cover crops which combine adequate weed suppression with minimal
negative effect on the main crop might exist. The study reported in this thesis,
therefore, focused on identifying cover crops, as well as the morphological and
physiological characteristics behind, that combine these two positive traits. This search
was restricted to clover species (Trifolium spp.). The reason is that the additional
benefits of clover species, particularly nitrogen fixation and pest suppression (e.g.
Theunissen and Schelling, 1996), might help in creating a more positive balance
between the advantages and disadvantages of the use of cover crops. Additionally,
within the Trifolium genus there is a large variety in characteristics, such as canopy
height, growth rate and seed size which enhances the prospects of finding a suitable
species. For these reasons, the experimental work that is presented in this thesis
focuses on the potential of clover species as cover crops for weed suppression.
Approach and outline of the thesis
The study started off with two large-scale field experiments in which a range of clover
species was morphologically and physiologically characterized and both weedsuppressive ability and competitive damage to the main crop were evaluated. The
results of these experiments are presented in the next two chapters. In Chapter 2, the
variability in morphological and physiological traits among the investigated clover
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species is described. Focus was on those traits that were considered relevant for
interplant competition. Chapter 3 contains a comparison of the weed-suppressive
ability of the investigated clover species. Additionally, a correlation analysis between
clover traits and the competitive damage of the cover crops on the main crop is
presented. This analysis led to the hypothesis that among the clover species
subterranean clover was a relatively strong competitor for below-ground resources.
The pot experiments that were conducted to verify this hypothesis are described in
Chapter 4. In Chapter 5, the results of a container experiment to further evaluate the
weed-smothering ability of three selected and contrasting clover species are presented.
Finally, in Chapter 6, main conclusions are drawn and possible implications for further
research on the use of clover species as cover crop for improved weed suppression are
formulated.
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Clover as a cover crop for weed suppression in
an intercropping design
I. Characteristics of several clover species

N.G. den Hollander, L. Bastiaans, M.J. Kropff
European Journal of Agronomy 26 (2007), 92-103
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Abstract
Weeds often form a major problem in weakly competitive vegetable crops, particularly
in low input systems. Undersown cover crops can be used to suppress weeds, but often
put too high a competitive pressure on the main crop. Cover crop selection is one of
the potential means that can be used to design or optimize these intercropping systems.
The objective of the current research was to investigate the variability among a range
of clover species in morphological and physiological traits that are considered relevant
for interplant competition. To this purpose, field experiments with pure stands of eight
clover species (2001) and a selection of three clover species (2002) were conducted, in
which regular observations and periodic harvests were taken. Clear differences in the
time in which full soil cover was obtained, total accumulated biomass, growth
duration, height development and N-accumulation were observed. Persian clover
(Trifolium resupinatum L.) and subterranean clover (T. subterraneum L.) were the two
most contrasting species in this study, particularly differing in the period in which full
soil cover was obtained. Persian clover’s faster soil cover could not be attributed to a
single trait, but resulted from a number of intrinsic characteristics, like light extinction
coefficient, light use efficiency and specific leaf area that together determine the
relative growth rate. The study also demonstrated the importance of differences in
relative starting position, caused by, for instance, seed size, seeding rate and fraction
establishment, for the analysis of early growth characteristics. Alsike clover (T.
hybridum L.), berseem clover (T. alexandrinum L.) and crimson clover (T. incarnatum
L.) developed slower than Persian clover, but all produced a higher amount of
accumulated dry matter, due to a longer growing period. Clear differences in height
and height development between species were observed. These differences were not
associated with dry matter accumulation, as the tallest (red clover; 80 cm) and the
shortest species (subterranean clover; 12 cm) produced similar amounts of dry matter.
A strong positive correlation between early soil cover development and Naccumulation was observed. The large variability among clover species indicates that
species selection is a very important aspect of the development of cropping systems
that include clover as a cover crop.

Keywords: Clover, undersown cover crop, RGR, living mulch, light interception, soil
cover, LUE, LAI, SLA
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Introduction
The primary objective of weed management is to reduce the negative effects of weeds
on crop production. Herbicides have proven to be a reliable and highly effective
method to control weeds at relatively low cost. Consumers of the industrialized world
however, increasingly demand food products that are safe, of high quality and have
been produced with a minimum use of synthetic inputs. For that reason, weed
management has to rely on other control measures. Achieving an adequate weed
control without the use of herbicides is often reported to be difficult (Whitworth, 1995;
Kropff and Walter, 2000). Mechanical weed control is often less effective, and
moreover a heavy reliance on mechanical control is undesirable, because of damage to
soil structure, increased risk of frost damage and the strong dependency on weather
conditions. Removing weeds manually is often restrained by labour availability and is
above all costly. Prevention of weed problems is another alternative, for which three
mechanisms can be distinguished (Bastiaans et al., 2002). Firstly, the number of seeds
that are present in the weed seed soil bank can be reduced. This can be achieved
through increased seed mortality or a reduced seed production. Secondly, the fraction
of seeds that develop into a weed seedling can be reduced through prevention of
germination or emergence. Thirdly, growth and development of weed seedlings can be
retarded to reduce the competitive ability of the weed relative to that of the crop,
leading to a reduced negative effect on crop production.
Undersown cover crops may potentially reduce weed infestation through each of the
discerned mechanisms (Phatak, 1992). The effects of the cover crop are achieved by a
rapid occupation of the open space between the rows of the main crop, which prevents
germination of weed seeds and reduces the growth and development of weed
seedlings. Germination of weed seeds may be inhibited by complete light interception
(Phatak, 1992) by the cover crop or by secretion of allelo-chemicals (White et al.,
1989; Overland, 1966). After establishment of weed seedlings, resource competition
becomes the main weed-suppressing mechanism of the cover crop (Teasdale, 1998).
The use of undersown cover crops for weed management is particularly relevant for
crops that are not very competitive. Slow-growing crops like leek and onion, with
upright leaves, hardly form a closed canopy and are, therefore, not able to suppress
weeds adequately (Baumann et al., 2001a). Clover possesses good potential as a weed
suppressor and apart from that has other advantages, like nitrogen fixation and the
reduction of pests and diseases in a number of crops (Finch, 1993; McKinlay et al.,
1996; Theunissen and Schelling, 1996). Ideally, the main crop and the cover crop
should differ to a high degree in the way they explore resources, thus avoiding
competition between both species to at least some extent (Vandermeer, 1989). The
addition of clover as a cover crop, however, has often been reported to result in severe
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competition between the cover crop and the main crop (Bottenberg et al., 1997;
Brandsæter et al., 1998; Lotz, 1997; Weber et al., 1999). The subsequent yield losses
are regarded as a serious constraint for using clover as an undersown cover crop
(Liebman and Dyck, 1993; Brandstæter et al., 1998; Hartwig and Ammon, 2002).
In conclusion, the beneficial effect of clover as a cover crop with respect to pest,
disease and weed management can only be exploited if yield reduction resulting from
competition can be reduced. Several attempts have been made to reduce the
competitive strength of the undersown clover while maintaining its weed-suppressing
ability. Brandstæter and Netland (1999) focused on temporal complementarity by
separating periods of vigorous growth of the cover crop (subterranean clover) and the
main crop, while Vrabel (1983) used chemical control of the cover crop to reduce
yield losses. Brainard et al. (2004) evaluated different options, particularly, cover crop
species, time of seeding, use of supplemental nitrogen and herbicide regulation. Ross
et al. (2001) conducted mechanical control of the cover crop and combined this with a
screening of different cover crops, including clover species. The screening revealed
clear differences in the ability to suppress weeds among cover crops. Brandsæter et al.
(1998) demonstrated clear differences in competitive ability between different
cultivars of subterranean and white clover and found that yield reduction of the main
crop was positively correlated with biomass production of the clover species. To aid
the selection of species for a particular crop and aid decisions about crop–weed
management, Ross et al. (2001) remarked that a greater understanding of the growth
characteristics of clover species is required. In this respect, several studies have
indicated at the importance of (early) soil cover development (e.g. Nelson et al., 1991;
Brandsæter et al., 1998; Brandsæter and Netland, 1999; Baumann et al., 2000). In
crop–weed competition research early growth, particularly early leaf area development
(e.g. Kropff et al., 1992), early height growth rate and final plant height (e.g. Bastiaans
et al., 1997) have been identified as important characteristics determining the
competitive ability of species. It is obvious that these traits are similarly important for
strengthening the weed-suppressive function of cover crops. Simultaneously, these
characteristics determine the potential yield loss of the main crop resulting from
competition with the introduced cover crop.
The current study focused on a comparison of clover species. Main objective was to
determine the variability in morphological and physiological traits that are considered
relevant for interplant competition. If sufficient variation is available, species selection
is likely to be one of the important means to optimize intercropping systems that
contain clover for weed suppression. Competitive ability and the relation between the
presented characteristics and competitive ability are covered in Chapter 3.
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Materials and methods
In 2001, an experiment with eight clover species was conducted. Based on the results
of this experiment three contrasting clover species were selected for further study in
the 2002 experiment (Table 1).
Experiment 2001
A screening experiment with eight clover species was laid out on a heavy clay soil, in
Wageningen, the Netherlands. The site was fertilized with 300 kg ha–1 12-10-18 NPK
two weeks before sowing. The experimental design was a fully randomized complete
block design in six replicates and treatments consisted of eight clover species. On May
7, the clovers were sown at a rate of 20 kg ha–1 in plots of 6 m × 7 m. Seeds were sown
with a seed drill of which the pipes were positioned 30 cm above the soil surface to
mimic broadcast sowing. After sowing, the soil was rolled with a Cambridge roller to
compress the soil. Hand weeding of the clover plots was carried out at the end of June.
In each plot, the number of emerged clover plants was counted daily in two squares
of 0.50 m × 0.50 m until no further increase in plant number was observed. Soil
coverage was assessed weekly by estimating the soil cover in each of the 16 squares
(0.125 m × 0.125 m) of a frame of 0.50 m × 0.50 m. Canopy height was determined
weekly, at three positions per plot. Starting from one month after sowing, two squares
of 0.50 m × 0.50 m were harvested weekly from each plot. The clover plants were cut
just above soil level. A subsample was taken and used to determine the fraction leaf
and stem. Leaf area was measured using a LI 3100 Area Meter (LI-COR, Lincoln,
Nebraska, USA). All samples were dried for 24 hours at 70 C and weighed
subsequently. Leaf area index (LAI) was used to calculate the fraction light
interception according to:

