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Abstract

he disadvantages associated with

invariable cereal cropping, con-

cern about nutrient leaching and
the price of nitrogen (N) fertilizer have in-
creasingly become the subjects of discus-
sion during recent decades. An undersown
crop, which grows together with a main
crop and post-harvest, could address such
disadvantages. The aim of this study was
to gain knowledge needed to develop un-
dersowing for Finnish conditions in the in-
terests of optimizing cereal production and
meeting environmental goals. Studies were
made on the effects of undersown species
and management practices on biomass and
N yield of undersown crops, grain yield of
spring cereals and soil nitrate levels.

In total, 17 plant species were undersown
in spring cereals during the field experi-
ments carried out between 1991 and 1999
at four sites in south and central Finland.
After analysis of preliminary results, eight
species were studied more thoroughly.
Two legumes, one grass species and one
grass-legume mixture were included in
long-term trials in order to study annu-
ally repeated undersowing. Simultaneous
broadcasting of seeds instead of specific
undersowing was also studied. Moreover,
seeding rates of undersown crops and N
fertilization application rates during annu-
ally repeated undersowing were researched.

Italian ryegrass (Lolium multiflorum Lam.,
IR) absorbed soil nitrate N (NO,-N) most
efficiently in autumn and timothy (Phle-
um pratense L.) in spring. The capacity of
other grass species to take-up N was low,
or it was insufficient considering its nega-
tive effect on grain yield. Red clover (77i-
Jolium pratense L.) and white clover (77ifo-
lium repens L.) were well suited to annually
repeated undersowing, supplying fixed N
for cereals without markedly increasing
the risk of N leaching. Autumn oriented
growth rhythms of the studied legumes
were optimal for undersowing, whereas
those of grasses were less well suited de-
spite variation in the trait among species.
All species were compared according sev-
eral critical features required of an under-
sowing system.

A model of an adaptive undersowing sys-
tem was outlined in order to emphasize al-
location of measures according to needs.
After defining the goal of undersowing,
many decisions need to be made. When
the primary consideration is reduction in
N leaching, a mixture of IR and timothy
is advantageous. Clovers represent suit-
able replacements for N fertilization be-
cause their positive residual effect is greater
than the negative effect of increased com-
petition. A mixture of legume and non-
legume is a good choice when increased



plant diversity is the main target. Seeding
rate is an efficient means for adjusting the
levels of competition and N effects. Broad-
casting with soil covering equipment can
be used to establish an undersown crop.
In addition, timing and method of cover
crop termination play an important role
in the outcome. Continuous observation
of the system is needed as, for instance,
ambient conditions significantly affect the
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growth of an undersown crop and N re-
lease from crop residues can increase over
the long term.

Keywords:

Catch crop, cereal, clover, cover crop,
grass, interseeding, leaching, legume,
nitrogen, soil ammonium nitrogen, soil
nitrate nitrogen, undersowing




Aluskasvien kaytto pohjoisissa oloissa:
vaikutus kevatviljan jyvasatoon ja
nitraattitypen huuhtoutumisen riskiin
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Tiivistelma

iime vuosikymmenten aikana yk-
sipuolinen viljanviljely on lisddnty-

nyt, huoli ravinteiden huuhtoutu-
misesta kasvanut ja typen hinta noussut.
Aluskasvi, viljelykasvin kanssa yhdessi ja
sen korjuun jilkeen kasvava kasvi, voi lie-
vittdd kyseisid ongelmia. Tutkimuksen ta-
voitteena oli kehittdd aluskasvien kiyttd
hyvin kevitviljan viljelyn yhteyteen sopi-
vaksi, pellon kasvukuntoa ja ympiristoid
hyodyttaviksi menetelmiksi. Satovasteen
lisiiksi typen hallinta oli tirkedssd asemas-
sa menetelmin toimivuutta arvioitaessa.

Kaikkiaan 17 kasvilajia kylvettiin kevit-
viljojen aluskasveiksi vuosina 1991 - 1999
neljilli koepaikalla Eteld- ja Keski-Suo-
messa. Kahdeksan lajia valittiin tarkem-
man tutkimisen kohteeksi. Vuosittain
toistettua aluskasvien kiyttdd tutkittiin
kahdella apila- ja yhdelli heinikasvil-
la seki yhdelld apilan ja heinin seoksella.
Myos erillisen aluskasvin kylvon korvaa-
via hajakylvoratkaisuja tutkittiin. Lisdksi
tutkittiin typpilannoituksen miirii vuo-
sittain kidytetyn aluskasvin yhteydessi seki
aluskasvien siemenmairid. Viljan jyvisa-
to, aluskasvin kuiva-aine- ja typpisato seki
maan nitraattitypen mairi olivat erityises-
ti kiinnostuksen kohteena.

Tutkimus osoitti aluskasviksi kylvetyilld
palkokasveilla olevan hyvit edellytykset si-
toa ilmakehin typpei ja vapauttaa sitd seu-
raavan kevitviljan kiyttoon. Vastaavasti
heinikasveilla on edellytykset estdd typen
huuhtoutumista kerdamilld nitraattityp-

ped (NO,-N) maasta. Soveltuvuus aluskas-
viksi sekd vaikutukset paikasvin kasvuun
ja typen kiertoon olivat kuitenkin suures-
ti lajista riippuvaisia.

Westerwoldin raiheind (Lolium multiflo-
rum Lam. var westerwoldicum) ja syys-
vehni (Triticum aestivum L.) vihensivit
huomattavasti viljojen jyvisatoa mutta ke-
rsivit silti huonosti typpei syksyn aika-
na. Italianraiheinikin (Lolium multiflo-
rum Lam.) alensi padkasvin satoa mutta
vihensi tehokkaasti nitraattitypen mii-
rid maassa. Monivuotiset heinilajit hait-
tasivat yksivuotisia vihemmin piikasvia,
mutta kerisivit heikohkosti typpei syksyl-
li. Luotettavimmin kasvanut timotei (Ph-
leum pratense L.) kerisi typped tehokkaas-
ti seuraavana keviini.