I
 e (  k LAI )
I0

[2.1]

where, I/I0 is the fraction intercepted light, k is the extinction coefficient (determined in
a separate experiment; see below), and LAI is the leaf area index of the canopy. Daily
values for light interception were obtained by fitting a logistic function through the
calculated fraction light interception on the various sampling dates. Daily radiation
interception (MJ m–2 d–1) was calculated by multiplying the fraction light interception
by the daily incoming photosynthetically active radiation as measured on a nearby
weather station. Integration of the daily values resulted in the cumulative radiation
interception (MJ m–2). Simple linear regression analysis was carried out to investigate
the relationship between accumulated dry matter and the cumulative amount of
intercepted light. The slope of the line represents light use efficiency (LUE; g MJ–1).
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The k-values used for calculating the light interception of 2001 were assessed in an
additional experiment in 2003. In this experiment, clover species were sown at May 7
in plots of 5 m × 3 m at a density of 20 kg ha–1. The clover plots were kept weed free
throughout the experiment. Light interception, using a SunScan Canopy Analysis
System (Delta T Devices Ltd, Cambridge, UK) was measured in an area of 1 m2, after
which half of this area was harvested. A subsample was taken and used to determine
the fraction leaf and stem. Leaf area of the subsample was assessed using a LI 3100
Area Meter. Samples were weighed after drying for 24 h at 70 C. For the eight clover
species this was done on average four times between June 4 and August 28.
Experiment 2002
From the eight clover species that were evaluated in the 2001 field trial three
contrasting clover species were selected for further evaluation (Table 1). Plots of 3 m
wide and 5 m long were laid out on a sandy soil in Wageningen, the Netherlands. The
experimental design was a split plot design in four replicates with N rate (0, 50 and
150 kg N ha–1; N1, N2, N3, respectively) as main factor and clover species as
subfactor. K and P fertilization was applied one month before sowing (100 kg ha–1
60% K2O and 200 kg 46% P2O5). Mechanical weed control was carried out 1 day prior
to seed bed preparation. Inoculated (SelfStick Legume Inoculant; MicroBio Limited,
Herts, UK) clover was sown on May 21 at a rate of 20 kg ha–1 using the same
procedure as used in 2001. Hand weeding was carried out on June 13 and 14 in all
plots and a second hand weeding was carried out on June 26.
Clover establishment, soil coverage and height were assessed using the same
methodology as in 2001. Light interception measurements were done on June 19 (29
DAS), June 26 and 27 (36 and 37 DAS), July 19 and 20 (59 and 60 DAS), and August
2, 4, 5 and 7 (73, 75, 76 and 78 DAS). Two squares of 50 cm × 50 cm were harvested
from the clover plots on July 1, July 15, August 12 and August 27 (41, 55, 83 and 98
DAS). The harvested material was treated in the same way as was done in 2001. At 41
and 83 DAS, the observations on shoot dry matter development were extended by
taking eight soil cores of 30 cm deep with a diameter of 5 cm to assess root dry matter.
The soil cores were cut in three parts of 10 cm each and pooled layer wise. Soil was
washed out until clean roots remained. The roots were dried for 24 h at 70 C.
Abundance of root nodulation of the various clover species was assessed in the first
week of August. A relative scale with five levels, ranging from very poor to very
abundant was used. Additionally, activity of root nodules was investigated by slicing
the nodules in half. Nodules with a red content were considered active while white
nodules were considered in-active.
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(af) within a column indicate significant differences at the 0.05 level; NS: not significant. § SED maximum.

highest standard error of difference (SEDmax) of the various pair-wise comparisons is presented for transformed data. Different letters

used in the field experiments of 2001 and 2002. Standard error of difference (SED) is presented for non-transformed data while the

1000-Grain weight (g), density of established seedlings (seedlings m–2) and ratio between seedlings and sown seeds of the clover species

SED

Alex

T. alexandrinum

Alsike clover

Dawn

T. hybridum

Common name

Cultivar

Clover species

Table 1. Clover species used in the experimental work of 2001 and 2002 (marked with an asterix).
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Statistical analysis
A Generalized Linear Model (GLM) with a log link function was used for analysing
the number of established seedlings. The seedling density as a fraction of sown seeds
was analysed using a GLM with a logit link function. Approximate values of the
standard error of difference (SED) and least significant difference (LSD) (p = 0.05)
were calculated. ANOVA was performed and LSD (p = 0.05) was calculated for the
dry matter data of each harvest. For 2001, dry matter accumulation, soil cover and the
fraction intercepted light were fitted to a logistic model,

yt 

c
1 e

(  b ( t  m ))

[2.2]

where, c is the upper asymptote, t the time in days after sowing (DAS), m the time at
which y obtained 50% of c, and b is the maximum relative growth rate. For 2002, only
soil cover was fitted to the logistic model. For dry matter accumulation the 50% point
(m) was estimated by linear interpolation of the two harvests nearest to the 50% point.
A weight factor (1/standard error; S.E.) was included in the fitting procedure of the
biomass data of 2001, to correct for heterogeneity of variance. Binomial distribution
was assumed for soil cover data and normal distribution was assumed for the
calculated light interception data. Pair wise comparisons were made between the
estimated parameters of different species by calculating the t-statistic. Root dry matter
and root dry matter as fraction of the total dry matter were analysed by performing
ANOVA and calculating the LSD. All statistical procedures were carried out using the
Genstat 7 statistical package (Payne, 2003).
Results
Establishment
In the 2001-experiment, at the first observation date at 5 days after sowing (DAS),
plots with Persian clover already contained a considerable number of emerged plants,
whereas in all other plots no emergence was observed. After 8 days no further increase
in number of emerged plants was observed for Persian clover (Table 1). The other
species reached their maximum number of emerged seedlings at about 11 DAS, except
for red clover which obtained its maximum number at about 13 DAS. The fraction
establishment varied considerably and ranged between 0.06 for white (c2) clover and
0.50 for Persian clover. In 2002, emergence of the selected species was more rapid,
Persian clover reached maximum establishment at 6 DAS, white clover at 8 DAS and
subterranean clover at 10 DAS. For Persian clover, the fraction establishment was
almost identical to that in 2001, while the number of subterranean clover seedlings was
18
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slightly higher than in 2001. White (c1) clover had a much better establishment than in
2001, as the fraction established seedlings increased from 0.07 to 0.31.
The different fertilization rates in the 2002-experiment had no effect on emergence
and establishment. Of the other traits only specific leaf area (SLA) at the first harvest
(41 DAS) and shoot N-content were affected. For that reason only the average
response of the various clover species at the three nitrogen rates was presented.
Dry matter accumulation
For 2001, the dry matter accumulation in time for each of the clover species could be
adequately described by a logistic model. In Figure 1, this is illustrated for Persian,
subterranean and white (c1) clover, while the estimated parameters for all species are
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Figure 1. Fitted and observed values for (from left to right) accumulated dry matter, soil
cover, fraction intercepted photoactive radiation (PAR) and light use efficiency for Persian
clover (row A), subterranean clover (row B) and white (c1) clover (row C) for 2001 (solid
line) and 2002 (open triangle).
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Table 2. Estimated parameter values obtained by fitting a logistic function to observed values
for shoot dry matter of various clover species for 2001.
Species

b

GRmax

m

c

2001
Alsike clover
Berseem clover
Crimson clover

0.082 (0.009) b
0.114 (0.012) ab
0.092 (0.009) b

15.90
15.28
14.63

84 (3) a
67 (2) c
76 (2) ab

773.5 (46.3) a
535.1 (31.6) bc
633.7 (36.8) b

0.152 (0.016) a
0.111 (0.013) ab
0.103 (0.013) b
0.100 (0.017) ab
0.113 (0.021) ab

16.12
14.43
11.55
11.70
12.04

54 (2) d
71 (2) bc
71 (3) bc
76 (3) ab
74 (3) bc

425.5 (26.1) d
520.0 (33.0) cd
448.5 (33.7) cd
469.7 (36.5) cd
424.9 (34.3) d

48

391.0

Subterranean clover

53

439.0

White (c1) clover

48

427.2

Persian clover
Red clover
Subterranean clover
White (c1) clover
White (c2) clover
2002
Persian clover

SED

NS

b: relative growth rate (RGR; d–1), m: moment at which 50% of the maximum dry matter has
been obtained expressed in days after sowing (DAS); c: maximum accumulated dry matter
(DM; g m–2). The maximum growth rate (GRmax; g d–1) was derived from the estimated
parameters. For 2002, m was derived by plotting 50% of the maximum obtained dry matter
linearly between the first and the second dry matter measurement and c was the maximum dry
matter obtained. Different letters (ad) within a column indicate significant differences at the
0.05 level; values in parentheses denote S.E.; NS: not significant; RGR: relative growth rate;
GR: growth rate.

presented in Table 2. The estimated maximum shoot dry matter varied between 425 g
m–2 (white (c2) clover) and 774 g m–2 (alsike clover).
The highest maximum growth rates (about 16 g m–2 d–1) were obtained by Persian
clover and alsike clover. Whereas Persian clover had the highest relative growth rate
(RGR; 0.15 d–1), alsike clover was among the species with the lowest RGR (0.08 d–1).
At the same time alsike clover had a much longer growing period than Persian clover
and reached its maximum growth rate 30 days later than Persian clover. This resulted
in a final accumulated dry matter (774 g m–2) of nearly twice the amount produced by
Persian clover (426 g m–2). Red clover, crimson clover and berseem clover had
maximum growth rates between 14 and 15 g m–2 d–1 and their final accumulated dry
matter varied between 520 g m–2 (red clover) and 634 g m–2 (crimson clover).
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Subterranean clover and both white clover varieties had clearly the lowest maximum
growth rates (about 12 g m–2 d–1). Still those species produced nearly similar amounts
of shoot dry matter as Persian clover. This is mainly because Persian clover had a
relatively short growing period and obtained 50% of its total accumulated dry matter
already at 54 DAS. Subterranean clover and the white clover species had a much
longer growing period, reflected in a 50% point which was reached 17–22 days after
Persian clover.
In 2002, when three clover species were selected for further analysis, final amounts
of accumulated shoot dry matter of Persian, subterranean and white (c1) clover were
not significantly different from each other and lower or equal to that obtained in 2001.
Subterranean and white (c1) clover in particular reached the 50% point more rapidly
than in 2001. For Persian clover the difference between both years was negligible. In
2002, root dry matter was assessed on 41 DAS and 83 DAS. Total root dry matter, the
fraction root and the vertical root distribution in the upper 30 cm of the soil are
presented in Table 3. Total root dry matter of white (c1) clover was significantly
higher than the total root dry matter of Persian clover and subterranean clover, both at
41 and 83 DAS. At 41 DAS, each species had invested nearly 20% of their total
accumulated amount of dry matter into root growth, whereas at 83 DAS white (c1)
clover had allocated a significantly higher fraction to the root (15%) than Persian
(10%) and subterranean clover (9%).

Table 3. Root dry matter (g m–2), the fraction root dry matter (DM) of the total dry matter and
the vertical root distribution (fraction) over the upper 30 cm of the soil at 41 and 83 DAS.
Species

Root distribution
Root DM Fraction root DM 0–10 cm

41 DAS
Persian clover
Subterranean clover
White (c1) clover
SED
83 DAS
Persian clover
Subterranean clover

10–20 cm 20–30 cm

23.9 b
15.3 c
31.4 a
3.32

0.18
0.18
0.19
NS

0.75 ab
0.68 b
0.79 a
0.040

0.18
0.18
0.15
NS

0.08 ab
0.13 a
0.06 b
0.022

41.1 b
46.8 b

0.10 b
0.09 b

0.71
0.69

0.17
0.19

0.12
0.13

White (c1) clover

75.6 a

0.15 a

0.75

0.16

0.08

SED

11.09

0.020

NS

NS

NS

Different letters (ac) within a column indicate significant differences at the 0.05 level; NS:
not significant; DAS: days after sowing.
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At both dates small species differences in vertical root distribution were observed.
At 41 DAS, white (c1) clover had a higher fraction (0.79) of its root material in the top
soil layer (0–10 cm) than subterranean clover (0.68). Subterranean clover in turn had a
higher fraction root dry matter in the lower zone. A similar trend was observed at 81
DAS, but then differences were not significant. The distribution of Persian clover held
an intermediate position and did not differ significantly from either of the two species.
Leaf area development, soil cover and light interception
In 2001, at 39 DAS, the fraction leaf dry matter ranged from 0.57 (berseem clover) to
0.80 (alsike clover) (Table 4). Also at the later harvests it was obvious that alsike
clover invested a relatively large proportion of its shoot dry matter into the leaves.
Other species that invested a high amount of shoot dry matter into their leaves were
white (c1 and c2) clover, red clover and crimson clover. The low fraction leaf dry
matter of berseem clover indicates that a large fraction of the above-ground material
was invested in the stem. The same was observed for Persian clover and subterranean
clover. The specific leaf area (SLA; cm2 g–1 leaf DM) of berseem and Persian clover
were among the highest for each observation date. Alsike clover showed a clear
increase in SLA over time, whereas the ranking of the other species remained fairly
constant. Both white clover varieties and subterranean clover had the thickest leaves
throughout the growing period. In 2002, the fraction leaf dry matter was generally
lower than in 2001. As in 2001, white clover invested a higher fraction of its dry
matter in leaves than subterranean clover, whereas Persian clover invested the smallest
fraction. Subterranean clover produced thicker leaves than Persian and white (c1)
clover, except for the last harvest at 83 DAS, when this difference had disappeared.
In 2001, Persian clover had a more rapid increase in LAI than the other clover
species (Table 4). It reached an LAI of 3 at least 10 days before the other clover
species. Persian clover’s rapid increase in LAI corresponds to its rapid increase in
shoot dry matter, and was realized despite its relatively low Leaf Weight Ratio (LWR).
Berseem clover reached a maximum LAI of 3.7, which was lower than the LAI of the
other three clovers that accumulated high amounts of shoot dry matter (alsike, 5.0;
crimson, 5.1; red clover, 4.5). This was due to differences in allocation pattern, with
berseem clover investing a relatively high fraction of its shoot dry matter into stem
material. Subterranean clover and white clover (both varieties) showed a slow initial
leaf area development, but continued to increase in LAI after 81 DAS, when the LAI
of all other clovers started to decline. Still, subterranean clover only reached a
maximum LAI of 3.7.
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173.9 e
12.77

0.57
0.53
NS

0.50
0.31 b
0.36 a
0.017

0.27 c
0.26 b
0.32 a
0.019

0.20 c
350.0 b
480.4 a
19.16

507.2 a

343.4 b
507.5 a
20.26

494.7 a

55 DAS

294.1 c
28.22

425.6 a
335.5 bc
287.8 c
306.3 bc

362.5 b
422.7 a
339.3 bc

54 DAS

377.0
395.1
NS

370.6

83 DAS

328.2 de
14.47

423.3 a
337.9 cde
260.9 f
312.5 e

390.3 b
347.5 d
359.2 c

75 DAS

62
37

40

TLAI=3

73

52
65
79
71

65
68
62

TLAI=3

82

75
75
82
82

75
75
75

4.9
5.4

3.6

98
83

55

LAImax TLAI=max

4.6

4.5
4.5
3.5
4.4

5.0
3.7
5.1

LAImax TLAI=max

(LAImax) and the moment at which LAImax was obtained TLAI=max (DAS) for various clover species for 2001 and 2002.
Different letters (af) within a column indicate significant differences at the 0.05 level, DM: dry matter; DAS: days after
sowing; NS: not significant.

The moment at which a leaf area index (LAI) of three was reached TLAI=3 (DAS) and the maximum leaf area obtained

Subterranean clover
White (c1) clover
SED

2002
Persian clover

83 DAS

0.44 ab
0.026

241.2 b
222.4 bc
172.7 e
187.0 de

41 DAS

55 DAS

0.61 a
0.028

0.30 c
0.41 b
0.33 c
0.45 ab

201.0 cd
292.2 a
207.1 cd

41 DAS

0.78 a
0.026

White (c2) clover
SED

0.36 c
0.60 a
0.47 b
0.63 a

0.44 ab
0.30 c
0.49 a

SLA

0.64 b
0.75 a
0.66 ab
0.76 a

Persian clover
Red clover
Subterranean clover
White (c1) clover

0.61 a
0.36 c
0.63 a

LWR

0.80 a
0.57 c
0.77 a

39 DAS

75 DAS

39 DAS

54 DAS

SLA

LWR

Alsike clover
Berseem clover
Crimson clover

2001

Species

Table 4. Leaf weight ratio (LWR; g leaf DM g–1 total above-ground DM) and specific leaf area (SLA; cm2 g–1 leaf DM) at
three moments (DAS).
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24
0.22 (0.006)
0.18 (0.019)
0.21 (0.018)
NS

0.14 (0.011)
0.14 (0.014)
NS
31 (0.2) a
39 (0.7) b
30 (0.4) a

54 (1.0) a
55 (1.3) a

51 (1.5) ac
41 (1.1) d
52 (1.2) ac
54 (1.3) a

52 (1.0) ac
50 (0.5) bc

m (soil cover)

0.17 (0.031) b
0.15 (0.024) b

0.17 (0.031) b
0.25 (0.008) a
0.21 (0.018) ab
0.14 (0.027) b

0.22 (0.014) ab
0.22 (0.034) ab

b (LI)

51 (1.3) ab
53 (1.3) a

46 (0.3) d
40 (0.1) e
48 (0.5) c
56 (1.7) a

49 (0.8) bc
45 (0.3) d

m (LI)

0.94
0.90
NS

0.86
1.04
0.79
0.80

0.83
0.97

k value

significant. * Significantly different at 0.10 level.

b: relative growth rate (RGR; d–1); m: moment at which 50% of the maximum was reached (DAS) for various
clover species for 2001 (soil cover and LI) and 2002 (LI). Estimated extinction coefficient (k value) for various
clover species based on field observations collected during the 2003 growing season. Different letters (ae) indicate
significant, within column, per season, differences at 0.05 level; values in parentheses denote S.E.; NS: not

Persian clover
Subterranean clover
White (c1) clover
SED

White (c1) clover
White (c2) clover
SED
2002

0.13 (0.016)
0.18 (0.024)*
0.13 (0.012)
0.12 (0.011)*

0.15 (0.012)
0.15 (0.007)

2001
Alsike clover
Berseem clover

Crimson clover
Persian clover
Red clover
Subterranean clover

b (soil cover)

Species

Table 5. Estimated parameter values obtained by fitting a logistic function to observed values of soil cover and light
interception (LI).
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In 2002, Persian clover even had a faster initial leaf area development than in 2001,
though its maximum LAI remained lower. White (c1) clover and subterranean clover
also had a faster development than in 2001. White (c1) clover even reached an LAI of
3 before Persian clover. Both white (c1) clover and subterranean clover reached a
higher maximum LAI than in 2001.
Observations on soil cover were conducted between 21 and 87 DAS. For all species
full soil cover was reached and the development of soil cover over time could be
accurately described by a logistic function. Persian clover reached full soil cover at 57
DAS, well before the other clover species (Table 5). This rapid soil cover development
was most clearly expressed in the early moment (41 DAS) at which 50% soil cover
was obtained. This was between 9 and 14 days earlier than for the other clover species.
No significant differences between red, crimson, alsike (52, 51 and 52) and white (c1
and c2) and subterranean clover (54, 54 and 55) were obtained for the time to achieve
50% soil cover. Berseem clover however, reached this point significantly faster than
subterranean and both white clover varieties. In 2002, soil cover measurements were
conducted between 24 and 63 DAS, and again the development in soil cover could be
well described by a logistic function. Persian, white (c1) and subterranean clover
reached full soil cover at or before 63 DAS (Figure 1) which was faster than in 2002.
Subterranean clover and white (c1) clover in particular had a much faster increase in
soil cover in 2002 than in 2001. Soil cover development of white (c1) clover was
almost identical to that of Persian clover, while that of subterranean clover lagged
behind.
Light interception for the various clover species in 2001 was based on observed
LAI data and the experimentally determined light extinction coefficients (k). Values of
k ranged from about 0.8 (red, subterranean and alsike clover) to around 1.0 (Persian
clover), but differences were not significant (Table 6). The logistic model gave an
accurate description of the light interception data (R2 > 0.97). Light interception of
Persian clover increased more rapidly than that of the other species, whereas the
slowest increase in light interception was obtained for white clover and subterranean
clover (Table 6). The light interception measurements of 2002 confirmed the
observations on soil cover. Light interception of Persian clover and white (c1) clover
developed as fast as light interception of Persian clover in 2001. Light interception of
subterranean clover developed faster than in 2001, but still lagged behind white (c1)
and Persian clover.
Figure 2 illustrates that soil cover and light interception were highly correlated. It is
clear that with an increase in soil cover more light was captured. For some species,
like subterranean clover, the rate of increase in light interception was nearly
proportional to the rate of increase in soil cover. For other species, such as berseem
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Table 6. Canopy height (cm) at 4 moments for various clover species in 2001 and 2002.
Species
2001
Alsike clover
Berseem clover
Crimson clover
Persian clover
Red clover
Subterranean clover
White (c1) clover
White (c2) clover
SED
Species
2002
Persian clover
Subterranean clover
White (c1) clover
SED

Canopy height
38 DAS

46 DAS

54 DAS

84 DAS

1.9 d

5.8 d

12.1 d

37.3 d

14.6 a
4.1 c
9.6 b
5.5 c
0.9 e
1.9 d
2.1d
0.86

25.6 a
6.3 a
13.8 b
9.7 c
1.0 e
4.9 d
4.7 d
1.49

51.1 a
9.3 e
31.0 b
17.2 c
3.6 f
10.4 e
9.2 e
0.60

49.5 b
47.6 bc
46.5 c
80.0 a
11.6 g
23.7 f
27.7 e
1.38

61 DAS

79 DAS

45.1 a
25.6 c
29.5 b
1.16

42.9 a
21.4 c
31.2 b
1.41

Canopy height
41 DAS

52 DAS

25.4 a
10.0 c
20.7 b
1.42

37.9 a
18.7 c
24.8 b
1.46

Different letters (ag) within a column indicate significant differences at the 0.05 level; DAS:
days after sowing.

clover, light interception developed slightly faster than soil cover. It is clear that
species that grew tall (e.g. berseem clover; see below) showed a relative faster increase
in light interception compared to soil cover than species that remained low (e.g.
subterranean clover). The relation between light interception and soil cover for the two
white clover species was similar to that of subterranean clover. The remaining species
all showed a similar relationship as was found for berseem clover.
Light use efficiency
Data for 2001 were used to determine the light use efficiency (LUE). For this purpose,
the amount of accumulated dry matter during the exponential and the linear growth
phase was related to cumulative intercepted PAR by simple linear regression. The
slope of the fitted line represents LUE. For Persian clover only observations up to 75
DAS were used, as senescence for this species started soon after this date. For all other
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Figure 2. The relation between the percentage of intercepted PAR and the percentage soil
cover for berseem clover (A) and subterranean clover (B) for 2001.

species observations until 104 DAS were included. A strong linear relation was found
for all species and examples for three clover species are given in Figure 1. LUE varied
from 1.03 g DM MJ–1 for subterranean clover till 1.25 g DM MJ–1 for Persian clover.
Height development
In Table 6, height of the various clover species is presented for four different dates. In
2001, berseem clover was by far the fastest growing species in height as it reached its
maximum height (51 cm) well before any of the other clover species. This observation
corresponds well with the observation that berseem invested a large fraction of shoot
dry matter into stem material. However, a heavy shower directly after the
measurement on 54 DAS reduced its height to 31 cm. At 84 DAS, red clover, which
reached a maximum of 80 cm, was the tallest species. Observations on height were
carried out until this date, as strong showers directly after the measurement on 84 DAS
considerably reduced the height of all species except that of subterranean clover and
both white clover varieties. Next to berseem clover, Persian clover had a rapid height
development, whereas subterranean clover and both white clover cultivars had the
slowest development in height. Both Persian clover and subterranean clover invested a
relative high fraction of their shoot dry matter into the stem. For Persian clover, this
resulted in a rapid height development while for subterranean clover an extensive
lateral development was observed. Bulk densities determined at 54 DAS confirmed
these findings and were highest for subterranean clover (2.60 × 10–3 g cm–3) and
lowest for berseem clover (0.22 × 10–3 g cm–3). In 2002, at around 60 DAS,
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subterranean clover and white (c1) clover were about 20 cm taller than in the 2001
growing season. Persian clover also grew taller more rapidly in 2002 but did not obtain
a larger maximum height.
Nitrogen accumulation
In 2001 (75 DAS) and in 2002 (55 DAS), clover samples were analysed for total
nitrogen (N) content of the shoot (Table 7). In 2001, alsike clover and Persian clover
accumulated the highest amounts of N (10.8 g m–2 and 12.0 g m–2, respectively). These
species were also among the clover species with the highest N content (3.73% and
3.36%). Berseem clover accumulated nearly as much N as Persian and alsike clover

Table 7. Clover dry matter (DM) (g m–2), N content (%) and the
amount of total accumulated N (g N m–2) at 75 DAS (2001) and 55
DAS (2002) as dependent on species and N-fertilization rate.
Species