Puna-apila (77ifolium pratense L.) ja valko-
apila (7rifolium repens L.) sopivat toistu-
vaan kiyttoon ja luovuttivat typpei viljalle
lisidamattd olennaisesti typen huuhtoutu-
misen riskid. Apiloiden mydnteinen vaste
viljan jyvisatoon oli suurempi kuin kilpai-
lun aiheuttama kielteinen vaikutus. Niyt-
tdd siltd, ettd valkoapila ja nurmimailanen
(Medicago lupulina 1..) jonkin verran lisdi-
vit typen huuhtoutumisen mahdollisuutta
seuraavana kevidini, mutta puna-apilan ai-
heuttama riski on pieni. Palkokasvien syk-
syyn painottuva kasvu oli eduksi aluskas-
vikiytossi. Heindkasvien kasvurytmi sopi
menetelmdin huonommin, mutta lajien
vililla oli eroja.



Westerwoldin raiheini ei luovuttanut tois-
tuvastikaan viljeltyni oleellisia miirid typ-
ped viljakasvin kiyttoon. Syy saattoi alhai-
sen typpipitoisuuden lisiksi olla se, ettd
kuuden vuoden aluskasvijakso oli liian ly-
hyt kumuloituvan vasteen syntymiseen.
Ulkomaisissa tutkimuksissa havaittu ajan
mittaan lisddntynyt typen vapautuminen
on kuitenkin syyti ottaa huomioon vuosit-
tain toistuvassa heinikasvien aluskasvikiy-
tossd, etenkin kun heinien typpipitoisuus
vaihtelee suuresti lajeista ja kasvuoloista
riippuen.

Viljelytoimet voivat ratkaista aluskasveista
saatavat hyddyt. Heinien kylvotiheys ei saa
olla suuri, jotta viljan jyvisato ei pienene
litkaa. Sen sijaan apiloiden siemenmairit
voivat olla suurehkoja suurten typpisato-
jen varmistamiseksi. Hajakylvé multaavien
laitteiden avustamana toimii hyvin. Lan-
noitetypen lisidminen vihentii palkokas-
vien biomassaa, pienentien typpivastetta
seuraavalle kasville. Typpirikkaille kasvin-
tihteille suositeltu mychiinen syysmuok-
kaus sopii menetelmiin, mutta timotein
kasvu yli talven tehostaa jadnnostypen ke-
ridmistd. Kevdisen maahan muokkaami-
sen merkitysti typen kierrolle ei kuiten-
kaan selvitetty, vaan se edellyttdisi uusia
tutkimuksia.

Aluskasvien kiytto ja hydty riippuvat mo-
nesta tekijistd. Ensin on paitettivi, halu-

taanko sitoa typpei ilmasta vai keriti sitd
maasta, vai onko monimuotoisempi viljely
ja ajan mittaan paraneva maan kasvukun-
to pddtavoite. Italianraiheinin ja talvehti-
van timotein seosta voidaan kiyttdd, kun
suuret typen huuhtoutumisesta aiheutu-
vat haitat ovat peldttivissi. Lannoitekuluja
pienennetiin apiloiden avulla. Esimerkiksi
puna-apilan ja timotein seos on hyvi valin-
ta, kun tavoitellaan samaan aikaan moni-
muotoisuutta, typpihyétyi ja pientd huuh-
toutumisen riskid. Typpivasteita ja viljaan
kohdistuvaa kilpailua voidaan siidella sie-
menmiirien avulla.

Mukautuva aluskasvimenetelma perustuu
systeemin toteuttamiseen alkutilanteen ja
tavoitteen pohjalta. Kdytinnon toteutus
edellyttii toistuvaa harkintaa olosuhteiden
ja toteutuneen kasvun perusteella sekd ajan
mittaan myds maan paranevan kasvukun-
non huomioimista. Kuten aluskasvimene-
telmi vaatii jatkuvaa sidt6d maatiloilla,
voidaan viitoskirjaan luotua mukautuvan
aluskasvimenetelmin teoreettista mal-
lia kehittdd tutkimuksen ja kokemuksen
avulla.

Avainsanat:

aluskasvi, keviitvilja, jyvisato, typ-
pi, huubtoutuminen, kylvotapa,
siemenmdidrd
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1 Introduction

1.1 Invariable cereal crop-
ping impairs sustainability

Increase in intensive cropping during the
past century, favouring short rotations,
monocropping systems and omitting green
manure crops, has impacted negatively on
soil fertility and the environment (Karlen
et al. 1994). Invariable cropping is the pre-
vailing system and in Finland a growing
trend in land area devoted to spring cere-
als has occurred, exceeding 50 % of the to-
tal cultivated area in 2008 (ANON 2009),
for the first time in history. Furthermore, ce-
real cropping is strongly emphasized in the
southern and western parts of the country. If
there are breaks in monocropping, they are
usually represented by turnip rape (Brassica
rapa L. subsp. oleifera DC.) or oilseed rape
(Brassica napus L. subsp. oleifera DC.). Kar-
len et al. (1994) indicated that the effects of
this development are often site-specific, but
include decreased soil organic matter (SOM)
content, degraded soil structure, increased
soil erosion, increased need for external in-
puts and increased surface and groundwater
contamination. According Breland and El-
tun (1999), soil from forage rotations con-
tained more organic C, total C, total N and
microbial biomass than soil from a conven-
tional arable rotation, and the negative ef-
fects on the soil health indicators were coun-
teracted by return of organic matter through
animal and green manures. Moreover, diver-

1.2 Nitrogen: resource, cost
and risk

Nitrogen (N) is a macronutrient, and one of
the major yield-limiting nutrients for crop
production worldwide (Fageria 2009). Ac-
cording Olson et al. (19806), fertilizer N has
contributed more towards increasing yields
of grain crops since the 1950s than any oth-
er single factor. On Finnish mineral soils

sitying cereal cropping by introducing new
crops into rotations can have long-term ef-
fects, as after a rather rapid start decompo-
sition of plant material takes several years

(Jenkinson 1997).