DM

N content

Total N

2001
Alsike clover
Berseem clover
Crimson clover
Persian clover
Red clover
Subterranean clover
White clover (c1)
White clover (c2)
SED

293.0 b

3.73 a

10.77 a

359.2 a
291.2 b
354.4 a
286.0 b
254.6 b
225.8 b
222.4 b
48.44

2.52 b
2.59 b
3.36 a
3.37 a
2.26 b
3.45 a
3.49 a
0.248

9.18 ab
7.59 bc
12.00 a
7.59 bc
5.53 c
7.83 bc
7.78 bc
1.46

260.1
250.4
282.8
NS

2.87
2.66
2.86
NS

7.46
6.66
7.78
NS

301.9
237.7
253.7
NS

2.56 b
2.71 b
3.13 a
0.189

7.60
6.36
7.94
NS

2002
Persian clover
Subterranean clover
White clover (c1)
SED
N1 (0 kg N ha1)
N2 (50 kg N ha1)
N3 (150 kg N ha1)
SED

Different letters (ac) within a column indicate significant differences
at the 0.05 level; NS: not significant.
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Table 8. Correlation coefficients (r) between a number of traits determined for eight clover
species/cultivars in 2001.
bsoil cover
bLI
bDM
TLAI=3
DM61 DAS
DMmax
Heightmax
N-total

bsoil cover bLI

bDM

TLAI=3

1

0.67
0.46
1

–0.75*
0.72*
–0.81** 0.72*
–0.50
0.75*
1
–0.78*
1

0.79**
1

DM61 DAS DMmax Heightmax
0.06
0.25
–0.69
–0.18
–0.15
1

0.15
0.61
0.21
–0.58
0.32
0.21
1

N-total
0.94***
0.87***
0.43
–0.80**
0.63
0.27
0.28
1

RGR for soil cover development (bsoil cover), light interception (bLI) and dry matter production
(bDM), moment at which a leaf area index of 3 was reached (TLAI=3), the obtained dry matter at
61 days after sowing (DM61 DAS), the estimated maximum obtained dry matter (DMmax), the
maximum canopy height (Heightmax) and the total amount of accumulated nitrogen (N-total).
*
p < 0.10, two-tailed.
** p < 0.05, two-tailed.
*** p < 0.01, two-tailed.

but had a much lower N content (2.52%). Crimson clover and subterranean clover also
had a relatively low N content (2.59% and 2.26%). Subterranean clover accumulated
the lowest amount of N (5.53 g m–2).
In 2002, no significant differences between species were observed for both the
amount of accumulated N and N content. N fertilization had a significant effect on the
N content, resulting in a significantly higher N content at the highest fertilization rate.
Correlation analysis
For a number of relevant traits a correlation study was conducted (Table 8). As
expected, RGR’s of soil cover and light interception, were strongly positively
correlated (p < 0.05). The RGR of shoot dry matter accumulation was not significantly
correlated with these two measures. This might be due to differences in allocation
pattern (Table 5). Two other measures that represent early growth (the moment at
which a leaf area index of 3 was reached (TLAI=3) and the obtained dry matter at 61
days after sowing (DM61DAS)) were closely correlated with the RGR’s of soil cover and
light interception. No significant correlation between height and any of the other traits
was detected. Total nitrogen accumulation correlated strongly and positively (p < 0.01)
with the RGR’s of soil cover, light interception and TLAI=3. This suggests that nitrogen
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accumulation benefits from a fast development, resulting in pre-emption of belowground resources.
Discussion
In this study, a comparison of various clover species was made. A number of growth
characteristics was determined with the aim to investigate the variability among
species. Particular attention was given to those characteristics that are expected to
affect the suitability of clover as an undersown cover crop for weed suppression in full
field vegetable production. The variability among species determines the importance
and opportunities of species selection as a component in the design of a suitable weed
management system. A prerequisite for the selected species of this study was their
commercial availability and adaptation to the temperate climate of Western Europe. In
2001, seven different clover species were selected to obtain a wide range of
characteristics. Also within clover species clear differences in growth characteristics
do exist (e.g. Brandsæter et al., 1998; Holland and Brummer, 1999). But as the aim
was to obtain a wide range of characteristics the emphasis was put on a comparison
between species, and only for white clover two cultivars, differing in leaf size (large
leaved: Aran; medium leaved: Riesling) were selected. It should thus be realized that
the presented results are typical for the selected cultivar within a species. In 2002,
three out of the eight clovers were selected for further evaluation (Persian clover,
white clover (Aran) and subterranean clover). The three selected clover species were
differing strongly in characteristics such as early growth, soil cover and height
development that are relevant for competitive ability.
Weed suppression benefits from a rapid soil cover, as this reduces the germination
and establishment of weeds as well as the relative competitive ability of established
weed seedlings (Ross and Lembi, 1985). Differences in soil cover development do not
only depend on species differences in morphology and physiology. The relative
starting position, determined by, for instance, seed size, seeding rate and date of
emergence, is another major factor in this respect. For the species selected in this
experiment seed size differed with nearly a factor ten. To account for these differences
in seed size, all clover species were sown at a fixed seeding rate of 20 kg germinable
seeds ha–1. A germination test in Petri-dishes revealed that for all species the
percentage germination exceeded 97%. Despite the results of this test, a nearly eightfold difference in fraction established seedlings was observed between Persian clover
(0.50) and the small-seeded clover species (white and alsike clover; 0.06–0.07). As the
relative growth rate for soil cover of the small-seeded species (0.14–0.15 d–1)
corresponds to a doubling time of 4.6–4.9 (=ln(2)/RGR) days, this lower fraction
establishment corresponded to a delay of about 2 weeks. These figures illustrate that
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comparisons between species in initial development should consider establishment, or
should focus on traits, like RGR, that are independent of establishment. At the same
time, the results of 2001 suggest that small-seeded species are more sensitive to
conditions that might cause a poor establishment. This was confirmed by comparing
the results of 2001 and 2002. Whereas differences in establishment between years
were very small for both Persian clover and subterranean clover, a remarkable
improvement in establishment was observed for white (c1) clover. Not only did
seedlings emerge about 3 days earlier, also the fraction of established seeds was
considerably higher in 2002 (31% versus 7%). Most notable differences between both
years were soil type (clay versus sand), the accumulated amount of precipitation in the
2 weeks around sowing (3 mm in 2001 and 18.2 mm in 2002) and a heavy shower at 7
DAS in 2001 (25.7 mm), which may have washed seeds away. As only white clover
had a higher fraction of established seedlings, it is suggested that for establishment this
species and perhaps more in general small-seeded species are more sensitive to
environmental conditions.
Persian clover had the fastest soil cover development of all species. To some extent
this was due to its good starting position. Persian clover emerged 2–5 days before the
other species and also had the highest fraction establishment. Further analysis,
however, showed that this species also had the highest intrinsic growth rate. This was
not only observed for soil cover (p < 0.10), but also for light interception and dry
matter accumulation. The RGR reflects the increase of characteristics such as soil
cover and dry matter accumulation during early development, when growth is still
exponential. In this period, a strong positive feedback exists between radiation
interception, crop growth and leaf area formation resulting in exponential growth
(Blackman, 1919). The relative growth rate of a plant species is, thus, affected by its
light capturing ability, by the efficiency by which it converts light into biomass and by
the fraction of newly produced biomass which is invested in leaves. For the first two
characteristics, the light extinction coefficient (k) and the light use efficiency (LUE), a
wide range of values was obtained, though no significant differences between species
were observed. Values for k ranged from 0.79 to 1.04, whereas LUE ranged between
1.03 and 1.25 g DM MJ–1, values that correspond well to values reported for two white
clover cultivars (Nassiri, 1998; 1.02 g DM MJ–1 for Alice and 0.96 g DM MJ–1 for
Gwenda). Persian clover was characterized by high values for both traits. For the third
characteristic, leaf area ratio (LAR = LWR × SLA), a moderate to high value was
obtained. Values for SLA were always relatively high for Persian clover, but LWR
was relatively low right from the start and declined faster than for most other species.
This observation might be related to the rapid phenological development of Persian
clover, which was expressed by, for example, early flowering, as plants often show a
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reduced LWR when ageing (Woolhouse, 1967). Compared to Persian clover,
subterranean clover was the only species that was characterized by a significantly
lower RGR for soil cover (p<0.10), dry matter accumulation and light interception.
The low RGR’s for subterranean clover are not surprising, as for all characteristics that
together constitute the RGR (k, LUE, LWR and SLA) the value of subterranean clover
was always amongst the lowest of all species. Of the two white clover cultivars,
cultivar ‘c1’ (Aran) was used in both seasons. In 2001, white (c1) clover developed
relatively slow for soil cover, light interception and dry matter accumulation, whereas
in 2002 it developed as rapid as Persian clover. This difference could be explained by
its much better starting position caused by a much higher fraction emergence, resulting
in a nearly five times higher number of emerged seedlings. Furthermore, also its RGR
was considerably higher than in 2001. This last observation was true for all three
species and might be related to the higher average air temperature in the first month
after emergence (14.2 C for 2001 and 16.0 C for 2002). In this study, white clover
showed to be a more rapid developing species than subterranean clover which
contradicts statements of Frame et al. (1998), who described the vigour of white clover
seedlings as slow growing during early establishment, whereas the vigour of
subterranean clover was described as moderate to high. Brandsæter et al. (1998)
concluded, based on experiments with undersown white and subterranean clover, that
white clover had a slower soil cover development than subterranean clover. The
sowing density of subterranean clover was, however, much higher than that of white
clover, resulting in a different starting position. No information on establishment was
provided, while our findings clearly show the importance of seedling density.
Clear differences were obtained in maximum amount of accumulated biomass.
Alsike and crimson clover produced the highest amount of biomass. Biomass
production of Persian clover, being the fastest developing species, was among the
lowest, mainly due to its relatively short growth duration. For weed competition and
weed suppression, earliness has been reported an important characteristic (de Haan et
al., 1994). Particularly for competition for light, which is asymmetric (Weiner, 1986),
obtaining a good starting position seems highly relevant. From that perspective the
RGR seems to be a more important characteristic than the maximum accumulated
amount of biomass.
Apart from soil cover development, height is an important characteristic,
determining competition for light (e.g. Berkowitz, 1988). This effect was quantified by
Kropff and van Laar (1993) in a simulation study. For the species represented in this
study, no clear relation between total dry matter accumulation and maximum height
was observed (Table 8). Alsike clover, being the species with the highest amount of
accumulated dry matter, only reached a maximum height of nearly 40 cm, resulting in
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an intermediate position with respect to height. Furthermore, red clover, being the
tallest species, and subterranean clover, being the shortest species, accumulated similar
amounts of dry matter. Berseem clover also took a special position, as it was the
species with the fastest height development during early growth stages. This
observation was in line with the allocation pattern of berseem clover, which clearly
invested a higher fraction of its shoot dry matter into stem material.
The overall competitive ability of a plant species does not only depend on its ability
to compete for light but also on its ability to compete for water and nutrients (Tilman,
1988) of which nitrogen is of particular importance for plant growth. Obviously, the
nitrogen accumulation of clover is realized by both N2 fixation from the air and by
uptake of nitrate from the soil. It is, therefore, difficult to attribute a low or high
amount of accumulated nitrogen solely to a better or poorer below-ground competitive
ability. That these two systems for nitrogen accumulation are present at the same time
in clover may very well explain why the different amounts of nitrogen fertilization in
2002 did not affect the total amount of accumulated nitrogen for any of the clover
species. Griffith et al. (2000) observed that at higher levels of available mineral soil
nitrogen, the nitrogen fixation of white clover decreased, in other words, the available
mineral nitrogen substitutes the nitrogen otherwise captured from the air. One other
reason why the nitrogen fertilization may have had little effect on nitrogen uptake of
clover, is because all nitrogen was applied 1 day after sowing well before the nitrogen
demand of the growing plants was at its maximum. As the experiment was conducted
on sandy soil and a number of heavy rain showers occurred during the first weeks after
sowing, leaching of nitrogen may have taken place, resulting in much smaller
differences in available soil mineral nitrogen than was intended. Even though
fertilization did not result in differences in accumulated nitrogen, increases in shoot Ncontent and SLA were observed. An increased specific leaf area following higher Nfertilization is more often observed (e.g. green cabbage by Li et al., 1999).
In 2001, clear differences in N-accumulation between species were observed. The
two species which had accumulated most nitrogen at 75 DAS, Persian clover and
alsike clover, were characterized by a very distinct growth pattern. Persian clover had
a short growth period, combined with a rapid initial growth, whereas alsike clover
combined a long growth period with a slow initial growth. This implies that, at least in
pure stand, a fast initial development is not a prerequisite for the accumulation of a
high amount of nitrogen. Still the correlation analysis revealed a strong positive
association between total N-accumulation and the RGR’s of soil cover, light
interception and the moment at which a LAI of 3 was reached. This is not surprising,
as all other clover species, except for berseem clover, accumulated a significantly
lower amount of nitrogen and were characterized by a relatively slow initial
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development. For subterranean and crimson clover the low amount of accumulated
nitrogen was combined with a low N-content, indicating that for those species Nuptake might have been a growth limiting factor.
Aim of this study was to evaluate growth characteristics of a range of clover
species. Specific attention was given to a number of traits like relative growth rate,
total accumulated biomass, height development and N-accumulation that are expected
to affect the suitability of clover as an undersown cover crop for weed suppression in
full field vegetable production. The results showed that for most of these
characteristics clear differences between species were present. Moreover, a correlation
analysis revealed that hardly any correlations were present between the groups of traits
that represent various aspects of competitive ability, like earliness, final amount of
accumulated dry matter, height development and N accumulation. As the various
group of traits are not intertwined, competition experiments conducted with this group
of selected species offers good opportunities to identify which traits are specifically
responsible for differences in competitiveness. Results of such experiments are
discussed in Chapter 3.
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Abstract
Undersown cover crop species introduced for weed management purposes should
ideally combine adequate weed suppression with only marginal negative competitive
effects on the main crop. The aim of this research was to identify the growth
characteristics of clover species that determine weed-suppressive ability and
competitive ability against the main crop. In addition, the variation in these
characteristics among clover species was determined, to identify whether species
selection is an important component of the optimization of living mulch systems.
In 2001, a field experiment was conducted in which weed suppression and
competitive ability against leek of eight clover types was determined. Based on the
results, three contrasting clover types were selected and their weed-suppressive ability
was further investigated in a field experiment conducted in 2002. Results of both
experiments were related to growth characteristics that were simultaneously
determined and described in Chapter 2.
Correlation analysis showed that the competitive effect of clover on transplanted
leek was strongly correlated with maximum canopy height, indicating that yield
reduction was mainly caused by competition for light. Subterranean clover, being the
shortest species, gave inadequate weed suppression, whereas all other species were
found to provide at least reasonable weed suppression. Subterranean clover reduced
individual leek plant dry weight more strongly (60%) than expected based on its
canopy height. Indications were found that this clover species was hindering the
uptake of nitrogen by leek. Clover species with superior weed suppression, such as
Persian clover, red clover, alsike clover, berseem clover and crimson clover also gave
the strongest negative effect on dry matter accumulation of leek (reductions between
70% and 90%). White clover was found to give the best compromise between
adequate weed suppression and mild yield reduction, though also with this species
reduction in leek plant dry weight was still 60%. It was concluded that for
optimization of systems in which clover species are introduced as a weed-suppressing
cover crop, species selection is an important element, though additional management
to restrict the competitive effect on the main crop remains a requirement.