Increasing SOM with animal manures is
often not feasible in conventional arable
farming and neither is dedicating a grow-
ing season solely to a green manure crop.
Rather, solutions that include commercial
crops are desired for developing more versa-
tile cropping systems. Sometimes an intro-
duced cropping system can promote greater
efficiency, such as that represented by inter-
cropping, for which total yields compare fa-
vourably with corresponding to sole crops
(Jensen et al. 2005). As reported by Jensen
et al. (2005), intercropping of cereals and
grain legumes can result in fewer weeds and
reduced incidence of plant diseases. Olson et
al. (1986) reported that interseeding of alfal-
ta (Medicago sativa L.) and rye (Secale cere-
ale L.) in corn (Zea mays L.) reduced disease
and insect attack, in addition to improving
soil structure and N supply. In the latter
cropping system there is however only one
main commercial crop and the interseeded
crop should disturb it as little as possible,
but should confer some benefits. Such a sit-
uation corresponds to the undersowing sys-
tem detailed in this dissertation.

N fertilization usually markedly increases
spring cereal yields by up to 100 kg ha”,
but according to Esala (1991), an addition-
al 40 kg N ha' has a rather small effect on
yield quantity, although it still substantial-
ly increases the protein content of wheat
(Triticum aestivum L.) grains. The total N
input to all fields, including that from or-
ganic manures, decreased from 160 kg ha™



at the beginning of the 1990s to almost 120
kg ha' in 2005, mainly because of the de-
creased use of mineral N fertilizers (Salo et
al. 2007). The trend shows the influence of
both decreased profitability in crop produc-
tion and the Finnish Agri-Environmental
Programme, which has set the maximum N
application rates for most crops since 1995.

In conventional farming, N is mainly added
to the soil through application of inorganic
fertilizers, whereas in organic farming farm-
yard manures and legumes are used. How-
ever, in conventional arable farming use of
biological N fixation (BNF) could be en-
hanced. In this respect, interest in green ma-
nuring has increased during recent years be-
cause of increased fertilizer prices. Legumes
incorporated into crop rotations are famil-
iar as sources of N, and Varvel and Wilhelm
(2003), for example, reported that 65 to 80
kg N ha year! is supplied by soybean (Gly-
cine max L.) for the subsequent non-legume
crop in a 2-year rotation, according to the
results of two long-term trials on rainfed and
irrigated soils in the Midwestern USA. They
commented on the need to reduce fertiliz-
er N applications to avoid loss of N and un-
necessary input costs. On the other hand,
Salo et al. (2007) estimated the input of N
via BNF in Finland to be only 3 — 7 kg ha'

year', considering the total agricultural area.

The cycle of N in a soil-plant system is dy-
namic, and the state of N varies. More than
90 % of the N in most soils occurs in the
form of organic matter, and while this form
protects N from losses it is not available to
plants (Fageria 2009). However, according
Nordic research undertaken by Lindén et
al. (1992), a 1 % increase in the SOM con-
tent of the 0-20 cm soil layer increased the
net N release on average by 5 kg ha'! from
early spring to the yellow ripeness stage of
a cereal, although variation among sites was
substantial. The organic form of N, simi-
larly to the N in crop residues, should be
mineralized to nitrate (NO,) and ammo-
nium (NH,"), together mineral N, before
it is taken up by plants. NH,-N is oxidised

through nitrification to NO,-N, which is
easily leached under conditions of heavy
rainfall (Fageria 2009) or when water sur-
plus otherwise occurs, including snow melt
in spring (Turtola and Kemppainen 1998).
Although substitutes for mineral fertilizers
are desired, Dahlin et al. (2005) reported
that organic nutrient sources generally rep-
resent an increased risk for N losses to the
environment because soil microbial activity
leads to N release that is out of synchrony
with plant nutrient demand. They further
emphasized the need to improve the means
of directing N release from organic nutri-
ent resources. N depletion occurs in differ-
ent ways, and this study focuses on leaching
of NO3—N, which means both loss of N for
use by cultivated crops and contamination
of waters from leaching.

The total amount of soil mineral N (SMN)
shortly after harvest, which is considered
to be at risk of leaching, varies considera-
bly within Europe according to agricultural
practices and environmental conditions, and
may range from less than 20 kg to over 200
kg N ha' (Schroder 2001). SMN in Finland
is normally at the lower end of the scale, al-
though high contents are found, especial-
ly after manure application (Esala 2002).
In special cases SMN content can be very
high, as reported by Paasonen-Kivekis and
Ylihalla (2005), >400 kg SMN ha™ in the 0
— 240 cm profile, with substantial concen-
trations in the deepest layers in acid sulphate
soils characteristic of the western coastal ar-
eas of Finland. Concerning the more usual
situation in Finnish arable farming, which
this study represents, Sippola and Yliranta
(1985) reported that SMN at 0 to 100 cm in
spring in a heavy clay and a peat soil ranged
from 22 to 27 kg ha' and 45 to 78 kg ha’,

respectively.

According to Sippola and Yliranta (1985),
concerning conventional cereal farming on
common soil types in southern Finland, the
SMN contents in spring were higher than
after a previous cereal harvest. The change
during autumn and winter is however not



easily predictable, as in addition to farm-
ing system, soil type and cultivated crops,
conditions greatly affect the N mineral-
ization from soil and crop residues. For
instance, in the circumstances of a cold
winter, net N mineralization following the
spring thaw can provide a significant share
of the total NO3—N, as concluded by De-
Luca et al. (1992), according to results of
freeze-thaw studies with soils representing
various types and land uses. On the other
hand, high N mineralization in soils in au-
tumn was emphasized by Rankinen et al.
(2007), who reported that the non-grow-
ing season from autumn to spring account-
ed for 40 — 98% of simulated annual N
leaching from agricultural fields in south-
western Finland, representing both con-
ventional and organic cereal production,
and conventional cattle and pig husband-
ry. Moreover, the N leaching was empha-
sized in the period between harvest and
soil frost occurrence in late autumn.

Notwithstanding that moderate SMN
contents are common in arable farming
in southern Finland, their effect on the en-
vironment can be notable as N is the lim-
iting factor for algal growth in the major
part of the Baltic Sea (Granéli et al. 1990,
Kivi et al. 1993). Moreover, reducing the
N loss is also important in cereal farming
because most losses are discharged directly
from coastal areas and also through rivers
into the Baltic Sea (Valpasvuo-Jaatinen et
al. 1997). This leads to eutrophication of
costal waters according to Rekolainen et
al. (1995), who reported that the total N
load per ha of arable land was 10 — 20 kg
per year. Salo and Turtola (2006) meas-
ured N loss on two runoff fields in south-
ern and western Finland where the average
annual leached N was 10 — 16 kg ha', al-
though on sandy soil up to 100 kg N ha
was leached when slurry was applied to
frozen soil. On clay soil receiving mineral
N fertilizers only, they recorded losses of

2 to 40 kg N year'. The decrease in gross
N balance (N input minus harvest of N)
from 110 kg ha' in 1990 to 60 kg ha” in
2005 in Finland (Salo et al. 2007) would
be expected to reduce N leaching. How-
ever, as management practices, Crop rota-
tions and soil hydrological conditions also
play an important role, annual N balance
seems not to be an axiomatic indicator of
N leaching (Salo and Turtola 2006), al-
though Rankinen et al. (2007) established
a positive correlation between N balance
and simulated N leaching.

Although since the 1960s concern has fo-
cused on phosphorus in the context of
freshwater lakes and although nutrients
discharged into surface waters have mark-
edly decreased (Riike et al. 2003), a de-
crease in non-point source loading is re-
quired. Liikanen (2002) emphasized the
need for reduced nutrient losses because
eutrophication and N load increase emis-
sion of the major greenhouse gases, meth-
ane and nitrous oxide, from lakes. Accord-
ing to Rekolainen et al. (2005), a decrease
in dissolved inorganic N in lake waters,
most probably caused by a decrease in N
emissions to the atmosphere, indicates that
many large lakes may become N-limited
during the later part of growing season.
They noted however that agriculture does
not make as big a contribution in lake ar-
eas as it does in coastal regions.

High nitrate concentration in drinking
water is regarded as a significant prob-
lem in many areas of Europe (Cepuder
and Shukla 2002, Berntsen et al. 2006,
Kohler et al. 2006), but in Finland pol-
lution of groundwater caused by agricul-
ture is not an extensive problem, although
it does occur occasionally with intensive
livestock production (Valpasvuo-Jaatinen
etal. 1997). All in all however, every meas-
ure that enhances control of N leaching is

desirable.



1.3 Cover crops as a tool
for risk management

The negative effects of invariable crop-
ping and post-harvest nutrient leaching
and erosion can be diminished by grow-
ing non-marketable crops between harvest
and sowing of the successive commercial
crop. According Fageria (2009), the im-
portance of special purpose crops, such
as cover crops, catch crops and green ma-
nure crops (Table 1), is increasing as a re-
sult of the high cost of chemical fertilizers,
the increased risk of environmental pollu-
tion, and the need for sustainable cropping
systems. The uses of these crops vary: con-
serving water and nutrients, protecting soil
from erosion, controlling weeds, and im-
proving physical, chemical and biological
properties of soil. Furthermore, as Tren-
bath (1993) reported, there is often less
damage by pests and diseases during in-
tercropping compared with sole cropping.
A cover crop can protect against some or-
ganisms when grown together with the
main crop.

Adding plant material into the soil affects
micro-organism activity, which plays a key

role in sustaining the fertility and produc-
tivity of agricultural soils. According Lup-
wayi et al. (2004), legumes with high N
content increase soil microbial functional
diversity and activity, whereas high residue
C content improves soil quality by increas-
ing the SOM content. Their conclusion
that increasing those positive effects simul-
taneously would require simultaneous ap-
plication of a mixture of crop residues of
different quality to the soil supports the
idea of undersown cover crops. Moreover,
while above-ground growth after cereal
harvest produces more organic matter and
protects soil from autumn rains, growth
below the soil surface plays a role in soil
quality. According Kunelius et al. (1992),
undersown cover crops increased root bi-
omass several fold compared with growing

barley (Hordeum vulgare 1.) alone.

Cover crops can be seen as a substitute for
decreased area of leys, which according to
Gustafson (1987) reduced mean N leach-
ing up to six times compared with the av-
erage losses registered after cereals. Fur-
thermore, long-term use of cover crops can
enhance soil productivity. Hansen et al.
(2000b) reported a non-nutritional yield

Table 1: Terms used in context of special purpose crops to introduce diversity, im-

~

ronmental pollution.

prove nutrient management, protect soil, improve soil properties, and diminish envi-

Cover crop

Covers soil when commercial crops are spatially or temporally unable to do so.
Decreases soil erosion and nutrient leaching or improves soil structure and fertil-
ity, in particular the N supply for following crops. (The term is confusingly used
also to mean a cereal crop that covers a grass crop in the year of establishment
preceding production years.)