Keywords: Cover crop, clover, competition, weed suppression, soil cover, light
interception, height, allelopathic activity
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Introduction
A cover crop (living mulch) may contribute significantly to weed management (Moore
et al., 1994). The number of established weed seedlings is reduced through provision
of an early soil cover, whereas the harmful effect of the established weeds on the main
crop is reduced through competitive suppression. Cover crops may also be introduced
in a main crop for a number of other reasons. Pest control (Theunissen and den Ouden,
1982) and the improvement of soil quality (Brandsæter et al., 1998) are important
beneficial traits of cover crops especially in systems where pesticides are not used. A
reduction in yield of the main crop through competition by the added cover crop has
often been recognized as a serious problem (Wiles et al., 1989; Müller-Schärer, 1996;
Kleinhenz et al., 1997; Bottenberg et al., 1997; Brandsæter et al., 2002). A number of
solutions has been proposed to reduce this negative effect of the cover crop on the
main crop. Mechanical and chemical means have been suggested to restrict the growth
of the cover crop and through that its competitive effect on the crop (Vrabel, 1983;
Wiles et al., 1989; Mohler, 1991; Galloway and Weston, 1996). However, if reduction
of herbicides is the main reason for the use of cover crops, growth reduction by
chemical means is not an option. Separating the growth periods of the main crop and
the cover crop has also been advocated. Müller-Schärer and Potter (1991) proposed a
late sowing of the cover crop, after establishment of the main crop, to give the main
crop a head-start. Ilnicki and Enache (1992) and Brandsæter and Netland (1999)
proposed the use of a winter annual, sown in autumn, as cover crop in spring-sown
crops. The autumn sown cover crop (e.g. subterranean clover) establishes and forms a
dense mat covering the soil before winter. In early spring, the cover crop resumes its
vegetative growth while flowering and senescence of the cover crop begins already in
late spring. In such a system, weeds are suppressed early in the growing season while
there is little competition between the cover crop and the main crop as senescence of
the cover crop and maximum growth of the main crop take place at approximately the
same time. Apart from these management options, selection of the most suitable cover
crop species was recommended. Most often, a direct screening procedure, in which a
number of cover crop species was introduced in a relevant main crop, was used (e.g.
Nelson et al., 1991; Galloway and Weston, 1996; Creamer and Bennett, 1997; Abdin
et al., 2000; Ross et al., 2001). Suitability was mainly based on the effects of the cover
crop on various relevant features such as yield and quality of the main crop and weed
abundance. Ross et al. (2001) tried to generalize the outcomes of these screenings, by
determining various growth characteristics of the cover crop species, like earliness,
maximum height and the time course of dry matter production. Correlation of growth
analysis parameters with competitive ability may help to identify characteristics of
growth that determine plant-to-plant interactions. This insight might then be used as a
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guideline for selecting the most appropriate cover crop species.
This research project focused on the evaluation of various Trifolium species, with
respect to their potential use as a weed-suppressing cover crop in a main crop. True
clovers were chosen because several clover species already proved to be effective
weed suppressors, either as undersown crop or in rotational cropping (Ilnicki and
Enache, 1992; Fisk et al., 2001). Furthermore, clovers have a proven ability to reduce
various pests in a number of vegetable cultures (Theunissen and Schelling, 1996;
Weber et al., 1999) and are able to add to the nitrogen status of a cropping system
through their nitrogen fixation ability. Clover species for the experimental work were
selected based on their suitability to the Western European climate and their
commercial availability. To obtain a wide range of growth characteristics a wide range
of clover species was chosen. Only for white clover two cultivars, a medium leaved
(Riesling) and a large leaved (Aran) cultivar, were included. Morphological and
physiological characteristics of the various species were determined. The results were
presented and discussed in Chapter 2. Through a number of additional experiments
and observations, the competitive ability of the species was established. The results of
these experiments are presented in this Chapter. Additionally, the suitability of the
clover species as a cover crop for weed suppression, as well as the characteristics that
determine this suitability, will be discussed.
Materials and methods
Experiment 2001
An experiment with eight undersown clover species (Chapter 2) was laid out on a
heavy clay soil, in Wageningen, the Netherlands. The site was fertilized with 300 kg
ha–1 12-10-18 NPK 2 weeks before sowing. The experimental design was a fully
randomized complete block design in six replicates and treatments consisted of eight
clover types and two bare soil reference plots. At May 7, the clovers were sown at a
rate of 20 kg ha–1 in plots of 4.5 m × 9 m. Seeds were sown with a seed drill of which
the pipes were positioned 30 cm above the soil surface. After sowing, the soil was
rolled with a Cambridge roller to compress the soil.
One day after the clover was sown one 9 m long row of leek (Allium porrum L. cv.
Stanley F1 256) was machine planted at 0.75 m from the edge of the plot. The distance
between individual leek plants within the row was 0.10 m. A second and a third row of
leek were planted 4 weeks (June 3) and 8 weeks (June 26) after the first planting, at a
distance of 1.5 m and 3.0 m from the first planted row, respectively. Hand weeding of
the plots was carried out at the end of June.
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Observations
From each plot, ten leek plants of the first planting were harvested on June 18. At July
25, another 10 leek plants from the first planting were harvested, together with 10
plants from the second planting. At October 1, 10 plants were collected from each
planting. At each harvest, a subsample of two plants was taken from the first planting
and divided into stem and leaf material. Leaf area was assessed using a LI 3100 Area
Meter (LI-COR, Lincoln, Nebraska, USA). The leaf and stem fraction of the
subsample as well as the other collected plant samples were dried for 24 h at 70 °C and
weighed subsequently. At the last harvest, on October 1, the total nitrogen content of
the shoot material of leek plants of the first planting (row 1), was determined by SFA
(Temminghoff et al., 2000a). Additionally, the total number of living plants of the
second and third planting was counted to assess the fraction survived leek plants.
Weed prevalence was determined in all plots in the first week of August, by counting
the number of plants of eight weed species. Growth characteristics of the various
clover species were determined and described in Chapter 2.
Experiment 2002
Persian clover, subterranean clover and white (c1) clover were selected for further
evaluation as the results of the experimental work in 2001 showed that these species
were contrasting strongly with respect to their characteristics and competitive strength.
Competitive ability of clover was assessed by measuring to which extent each clover
species was able to suppress Italian rye grass (Lolium multiflorum cv. Bartisimo) and,
naturally occurring weed species. Plots of 3 meter wide and 5 meter long were laid out
on a sandy soil in Wageningen, the Netherlands. The field was fertilized with P and K
one month before sowing (100 kg ha–1 60% K2O and 200 kg 46% P2O5).
The experimental design was a split plot design in four replicates with N rate (0, 50
and 150 kg N ha–1) as main factor. Each main plot was subdivided into seven subplots,
containing either a pure stand of Persian clover, subterranean clover, white (c1) clover
or Italian rye grass or a mix of rye grass and one of the clover species. Mechanical
weed control was carried out 1 day prior to seed bed preparation. Clover species were
sown on May 21 at a rate of 20 kg ha–1, using the same procedure as used in 2001.
Italian rye grass was hand sown at a rate of 7 kg ha–1. Hand weeding was carried out
on June 13, 14 and 26.
Observations
On July 15 and August 27 (55 and 98 DAS), two squares of 50 cm × 50 cm were
harvested at fixed positions from all subplots. After sampling, grass and clover of the
mixed plots were separated. All samples were dried for 24 h at 70 °C and weighed. On
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July 15, total nitrogen content of the shoot material of rye grass and the clover species
was determined by SFA (Temminghoff et al., 2000a). Additionally, dry matter of four
naturally occurring weed species (Capsella bursa-pastoris (L.) Medicus, Stellaria
media L., Poa annua L. and Chenopodium album L.) was determined in the plots that
contained pure stands of clover. Growth characteristics of the various clover species
were determined and described in Chapter 2.
Statistical analysis
The accumulated dry matter of the leek plants of the two reference plots was averaged
per replicate to balance the total number of observations per treatment. Leek dry
matter and the weed counts were analysed by performing an analysis of variance
(ANOVA) or, when a log transformation was required, by using a generalized linear
model (GLM) with a log link function. The fraction surviving leek plants of the second
and third planting were analysed using a GLM with a logit link function. Approximate
values of the SED and least significant differences (LSD) at the 5% level were
calculated. ANOVA was performed and standard errors of difference (SED) and least
significant differences (LSD) (5%) were calculated for the shoot dry matter of the
weeds and for the shoot dry matter, the N content and the total amount of accumulated
N for clover and rye grass. Statistical analysis was carried out using the Genstat 7
statistical package (Payne, 2003).
Results
Experiment 2001
Dry matter, specific leaf area and N uptake of leek
At May 8, the first batch of leek plants (individual plant weight 0.50 g) was planted in
the clover plots. At June 19, 42 days after planting (DAP), shoot dry matter of leek
plants in the reference plots had increased five-fold (2.66 g plant–1) (Table 1). Dry
matter of leek plants in the clover plots was not affected, except for leek plants in plots
with Persian clover and berseem clover, which had accumulated a significantly lower
amount of biomass. For leek plants in plots with berseem clover this reduction was
accompanied with an increased SLA (122.7 compared to 102.8 cm2 g–1 in the reference
plot). On July 25 (79 DAP), shoot dry matter of leek plants in the reference plot had
increased to 14.0 g plant1 while the shoot dry matter of leek plants in all the clover
plots was clearly reduced. Reductions in dry matter of leek plants grown in the
Persian, berseem, crimson and red clover plots exceeded 50%. SLA of these leek
plants was significantly higher than the SLA of leek plants in the reference plot,
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122.7 a
99.5 b
107.6 b
101.9 b
101.5 b
102.3 b
103.3 b
4.60