Catch crop

Often used to describe a crop that absorbs mineral N from the soil and prevents
leaching losses to the environment. The term cover crop is often used as a synonym
for catch crop.

Green manure crop

Mainly legumes or mixtures of legumes and non-legumes grown to improve the
N supply for successive crops.

Intercropping

Simultaneous growing of two or more crop species in the same field. Target is to
improve the use of resources when all components are producing yield for harvest.

Undersown crop

A cover crop grown together with a main crop that continues its growth after
harvest of the main crop.

Interseeding

-

A parallel term for undersowing. The term ‘insown’ cover crop means the same.




response with a previous ryegrass catch
crop compared with continuous produc-
tion of spring-sown crops without catch
crops. On the other hand, Blombick et al.
(2003) reported increased SOM content
and N mineralization capacity already af-
ter 6 years of a ryegrass catch crop, whereas
according Berntsen et al. (20006), the con-
sequences of catch crop use for soil fertili-
ty and nutrient losses to the environment
can only be evaluated on at least a ten-year
scale. In addition, Singer and Cox (1988)
reported increased main crop yields as a
consequence of the positive effects of in-
troducing diversified rotations when they
compared continuous corn with rotations
including soybean and wheat interseeded
with red clover.

Cover or catch crops are often mentioned
when agricultural practices aimed at en-
vironmentally safe arable farming are in-
troduced (Beaudoin et al. 2005), or when
retention of nutrients in the soil-plant sys-
tem and reduction in the risk of environ-
mental pollution are otherwise concerned
(Sturite et al. 2007a). According Schroder
(2001), an effective cover crop can decrease
NO,-N leaching to less than 10 kg N ha
compared with 30-50 kg N ha™' for winter
cereals or bare soil in the same rotation-
al position. Kohler et al. (2006) reported
catch crops to be the most efficient way to
reduce the very high NO,-N concentra-
tions in the groundwater found in sandy
soils in northern Germany.

Cover crops are often recommended for
conventional arable farming, and Torstens-
son et al. (2006) even found that a sys-
tem incorporating inorganic N fertilizer
and a catch crop was superior when com-
paring the effects of different farming sys-
tems according to N leaching loads and N
use efficiency. Consequently, control of N
could be enhanced with cover crops on ce-
real production fields, although they, ac-
cording to Rankinen et al. (2007), exhib-
ited the lowest N leaching among different
production types. Knudsen et al. (2006)

concluded that catch crops were important
tools in reducing N leaching losses both in
organic and conventional systems, and to
the same extent on dairy farms as on arable
farms. Meisinger and Delgado (2002) sug-
gested the use of grass cover crops, adding
a legume to a rotation and crops that more
fully utilize water resources in soil, as tools
for managing N leaching. Need for cover
crops is in accordance with the findings of
Ekholm et al. (2007), who mentioned lack
of vegetation outside the growing season to
be one possible reason for no clear reduc-
tion in Finnish nutrient loading despite in-
troduction of the EU Agri-Environmental
Program over ten years ago.

Grasses and cruciferous crops absorb or
catch N from the soil, and legumes can
take N from the atmosphere through BNF.
The capacity of plant species to produce bi-
omass and take-up N varies greatly. If the
plant takes-up its entire N requirement
from the soil, N can become a growth-
limiting factor (Fageria 2009). If removal
of all easily leached N from the soil is the
goal, this can be advantageous. Legumes
also absorb N from the soil if available and
can thus decrease N leaching also (Karls-
son-Stresse et al. 1996, Vyn et al. 2000,
Arlauskiene and Maiksteniene 2008), al-
though according to Garand et al. (2001)
red clover interseeded in spring wheat did
not act as an N catch crop after cereal har-
vest. In any case, the ability of legumes
to fix N from the atmosphere represents
an opportunity for productivity increases,
but also a challenge for utilizing the fixed
N in a crop rotation. Legumes have been
reported widely to be superior in provid-
ing N to the subsequent crop, even when
undersown (Vyn et al. 1999, Garand et
al. 2001, Talgre et al. 2009), and there-
fore represent an alternative to applica-
tion of mineral fertilizer N. Similarly as
N mineralization differs widely among
legumes (Miiller et al. 1988, Kirchmann
and Marstorp 1991), there are great dif-
ferences in N release among non-legume
species, both when material is incorporat-



ed into the soil (Jensen 1992) and when
crops are allowed to overwinter (Sturite et

al. 2007a).

An option to improve retention or release
of N is to adjust the composition of a cov-
er crop by using mixtures of species, e.g.
grass and clover as reported by Dahlin et
al. (2005). Studying both legumes and
non-legumes in same cover crop exper-
iments has not been common however,
and there has been little effort made to in-
vestigate how they function together in
a mixture. Furthermore, efforts towards
adapting cover crops in crop rotations at
a system level according to various needs
and changing circumstances are quite rare,
although a comprehensive report on catch
crops was produced by Thorup-Kristensen
et al. (2003) and the role of cover crops in
reduction of NO,-N leaching in Europe
was covered in an EU project (Schroder
2001). This study was established in order
to fill the knowledge gap on undersowing
in cereal farming, particularly in Finland.