Berseem clover
Crimson clover

Persian clover
Red clover

Subterranean clover
White (c1) clover

White (c2) clover
SED

2.56 a
0.228

2.50 a
2.20 a

1.90 b
2.48 a

2.07 b
2.20 a

2.66 a
2.68 a

105.6 cd
7.18

102.1 d
120.2 c

174.4 a
157.9 b

174.4 a
118.8 c

106.1 cd
154.0 b

7.07 cde
1.770§

11.03 b
7.98 c

3.23 e
5.64 cde

4.05 de
5.53 cde

13.96 a
7.20 c

114.0 cde
9.85

105.1 def
100.5 ef

141.4 b
163.9 a

122.2 bcd
140.5 b

86.1 f
129.4 bc

SLA

22.27 bc
3.348

21.08 bc
23.51 b

13.96 d
6.58 e

16.59 c
13.23 de

54.25 a
15.84 cd

DM

Final harvest

1.30 de
0.201§

0.94 e
1.52 cd

3.05 a
2.32 b

1.67 cd
1.73 c

1.10 e
1.81 c

N content

0.25 cde
0.046

0.21 def
0.32 bc

0.38 b
0.12 f

0.28 cd
0.25 cde

0.58 a
0.28 cd

Total N

0.05 level. § SED maximum.

(SED) is presented for non-transformed data while the highest standard error of difference (SEDmax) of the various pairwise comparisons is presented for transformed data. Different letters within a column indicate significant differences at the

N content (%) and the total amount of accumulated N (g plant1) of leek plants at final harvest. Standard error of difference

102.8 b
98.0 b

DM

SLA

SLA

DM

Second harvest

First harvest

Reference
Alsike clover

Plot

Table 1. Specific Leaf Area (SLA), Shoot dry matter (DM; g plant1) of leek of the first planting growing in various clover
plots at June 19 (1st harvest), July 25 (2nd harvest) and October 1 (final harvest).
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except for leek plants in crimson clover. For leek grown in alsike and the two white
clover species the reduction in plant dry weight was between 40% and 50%. Only in
alsike clover this reduction was associated with an increase in SLA. Leek plants in
plots with subterranean clover clearly suffered the least, as individual plant weight was
reduced with only 20% and SLA was not significantly affected. At final harvest
(October 1; 147 DAP), accumulated leek dry matter had increased to 54.0 g plant–1. In
all clover plots, the reduction in leek plant dry matter surpassed 50%. By far the
strongest reduction in accumulated dry matter was found for leek grown in red clover
plots (88%) resulting in an individual plant dry weight of 6.6 g. Leek grown in this
clover species also had the highest SLA (164 cm2 g–1), which was nearly twice as high
as the SLA of leek in the reference plot. For leek plants grown in crimson, Persian,
alsike and berseem clover reduction in individual plant weight was around 70–75%,
whereas SLA varied between 122 and 142 cm2 g–1. The mildest reductions were
obtained in plots with white (c1 and c2) and subterranean clover, but also in these plots
reductions were still considerable (around 60%). SLA was not significantly different
from the SLA in the reference plot, except for leek in white (c2) clover plots.
In Figure 1, the results of these harvests are presented in a different way. The
increase in dry matter of the leek plants in three consecutive periods (plantingharvest
1; harvest 1harvest 2; harvest 2final harvest) was expressed relative to the increase
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Figure 1. Growth rate of leek affected by various clover species for three consecutive periods
in 2001. Growth rate is expressed as a fraction of the growth rate in the reference plots.
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of leek plant dry matter in the reference plot. In this way, differences in competitive
suppression in the various periods can easily be identified. From Figure 1, it is evident
that the strongest reduction occurred in the second and third period. In the second
period, subterranean clover suppressed the growth of leek plants to a relatively mild
degree, whereas in the third period suppression was at an average level. In this third
period, suppression by the two white clover cultivars was less severe than in the other
plots. At the same time, red clover developed into the strongest competitor, whereas
Persian clover and berseem clover were the only species where growth reduction of
leek plants was less strong than in the previous period.
Leek plants of the reference plots accumulated an average of 0.58 g N plant–1,
corresponding to a nitrogen content of 1.10% (Table 1). In all the clover plots, the
accumulated amount of nitrogen in the leek plants was significantly lower and ranged
from 0.38 g N plant–1 for leek plants in Persian clover, to 0.12 g N plant–1 for leek in
red clover. Despite the lower amount of accumulated nitrogen, nitrogen content was
either not significantly different (subterranean and white (c2) clover), or significantly
higher than the nitrogen content of the leek plants in the reference plot. The highest
nitrogen contents were found in plots with Persian clover (3.05%) and plots with red
clover (2.32%).
Earlier, various growth characteristics of the clover species that were expected to
affect the suitability of clover as an undersown cover crop for weed suppression were
determined (Chapter 2). These characteristics were related to early growth, total dry
matter production, maximum height and N-accumulation. Correlation analysis
between the various characteristics and total accumulated dry matter of leek plants of
the first planting demonstrated that only maximum canopy height was significantly
correlated with dry matter of leek, suggesting that competition for light was important
(Table 5).
With the second and third planting, the competitive strength of some of the clover
species became so strong that mortality of the leek plants was significantly higher than
in the reference plots (Table 2). This was particularly the case for leek plants in alsike
and red clover, with an average survival rate of around 18%. Survival rates in Persian
clover (27%) and berseem and crimson clover (47%) were higher but still low. With
the white clover species survival rate clearly decreased from 59% with the second
planting till 30% with the third planting. Only in subterranean clover plots the
mortality rate of leek plants was not reduced compared to the reference plots.
At harvest (October 1) dry weight of the leek plants in the reference plots was 25.7
g plant–1 for the second planting and 9.8 g plant–1 for the third planting. In clover plots
with the highest mortality rate, the dry matter production of the remaining plants was
most strongly reduced. For alsike, red, Persian, crimson and berseem clover individual
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Table 2. Fraction survival of leek plants of the second and third planting and individual plant
weight (DM; g plant–1) at final harvest.
Clover species

Fraction survival

Dry matter

Second planting

Third planting

Reference plot

0.79 b

0.88 a

25.70 a

9.79 a

Alsike clover

0.22 g

0.06 e

0.56 d

0.25 d

Berseem clover

0.40 f

0.42 b

1.19 d

0.93 cd

Crimson clover

0.60 d

0.46 b

1.78 cd

0.45 d

Persian clover

0.24 g

0.30 c

0.69 d

0.86 cd

Red clover

0.19 g

0.23 d

0.60 d

0.31 d

Subterranean clover

0.91 a

0.90 a

5.10 b

2.39 b

White (c1) clover

0.49 e

0.28 cd

3.61 bc

0.81 cd

White (c2) clover

0.69 c

0.32 c

3.58 bc

1.45 c

SED

§

0.034

0.033

Second planting Third planting

1.04

§

0.413

Standard error of difference (SED) is presented for non-transformed data while the highest
standard error of difference (SEDmax) of the various pair-wise comparisons is presented for
transformed data. Different letters within a column indicate significant differences at the 0.05
level. § SED maximum.

dry weight of leek plants was less than 10% of the plants in the reference plot. Leek
plants in plots of subterranean clover were least affected, but still only weighted 20%
(second planting) and 24% (third planting) of the reference plants. White clover held
an intermediate position with an individual plant weight of around 15% of the
reference plants, except for white (c2) clover, where the leek plants of the third
planting weighted less than 10% of the reference plants.
Weed counts
On August 2, the density of eight weed species was counted in each of the clover plots.
For the smaller weed species (Capsella bursa-pastoris, Phleum pratense, Lamium
purpureum and Veronica polita) abundance was remarkably high in plots with
subterranean clover, whereas those species were nearly absent in plots with the other
clover species (Figure 2). Only for two of the smaller weed species (C. bursa-pastoris,
P. pratense) moderate numbers were also observed in crimson clover and the two
white clover varieties. For the taller weed species (Chenopodium album, Polygonum
persicaria, Euphorbia peplus and Echinochloa crus-galli) differences in abundance
were far less extreme. In plots with Persian, berseem, red and alsike clover fewer
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Figure 2. Density of eight naturally occurring weed species (plants plot1) counted in the first week of August 2001 in plots of
various clover species.
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C. album, E. peplus and E. crus-galli plants were observed than in plots with crimson,
white (c1 and c2) and subterranean clover. Persian, alsike and red clover also caused a
significant reduction in the number of P. persicaria plants.
Experiment 2002
Suppression of rye grass
At 15 July, clover and grass were harvested from the pure stands of clover and rye
grass and from the clover  rye grass mixtures. In the pure stands of clover,
differences in shoot dry matter between the species were small and not significant
(Table 3). In the clover plots to which rye grass was added, shoot dry matter of
subterranean clover was only about one-third of the dry matter of white and Persian
clover. Between the clover species there were no significant differences in nitrogen
content while there was at the same time a clearly reduced amount of accumulated
nitrogen in subterranean clover in the subterranean clover – rye grass plots, which was
caused by the decreased amount of accumulated dry matter. Dry matter of clover and
the total amount of accumulated nitrogen in the pure stands were not significantly
affected by nitrogen level. The nitrogen content of the clover species in pure stand and
in mixture, on the other hand, was significantly elevated at the highest nitrogen level.
No interaction between nitrogen level and clover species was observed.
The poor competitive ability of subterranean clover was also clearly reflected in the
shoot dry matter of rye grass in the mixed plots which was about 50% higher in the

Table 3. Total shoot dry matter (DM; g m–2), N content (%) and the total amount of
accumulated N (g m2) for clover in pure stand and in mixture with rye grass.
2002
Persian clover
Subterranean clover
White clover (c1)
SED
N1
N2
N3
SED

Pure clover stand

Mixture

DM

N content

Total N

DM

N content

Total N

260.1
250.4
282.8
NS
301.9
237.7
253.7
NS

2.87
2.66
2.86
NS
2.56 b
2.71 b
3.13 a
0.189

7.46
6.66
7.78
NS
7.60
6.36
7.94
NS

128.9 a
44.0 b
149.1 a
23.25
112.1
99.6
110.3
NS

2.93
2.67
2.72
NS
2.52 b
2.69 b
3.11 a
0.188

3.75
0.85
4.12
0.737
2.83
2.59
3.29
NS

Main effects per clover species and N rate are presented. Different letters within a column
indicate significant differences at the 0.05 level. NS: not significant.