1.4 Undersowing, a solution
for cool climate

According to Schroder (2001), when sown
in early August, cover crops can be grown
over virtually all of Europe. However,
when sown later, which would normally
be the case after cereal harvest, the tem-
perature sum during autumn is insuffi-
cient for satisfactory growth in the north-
ern regions of Europe. Undersowing into
the main crop instead of sowing after har-
vest has proved to be a suitable method for
establishing a cover crop at northern lati-
tudes (Jensen 1991, Alvends and Marstorp
1993), which enables immediate uptake
of residual N by the cover crop after har-
vest of the main crop (Breland 1996) or
increase in available N for the successive
crop (Wallgren and Lindén 1994). Con-
sequently, at its best undersowing can im-
prove control of SMN and particularly in-
hibit N leaching, as Andersen and Olsen
(1993) found for spring undersown rye-

grass on four Danish soils, when it reduced
soil NO,-N in early winter fourfold com-
pared with a crop sown after barley har-
vest. However, in the case of two crops
grown together, the main crop may ab-
sorb less N and even N-uptake of the sub-
sequent commercial crop can be reduced
(Martinez and Guiraud 1990). This makes
evaluation of cover crop effects complicat-
ed from the perspective of both the envi-
ronment and economics.

Undersowing as a cover crop solution is
however not restricted to regions with a
cool climate, but can be a useful tool for
diversifying crop rotations everywhere, as
recommended by Singer and Cox (1998)
for the eastern USA, for example. Conse-
quently, in central Europe a higher tem-
perature sum required for cover crop
growth has been reached by undersow-
ing in corn instead of sowing after harvest
(Schroder et al. 1996). Climate change ob-
viously further increases the need for using
cover crops in northern Europe, as under
conditions of higher precipitation, espe-
cially heavy rains, and shorter and warm-
er winters, there will be an increased risk
of leaching of both plant protection chem-
icals and fertilizer nutrients and of soil ero-
sion (Peltonen-Sainio et al. 2009). Increase
in the temperature sum does not neces-
sarily improve conditions for post-harvest
cover crop growth, but the growth-limit-
ing day-length in northern latitudes may
maintain the need for undersowing instead
of sowing after harvest.

Undersowing may be justifiable also when
aiming at good soil cover for controlling
erosion and weeds already during the early
growth of the main crop, where intensive-
ly grown crops with wide row spacing are
cultivated (Abdin et al. 1997). According
to Hollander et al. (2007) however, even
then it is very difficult to combine ade-
quate weed suppression with an accept-
able level of yield reduction in the main
crop. When two or more crops draw on
the same resources, nutrients, water and



light, there will inevitably be competition
for these resources (Andersen et al. 2007).
Consequently, with small-grains in north-
ern Europe, it is better if the growth of an
undersown crop is moderate until harvest
in order to minimize competition with
the main crop. However, undersowing can
also be seen as an alternative for replacing
a commercial crop with a green manure
crop, as discussed by Abdin et al. (1997)
regarding interseeding cover crops be-
tween corn rows to maintain the soil with-
out sacrificing yield of the grain crop. Ac-
cording to the literature referred to for this
dissertation, undersowing has been report-
ed to decrease the yield of the main crop
greatly, slightly or not at all, depending
on the species of both the main and cov-
er crop, cultivation practices and weather
conditions. Consequently, and because of
only few published results (Kauppila 1983,
Varis & Kauppila 1992), there was an ev-
ident need for experiments to support de-
cisions for using undersown cover crops in
Finnish arable farming.

According to a tentative ideotype de-
scribed by Karlsson-Stresse et al. (1996),
an undersown cover crop should with-
stand competition from the main crop,
but not grow too robustly before harvest
of the main crop. However, after harvest
it should grow vigorously and have good
frost and winter hardiness together with a
well-developed root system. Furthermore,
a good cover crop should not easily be-
come a weed or transmit or allow multi-
plication of pests and pathogens that could
attack and damage the main crops in a
rotation. Avoiding increased disease and
weed pressure was the reason why crucifer
crops were rejected in this study despite be-
ing used as cover crops elsewhere (Vyn et
al. 1999, Thorup-Kristensen et al. 2003).
Oilseed crops are a desired and intrinsic
choice for commercial crops when crop
rotations on Finnish arable farms become
further diversified. As far as other non-leg-
umes in cover crop studies are concerned,
reported results mainly focus on ryegrass-

es, which were included also in this study,
but were compared with other grass spe-
cies. More species were studied here than
in most other cover crop studies.

A common goal for interseeded crops is
good establishment, requiring sufficient
air and moisture at a suitable seed depth
(Decker et al. 1973), with minimal inter-
ference with the main crop. As seeding rate
via plant number affects the relative por-
tions of biomass production between two
species in a mixed crop (Paynter and Hills,
2009), it apparently represents a means
for adjusting the competition between an
undersown and a main crop. However,
as seeding rates of cereals have become
fixed according to the requirements for
pure stands, the seeding rate of an under-
sown crop has to be the adjustable compo-
nent and should be set as low as possible,
not least because it represents an extra cost
in cereal farming. If the realized plant den-
sity is too low however, take-up of N from
the soil or fixing it from the atmosphere
remains at a low level. Studies of seeding
rate of cover crops are rare (Kauppila 1983,
Kvist 1992), and this gap in the knowledge
was considerable before the field studies
described here were undertaken.

As delayed undersowing has been shown
not to be beneficial for the system (Kvist
1992, Ohlander et al. 1996), and because
sowing the main crop in a living mulch is
challenging because of substantial com-
petition (Williams and Hayes 1991, Berg-
kvist 2003, Carof et al. 2007), this study
included undersowing simultaneously or as
soon as possible after cereal sowing. Fur-
thermore, although often used, separate
drilling represents an extra cost compared
with simultaneous seeding. Comparative
studies in this context are rare, especial-
ly when broadcasting is combined with
seed covering equipment. As broadcast-
ing small seeds has been reported both to
improve (@yen 1991) and impair (Hare et
al. 1989) establishment and to have no ef-
fect (Sheaffer and Marten 1992) compared



with drilling, studying sowing technique
was deemed justifiable and was done in the

field experiments described in paper I'V.