46

Clover as cover crop for weed suppression: Competitive ability
Table 4. Total shoot dry matter (DM g m–2), N content (%) and the
total amount of accumulated N (g m–2) for rye grass in pure stand and
in mixture with clover.
Grass – pure plots
Grass – Persian
Grass – subterranean
Grass – white
SED
N1
N2
N3
SED

DM

N (%)

Total N

230.5 a
91.8 c
157.7 b
100.1 c
18.91
122.1 a
148.9 ab
164.2 b
16.38

3.10
3.35
2.96
3.07
NS
2.63 b
2.89 b
3.83 a
0.1529

7.18 a
3.17 c
4.70 b
3.17 c
0.548
3.01 c
4.32 b
6.33 a
0.474

Main effects per treatment and N rate are presented. Different letters
within a column indicate significant differences at the 0.05 level.

subterranean clover plots than in the plots with white and Persian clover (Table 4).
Nitrogen content was not affected by clover species and for that reason the differences
in shoot dry matter were reflected in the total amount of accumulated nitrogen. Shoot
dry matter of rye grass responded significantly to nitrogen level. At the highest
nitrogen rate, shoot dry matter was significantly higher than at the lowest nitrogen rate.
On top of that, nitrogen content at the highest N level was significantly higher than at
the other two N rates. This resulted in clear and significant differences in accumulated
nitrogen between all N rates. No interaction between fertilization and clover species
were observed.
Regarding the total accumulated dry matter of the pure stand plots and of the
mixtures, there were no significant differences between any of the plots. The total
amount of nitrogen that was accumulated in the pure stand plots and in the mixtures
was not affected by the clover species present but a significantly higher amount of
nitrogen was accumulated in the plots with the highest nitrogen fertilization rates. No
significant interaction between fertilization rate and plant species was observed.
At 27 August, shoot dry matter of subterranean clover in the mixture with rye grass
was much lower than the shoot dry matter of white clover and Persian clover (Figure
3). The opposite was observed for the shoot dry matter of rye grass, as this species was
much more productive in the subterranean clover – rye grass mixtures than in the
mixtures with white clover and Persian clover. These results clearly show that also in
the later stages, white and Persian clover competed much stronger with rye grass than
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subterranean clover. The combined shoot dry matter of clover and rye grass in the
various mixtures were not significantly different from each other and also not
significantly different from the total shoot dry matter in the pure stands. Nitrogen
fertilization rate had no effect on final shoot dry matter production of clover or rye
grass. This was found in pure stands as well as in the mixtures.
Weed dry matter
The weed-suppressing ability of Persian, subterranean and white clover was assessed
by determining the dry matter of four weed species (Chenopodium album, Capsella
bursa-pastoris, Stellaria media and Poa annua). The last two species were harvested
together and their combined dry matter was determined. Clear differences in
suppressive ability between clover species were observed. Persian clover and white
clover suppressed C. bursa-pastoris and the combination of S. media and P. annua
stronger than subterranean clover (Figure 4). For C. album, the situation was different
as no significant differences in accumulated dry matter were found between plots of
the various clover species.
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Figure 3. Dry matter (DM g m–2) of rye grass and subterranean, Persian and white (c1)
clover harvested at July 15 and August 27 2002 from pure stands and from mixtures of
clover and rye grass.
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Discussion
The two major requirements of a cover crop which is added to a main crop for
improved weed management are: (i) providing a sufficient level of weed suppression
and (ii) not having a too strong negative effect on the growth of the main crop. In the
current experiments, this last aspect was evaluated by introducing transplants of leek
in just sown and well-established plots of eight different clover species. Not causing
major damage to the main crop proved difficult, as even subterranean clover and the
two white clover species, being the least competitive species, still caused reductions in
individual plant weight of just over 50% when introduced 1 day after sowing of clover.
One reason for the considerable competitive effect of clover on the leek plants was the
fact that in this experiment the leek plants were completely entangled within the clover
canopy. Introducing clover in strips in between rows of leek would probably diminish
the competitive pressure on leek. Whether such a spatial configuration is acceptable
very much depends on the intended purpose. For pest suppression and N-fixation strips
of clover might be sufficient, however, it is unlikely that for weed management
purposes this is acceptable as it allows the development of weeds in the crop row,
where they are most difficult to control by alternative weed-control options like
mechanical control. A cover crop may be incorporated for various reasons and the
choice of cover crop depends on a variety of factors (Snapp et al., 2005).
In this study, between clover species, clear differences in reduction of individual
leek plant weight were present. As a number of growth characteristics, particularly
earliness, total dry weight, maximum plant height and N-accumulation, were
determined for all of the species (Chapter 2) it was possible to identify which traits
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were mainly responsible for the reduction in leek yield. This approach was earlier
suggested by Wiles et al. (1989) as it helps to pinpoint useful selection criteria for
screening purposes. Correlation analysis revealed that maximum canopy height was
the only trait that correlated significantly with leek dry matter at final harvest (Table
5). As maximum height was not correlated with any of the other characteristics
(Chapter 2), it is obvious that competition for light was the main mechanism through
which the clover species competed with leek. This conclusion was confirmed by the
very low growth rate of leek in plots with red clover in the last growth period (Figure
1), which coincided with a substantial increase in canopy height of red clover in that
period (Chapter 2). Also the observation that reductions in leek plant dry weight nearly
always were accompanied by increases in SLA is a strong indication that competition
for light was an important mechanism. Finally, the importance of height was again
demonstrated by the survival rate of transplanted leek plants of the second and third
planting. Survival of young leek plants was the highest in plots with subterranean
clover, the lowest clover species. At the same time, only few leek plants survived in
those clover species that exceeded the height of the leek transplants.
The above considerations suggest that subterranean clover is likely to be the most
suitable cover crop, as in both years the maximum height of this species (2001: 11.6
cm; 2002: 21.4 cm) was significantly lower than that of the other species. Also de
Haan et al. (1994) concludes that a relatively short canopy height of the cover crop
(lower than 10 cm) is of great importance in reducing yield. It is, therefore, not
surprising that in the past subterranean clover has been chosen as cover crop (Illnicki
and Enache, 1992; Lotz et al., 1997; Brandsæter et al., 1998). However, additional
observations clearly showed that subterranean clover is a poor weed suppressor. This
was most clearly demonstrated by the weed counts in clover plots in 2001. All clover
species, except for subterranean clover, were able to either completely suppress the
four short weed species, or to keep their density at a low level ( < 8 plants

Table 5. Correlation coefficients (r) between total shoot dry matter of leek at final harvest
(DM Leek) and various estimated parameter values for eight clover species for 2001.
bsoil cover bLI
DM Leek –0.10

–0.59

bDM

TLAI=3

DM61 DAS

DMmax

Heightmax

N-total

–0.15

0.61

–0.43

–0.32

–0.92***

–0.26

RGR for soil cover development (bsoil cover), light interception (bLI) and dry matter production
(bDM), moment at which a leaf area index of 3 was reached (TLAI=3), the obtained dry matter at
61 days after sowing (DM61 DAS), the maximum obtained dry matter (DMmax), the maximum
canopy height (Heightmax) and the total amount of nitrogen that was obtained (N-total).
*** p < 0.01. Two tailed.
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plot–1). In plots with subterranean clover, the density ranged from 15 plants plot–1
(Lamium purpureum) till > 60 plants plot–2 (Veronica polita). For the taller weed
species, the density in plots with subterranean clover was among the highest. For this
group of weed species also the two white clover species, with the second lowest
maximum canopy height, provided a poor level of suppression. In 2002, both the
suppression of rye grass in mixed plots as well as the suppression of naturally
occurring weeds in pure stands pointed out that subterranean clover was a poor weed
suppressor relative to Persian clover and white (c1) clover. The performance of the last
two species was nearly identical in this year. Again height might have been a
prominent factor, as the maximum height of subterranean clover was 10 and 20 cm
lower than that of white clover and Persian clover, respectively. Even though the
maximum canopy height of these two species was not the same, this did not affect
their relative competitive ability with respect to rye grass and the weed species. This
suggests that as long as the clover species are clearly higher than the weeds,
differences in height between clover species did not affect the ability to suppress other
plants. At the same time, white clover and Persian clover also caused a much more
rapid soil cover than subterranean clover. Particularly, if the species have to develop
from seed, as was the case for rye grass and the weed species, a rapidly developing soil
cover is expected to be an important factor for weed suppression (e.g. Minotti, 1991).
The importance of soil cover was also indirectly demonstrated by work of Ilnicki and
Enache (1992) and Enache and Ilnicki (1990), who obtained good to excellent weed
suppression with subterranean clover in spring when this cover crop was sown in
autumn.
Apart from the poor weed-suppressing ability of subterranean clover indications
were found that this species is affecting neighbouring plants through other means than
just competition for light. The assessment of the dry weight of four weed species in the
pure clover stands of the 2002 experiment provide a first indication that below-ground
processes might be a relatively important mechanism of plantplant interaction for
subterranean clover. Shoot dry matter of C. bursa-pastoris, S. media and P. annua was
far more severely affected by Persian clover and white clover than by subterranean
clover. C. album, the tallest weed species, on the other hand was at least as strongly
suppressed by subterranean clover. As C. album grew taller than subterranean clover
(data not shown) the competitive effect of subterranean clover on C. album did not
come about through a reduced availability of light. The hypothesis is that lower weed
species also may be affected by a possible below-ground processes but that this
negative effect is much smaller than the negative effects of light competition. Another
indication was found when the reduction of leek plant dry weight in subterranean
clover was more carefully examined. Dry matter of leek in subterranean clover was as
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severely reduced as in both white clover species, despite the lower height development
of subterranean clover. Already during the field season yellowing of leek plants was
exclusively observed in plots with subterranean clover. Nitrogen analysis showed that
leek in subterranean clover did not only accumulate a low amount of nitrogen but also
had a very low nitrogen content. Nitrogen analysis of subterranean clover indicated
that this species had accumulated the lowest amount of nitrogen, and consequently the
reduced uptake of nitrogen by leek could not be attributed to below-ground
competition for nitrogen. Enache and Ilnicki (1990) attributed part of the suppressive
effect of subterranean clover on neighbouring plants to allelopathic activity. As our
findings could not be explained by competition for nitrogen per se, it might be that
such an allelopathic activity is interfering with nitrogen uptake by neighbouring plants,
thus, explaining the reduced nitrogen uptake of leek plants. Although not significant, a
reduction of available nitrogen in soils with subterranean clover was observed by
Brandsæter et al. (1998) in an experiment with spring sown white and subterranean
clover as cover crops in white cabbage. In this experiment, subterranean clover was
found to have a stronger effect on yield of cabbage than white clover. Also Abdin et al.
(2000) observed a significantly larger reduction in grain weight of maize in plots with
subterranean clover than in plots with a mixture of white clover and rye grass.
Introduction of a cover crop has significant effects on both the main crop and the
weed infestation level. In the current experiments, maximum canopy height was
identified as the main factor determining the amount of yield loss of the main crop,
whereas maximum canopy height and soil cover development rate were found
important factors determining the weed-suppressive ability. As canopy height plays an
important role in both aspects, it is not surprising that one of the main conclusions
from the current experiment is that without additional management it is very difficult
to combine adequate weed suppression with an acceptable level of yield reduction in
the main crop. Still, large differences were observed between the various clover
species. Though far from perfect, white clover was identified as the most suitable
clover species.
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Is subterranean clover (Trifolium subterraneum L.)
a better competitor for below-ground resources
than other clover species?