Timing of cover crop termination has
been reported to be essential for N release,
and earlier Nordic results of decreased N
leaching risk with delayed incorporation
of N-rich plant material (Kirchmann and
Marstorp 1991, Breland 1994, Kinkinen
et al. 1998) were taken into account. Al-
though timing of incorporation was not a
variable in the field experiments, it is dis-
cussed as several studies further empha-
sized its importance for N leaching (Mag-
id et al. 2001, Korsaeth et al. 2002, Lahti
and Kuikman 2003) and a range of resid-
ual effects on the subsequent crop were re-
ported (Kinkinen et al. 1999, Lahti and
Kuikman 2003, Ball et al. 2007, Talgre et
al. 2009).

Most cover crop studies are based on
breaking an invariable rotation once,
whereas long-term experiments with re-
peated use of cover crops are quite rare.
Repeating the annual or biennial experi-
ments at least once is however important,
as e.g. Miiller (1988) found the loss of cov-
er-crop-derived N and uptake of it by a
subsequent crop varied greatly between
years. Furthermore, the effect of a cover
crop can change in the long run accord-
ing to the results from long-term experi-
ments (Hansen et al. 2000a, Beaudoin et
al. 2005), which provide a valuable per-
spective for considering the results of the
annually repeated undersowing in this
study (paper I and II) and emphasize the
importance of continuous evaluation of
needs and measures when undersowing is
adapted to cereal cropping.

1.5 Objectives of this study

The purpose of this thesis was to gain
knowledge needed to develop undersow-
ing for Finnish conditions in the pursuit
of production and realize environmen-

tal goals. Effects were studied of under-
sown species and management practices
in spring cereal farming, especially on bi-
omass and N yield of undersown crops,
grain yield of spring cereals and soil ni-
trate. Depending on whether the under-
sown crop was a legume or non-legume,
the main requirement was to either fix
N for cereals or catch N from the soil to
prevent leaching. In both cases, however,
a major goal was to reduce leaching risk
and a maximise transfer of the N released
from the cover crop to a successive cereal
crop. Species and undersowing techniques
with minimal negative effects on the main
crop, and which ensured good cover crop
growth after cereal harvest, were desirable.
Another important target of this study was
investigation of effects over a longer time
period with undersowing being repeated
on an annual basis.

The objectives of the present investigation
were to:

*  Quantify accumulation of N in above-
and below-ground biomass of under-
sown legume and non-legume cover
crops, and thus gauge their suitability
for fixing and catching N under Finn-
ish conditions.

* Investigate growth dynamics of un-
dersown crop species, competition
with the main cereal crop, and plant
biomass N and soil inorganic N dy-
namics from grain harvest onwards.

*  Quantify net effects of annually re-
peated undersowing on cereal grain
yield.

* Investigate effects of sowing tech-
nique, seeding rate, N fertilization rate
and timing of plant biomass incorpo-
ration on target parameters.

*  Generate a principled framework for
adaptive management of undersown
crops in order to encourage positive
effects on crop production and the
environment.



Effects of annually repeated undersow-
ing with legume or grass cover crops on
spring cereal grain yields and SMN con-
tent, and in particular N leaching risk
through soil NO,-N, were reported in pa-
pers I and II. As the need for alternative
undersown crops occurred during the first
experiment, a species experiment was con-
ducted. The aim of the work constituting
paper III was to identify undersown crops
that effectively absorb soil N or fix atmos-
pheric N without increasing N leaching

risk and with minimal negative effects on
the main crop. The influence of N ferili-
zation rates and seeding rates were inves-
tigated for papers I and II, and I, respec-
tively. Sowing technique was investigated
for paper IV, by comparing standard sep-
arate drilling with different simultaneous
broadcasting methods. As an overall per-
spective this thesis discusses the princi-
ples of an undersowing system as adapted
to the needs of cereal cropping for various
aims and under various conditions.



2 Materials

The experimental part of the work is de-
scribed here in general terms. Detailed

descriptions can be found in the original
publications (I-IV).

2.1 Theme and experimental
sites

The experiments were conducted at MTT
Agrifood Research Finland to study the
suitability of different species for under-
sowing in spring cereals, and the effects of
undersowing when examined over a single
or several year basis. Special attention was
paid to sowing technique, seeding rate and
N fertilization rate in the context of under-
sowing. Effects on establishment, plant bio-
mass and N yields, cereal growth and yield,
and soil N were studied. The experiments
were conducted in 1991 - 1998 in Pilkine
(61920°N, 24°13’E, sandy loam to loamy
sand) and Laukaa (62°25’N, 26°15’E, silt

and methods

loam) (paper I and II), in 1995 - 1999 in
Jokioinen (60°49°N, 23°28’E, different soil
types) (III), and in 1994 — 1997 in Vih-
ti (60925’N, 24924°E, clay loams) (IV).
Spring cereal species were batley (Hordeum
vulgare L.), oats (Avena sativa L.) and wheat
(Triticum aestivum L.) in papers I and 1I,
and barley in papers III and IV.

2.2 Experimental design

In total, 17 plant species were undersown
during the experiments. However, several
species were rejected following one to three
years of experimentation, and eight species
were studied more thoroughly (Table 2).
Experiments were designed as split-plot tri-
als with N fertilization rates (I and II), seed-
ing rates (III) or rolling after undersowing
(IV) as the main plots, arranged as a ran-
domized complete block with three (I and

Table 2: The eight most thoroughly studied undersown crop species, and experi-
mental years and papers in which the species were included. The species is marked
with “x” if it was included when seeding rate, annually repeated undersowing with
different N fertilization rates or sowing technique was studied.