N.G. den Hollander and L. Bastiaans

Crop and Weed Ecology Group,
Centre for Crop Systems Analysis,
Wageningen University,
P.O. Box 430,
6700 AK Wageningen, the Netherlands

Chapter 4

Abstract
The addition of a cover or smother crop to enhance weed suppression in poorly
competing main crops is considered a suitable component of ecological weed
management strategies. Subterranean clover, because of its prostrate growth form, is
often referred to as a suitable companion cover crop. Surprisingly, its competitive
influence on the main crop is often stronger than anticipated. It is for this reason, that
two pot experiments were conducted to ascertain whether subterranean clover is a
relatively strong competitor for below-ground resources. In these experiments, each
pot was subdivided in a central and a surrounding area, and in half of the pots both
areas were separated by a PVC-tube to prevent root competition. All possible twospecies combinations of subterranean, Persian and white clover and rye grass were
installed, with one species in the central and one species in the outer area of the pots.
Eight weeks after planting shoot dry weight and N-content of the target-species in the
central area were determined and used to establish the competitive pressure of the
outer species both in the absence and presence of below-ground competition. Rye
grass was a better root competitor than the clover species. Subterranean clover was
slightly more competitive for below-ground resources than Persian clover, whereas
both species were much stronger root competitors than white clover. The results, thus,
confirm that subterranean clover is indeed a relatively strong competitor for belowground resources. It is for this reason, that subterranean clover causes more damage to
the main crop than foreseen based on plant height and should be considered a less than
ideal companion cover crop.
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Subterranean clover as a cover crop

Introduction
To date, weed management is primarily focused on curative control, as herbicides are
highly effective and relatively cheap (e.g. Mortensen et al., 2000). Increasing concerns
regarding the negative side effects of herbicides on the environment and the growing
interest in organic agriculture have, however, led to a growing demand for alternative
weed control measures (Bastiaans et al., 2008). As curative weed control without the
use of herbicides is often labour intensive and relatively expensive, there is a growing
need for long-term strategies that focus on the prevention of weed problems (Bàrberi,
2002). In this regard, the use of cover crops is one of the possible options.
The addition of a cover or smother crop to the main crop is particularly relevant for
poorly competing crops, such as onion, carrots and leek, which grow slow and often
not even reach full soil cover at the end of their growing season (Baumann et al.,
2000). The cover crop acts as a living mulch that rapidly fills up the open space
between the rows of the main crop. Once full soil cover is obtained fewer weeds
emerge, while weeds that do emerge remain small through competition. An important
concern regarding this strategy is that the added cover crop puts a too strong
competitive pressure on the main crop, resulting in lower yields and a poor financial
result (Brandsæter et al., 1998; Weber et al., 1999; Chase and Mbuya, 2008; Chapter
3). Various measures for dealing with the competitive pressure of a cover crop on the
main crop have been explored. Weakening the relative starting position of the cover
crop by transplanting the main crop or by late sowing of the cover crop gave variable
results (Nicholson and Wien, 1983; Chapter 3). Mechanical suppression of the cover
crop by mowing or vertical root cutting has also been examined (Båth et al., 2008).
Additionally, Baumann et al. (2001b) proposed and investigated the use of a cash crop
as a companion cover crop, to minimize the financial burden of undesired competition.
Cover crops for weed management can also be grown in the period in between two
main crops (Kruidhof et al., 2008). Finally, screening and selection of cover crop
species that are able to successfully suppress weeds without putting a too high
competitive burden on the main crop might offer a solution (e.g. Ross et al., 2001;
Chapter 2).
Clover has regularly been put forward as a suitable cover crop (Ilnicki and Enache,
1992; Ross et al., 2001), because it combines good soil cover ability (e.g. de Haan et
al., 1994), with additional advantages, such as nitrogen fixation and suppression of
certain diseases and pests (e.g. Hofsvang, 1991; Theunissen et al., 1995). As many
different clover species exist, field experiments were conducted to identify the most
suitable companion cover crop among a group of seven clover species (Chapters 2 and
3). A key outcome was the identification of maximum canopy height as the factor that
correlated best to competitive ability. Though this finding suggests that subterranean
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clover (Trifolium subterraneum), being one of the shortest clover species, might be a
good option to guarantee a minimal competitive damage to the main crop, the results
proved different. With subterranean clover as companion cover crop, the reduction in
leek dry matter was quite similar to that of the twice as tall growing white clover
species (T. repens). Brandsæter et al. (1998), in an experiment with white cabbage,
even found a stronger competitive reduction of the crop in subterranean clover plots
than in plots with white clover. One possible explanation for these findings is that
subterranean clover is a relatively good competitor for below-ground resources. To
verify this hypothesis, two pot experiments were conducted in which the below-ground
competitive ability of subterranean clover was compared to that of white clover and
Persian clover (T. resupinatum). In both experiments, Italian ryegrass (Lolium
multiflorum) was included as a non-leguminous control species. Three nitrogen supply
rates were installed in the second experiment, to study the effect of nitrogen
availability on the importance of below-ground competition.
Materials and methods
Differences in below- and above-ground competitive ability of three clover species
(subterranean clover (cv. Mt. Barker), Persian clover (T. resupinatum cv. Accdia) and
white clover (T. repens cv. Aran)) and Italian rye grass (Lolium multiflorum cv.
Bartissimo) were investigated in 2003 and 2004. In both years, a pot experiment was
carried out using black plastic pots (Ø 20 cm, 25 cm deep, 7.5 litre) filled with a
mixture (1:1) of light sandy soil and coarse sand. N-content of this soil was equivalent
to 45 kg N ha–1. The soil was inoculated with SelfStick Legume Inoculant (MicroBio
Limited, Herts, UK). The surface area of each pot was divided in a central area (Ø 7
cm) containing 15 plants and an outer area containing 107 plants, where the ratio in
plant number reflects the ratio in surface area of the central and the outer section. In
half of the pots a PVC tube with a length of 23 cm, placed at the bottom of the pot,
was used to separate the central area from the outer area.
The experiment of 2003 was a three factorial fully randomized complete block
design in six replications, with a total of 240 pots. A first factor was the presence or
absence of the 23-cm long PVC tube (Figure 1). In pots without this root separating
device, a PVC ring of 1 cm (Ø 7 cm) was placed at soil surface to mark the boundary
between central and outer area. A second factor was the plant species in the central
area of the pot (four treatments, consisting of the four plant species) and a third factor
was the plant species in the outer area (five treatments, consisting of the four plant
species and the absence of plants).
In 2004, the design was a four factorial fully randomized complete block design in
six replications. This experiment, with a total of 720 pots, was largely identical to that
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Figure 1. Graphic representation of side and upper view of
two pots (Ø = 20 cm) subdivided into an outer area and a
central area (Ø = 7 cm). In the pot on the left, both areas are
separated by a PVC-tube to prevent root competition.

of the 2003 experiment, except for the addition of nitrogen fertilization rate as a fourth
factor (three rates). Whereas in 2003 no fertilization was applied, in 2004 all pots
received a P + K + Mg + Fe fertilizer (261 mg P, 622 mg K, 300 mg Mg and 25 mg Fe
per pot) at the start of the experiment. In addition, one-third of the pots was given no
additional nitrogen (N), one-third of the pots was provided with 170 mg N pot–1
(equivalent of 50 kg N ha–1) and the remaining one-third was given 520 mg N pot–1
(150 kg N ha–1).
In 2003, the experimental set-up was situated in the open air. Sowing took place on
21 and 22 July. About 22 and 150 seeds were sown in the central and outer area,
respectively, and thinning was done on 4 and 5 August. The 2004 experiment was
conducted in a greenhouse where seeds were sown on 20 April. Temperatures in the
greenhouse ranged between 15 °C and 25 °C. Nitrogen fertilization was conducted on
29 and 30 April (first split) and on 28 and 29 May (second split) and thinning was
carried out on 3 and 4 May. The number of seeds that was sown and the number of
plants after thinning was the same as in 2003. In both years, pots were watered daily to
exclude competition for water. Shoot biomass was determined at around eight weeks
after sowing on 2 September, 2003 and on 15 and 16 June, 2004.
Plants in the central area of each pot were cut at surface level and dried (70 °C for
24 h) to determine shoot biomass. Nitrogen analysis of total shoot biomass (substance
flow analysis (SFA); Temminghoff et al., 2000b) was done for all samples.
Accumulated shoot dry matter and nitrogen content of plants in the central area were
analysed by performing an analysis of variance (ANOVA). The analysis was
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conducted for each species separately and pair-wise comparisons were made between
pots with and without PVC-tube, using the Least Significant Difference (LSD).
The ratio between the competitive effect of plants in the outer area on plants in the
central area in the absence and presence of a PVC-tube was estimated based on the
relationship between dry matter and plant number outlined by Spitters (1983). In this
approach the shoot dry weight of plants in the central area (Yc) is represented by:

Yc 

Nc
ac 0  bco N o  bco N o

(1)

in which, Nc stands for the number of plants in the central area of the pot and No- and
No+ stand for the number of plants in the outer area of the pot in the absence () and
presence (+) of a PVC-tube, respectively. Parameter ac0 (plant g–1) reflects the
reciprocal of the dry matter of a plant in the central area of the pot grown in a density
of 15 plants per pot, in the absence of any further competition. Parameters bco- and bco+
(pot g–1) express the competitive effect on plants in the central area exerted by plants
in the outer area in the absence () and presence (+) of a PVC-tube, respectively. It is
the ratio between these last two parameters (bco-/bco+) that quantitatively expresses the
difference in competitive ability in the presence and absence of below-ground
competition. Data on shoot dry weight of each species within one year were
simultaneously fitted, using non-linear regression. In this way estimates of bco- and bco+
for the four species in the outer area were obtained for each of the species in the
central area, and accordingly the ratios (bco-/bco+) were calculated. All statistical
analyses were carried out using the GenStat statistical package (Payne et al., 2009).
Results
The presence of a root-separating PVC-tube
In a first analysis, the effect of the PVC-tube was examined. Only treatments without
plants in the outer area and treatments that contained the same plant species in the
outer and central area were included in this analysis. For shoot dry matter a significant
three-way interaction between plant species in the central area, the presence of plants
in the outer area and the presence of a PVC-tube was observed, both in 2003 and 2004
(p < 0.001; Table 1). In the absence of plants in the outer area, significant differences
in shoot dry matter of the three clover species were observed, with Persian clover
always producing significantly more shoot dry matter than white clover and
subterranean clover holding an intermediate position. In 2003, shoot dry matter of rye
grass was comparable to that of white clover, whereas in 2004 it was considerably
higher and matched that of Persian clover. The presence of plants in the outer area
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White clover
Rye grass
SED

2004
Species
Subterranean clover
Persian clover

Species
Subterranean clover
Persian clover
White clover
Rye grass
SED

2003

5.50 d
10.98 b

7.70 c
10.10 b

4.17 d
6.48 c
3.73 d
3.21 d

7.57 c
14.78 a

14.71 a
16.10 a

11.28 b
17.42 a
7.41 c
7.26 c

0.670

0.772

2.40 e
2.25 e

3.11 e
2.78 e

3.76 d
3.45 d
2.64 d
0.75 e

2.58 e
2.29 e

2.96 e
2.50 e

3.38 d
3.11 d
3.00 d
0.84 e

No Tube

Tube

Tube

No Tube

Plants in outer area

No plants in outer area

Shoot dry matter

2.44 ef
1.61 g

2.58 cde
2.35 f

2.84 cde
2.64 ef
2.51 f
1.07 g

Tube

2.81 ab
1.43 g

2.70 bc
2.87 a

2.84 cde
2.98 bcd
3.67 a
1.05g

No Tube

No plants in outer area

0.088

0.140

2.43 ef
1.07 h

2.58 cde
2.82 ab

2.80 de
2.76 def
3.17 b
0.85 g

Tube

2.46 def
1.07 h

2.62 cd
2.82 ab

2.80 de
2.83 cde
3.08 bc
0.84 g

No Tube

Plants in outer area

Shoot N-content

2003 and 2004. For 2004, average values across three N-fertilization rates are presented. Means with the same letter within one year are not significantly
different at p = 0.05. SED = Standard Error of Difference.

Table 1. Effect of plant species, the presence of a root separating PVC-tube and the presence of plants in the outer area on shoot dry matter of plants in the
central area (g pot1). The plant species in the outer area of the pots was the same as the plant species in the central area. Results of experiments conducted in
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