Studied cultivation methods

White clover (Zrifolium repens L.) I[-1II 1991 -1999 X X

Red clover (Zrifolium pratense L.) I-IV. 1991-1999 X X x¥
Black medic (Medicago lupulina L.) M 1995 - 1999 x

Timothy (Phleum pratense L.) 111 1995 - 1999 X

Westerwold ryegrass ¥ [-1IT  1991-1999 X X

Italian ryegrass (Lolium multiflorum Lam.) 111 1997 - 1999 X

Winter wheat (7riticum aestivum L.) I 1995 - 1999 X

Meadow fescue (Festuca pratensis Huds.)  1-IV 1991 - 1997 (x)® x9 x9

Y (Lolium multiflorum Lam. var westerwoldicum)

9 In a mixture with red clover.
\ 9 A mixture of red clover and meadow fescue.

% Not included in analysis because it was rejected after the initial years.




I1) or four (III and IV) replicate blocks. The
split-plot treatments, undersown crops (I-
III) or undersowing technique (IV), were
randomised among the subplots within
each main plot.

N application rate treatments (I and II)
were 0, 30, 60 and 90 kg N ha'. Seed-
ing rate treatments were termed low, stand-
ard or high (paper III: Table 1), where the
standard seeding rate was determined based
on knowledge of each species when grown
in mixtures and in pure stands. The low
seeding rate was half the standard rate and
the high seeding rate was double the stand-
ard rate. In the rolling treatment (IV) the
soil was either rolled independently after
undersowing with a continental Cambridge
roller, or not, whereas in other trials roll-
ing was done before and after undersowing,.
When N application rate was not an exper-
imental treatment, N was applied at slight-
ly lower rates than those recommended to
prevent lodging, ranging from 70 to 90 kg
ha'. The seeding rates for cereals were those
normally used in Finland, except in sowing
technique trials, where 100 seeds m™? less
than normal was used.

Undersowing was normally done soon after
the cereal was sown, across the cereal rows
to a depth suitable for each species, and at
the same row distance of 12.5 cm as for the
main crop. The tested alternative sowing
techniques are explained in paper IV, page
128. After harvesting the cereal crop in Au-
gust or September, straw residues were col-
lected to ensure good growth potential for
the undersown crop. When soil was au-
tumn ploughed (I and II), it was done in
late October to ensure a sufficiently long
growing season for the undersown crops.
The other trials ended in late autumn of
the year of establishment (IV) or in the suc-
ceeding spring (III), and no incorporation
of the cover crop was done. Corresponding-
ly, no effects on successive crops were stud-

ied for papers III and I'V.

Weather conditions were monitored espe-
cially carefully during the experiments re-
ported in papers [ and IV, where air temper-
ature and precipitation values are presented
according the critical periods for establish-
ment and growth, and N release and leach-

ing (Table 1 in both papers).

2.3 Establishment and
growth

In the sowing technique trials (IV), the
number of undersown plants (from two ar-
eas of 0.25 m? in each plot) was recorded
five times during the growing season. On
the first date the number of barley plants
was also counted. Plant samples (from 0.25
m? per plot) were taken at cereal harvest
(IIT and IV) and at the end of the grow-
ing season (I — IV). These included above-
ground material of the undersown crop at
both times and of barley the first time. At
the second plant sampling, root samples
from the 0-25 cm soil layer were also tak-
en (I and II, and III at the standard seed-
ing rate). The root samples were taken man-
ually (25 x 25 cm surface area) during the
first three years (I and II) and mechanically
(12.5 x 12.5 c¢m surface area) in later years.
As roots were washed manually in the first
three years (I and II), some loss of roots
and incomplete removal of soil were possi-
ble. After that, washing with a root washer
ensured contamination-free soil and minor
root loss, although small amounts of oth-
er organic matter remained in samples af-
ter separation with forceps. Shoot and root
samples were dried in an oven, and dry mat-
ter yields (kg ha') were recorded. The root
biomass was not sorted on a single plant
basis. N contents (%) of roots and mixed
above-ground biomass of the cover crop and
weeds were measured (I —III).

2.4 Cereal grain yield

Cereal crops were harvested with a com-
bine harvester at growth stage 92 (Zadoks
et al. 1974). After the cereals had been dried



in an air stream (+40°C) and sorted, grain
yield was measured and calculated in kg
ha'! at 15% moisture. In the long-term ex-
periment (I), the effect of undersowing on
grain yield was studied in four periods: 1)
the first year of undersowing, 2) additional
years of undersowing, 3) the first year after
the final undersowing year, and 4) the sec-
ond year after the final undersowing year.
For the additional purposes of this thesis,
N-fertilizer replacement values (NRV) of
undersown crops during period 2 were de-
termined, when it was possible according to
the published data in paper L. In order to do
this, N-fertilizer response curves as an aver-
age and at Laukaa, y = 18.7x + 2301 (R* =
0.9461) and y = 24.5x + 1701 (R* = 0.9673),
respectively, were calculated according to
grain yields in plots without undersowing
(not published in paper I). In the other ex-
periments (IIT and IV), the effect of treat-
ments on cereal grain yield was studied sole-
ly in the year of undersowing.

2.5 Soil mineral N

The effect of undersowing on SMN (kg
ha') was studied (except IV) by taking soil
samples before sowing in spring, at cereal
harvest, in late autumn, in early spring be-
fore soil thawing and at the start of the fol-
lowing growing season, from soil layers at
depths of 0 — 30, 30 — 60 and 60 — 90 cm.
However, the sampling procedure varied
greatly among and during experiments, and
according to the special interest concerning
each sampling date. Furthermore, in the
long-term experiment, the effect of under-
sowing on SMN was studied in four peri-
ods (II) similarly as explained in the context
of the grain yield. Soil samples were extract-
ed with 2 M KCI. The NO,-N and NH,-N
contents of the extracts were autoanalyzed
(air segmented flow analyser, photometric
detection) and converted into kg ha' (Esa-
la 1991). There was variation in sampling
procedure. There was also unplanned varia-
tion over a few years in the NO,-N analyses
done before winter in the long-term experi-

ments. Such variation interfered with statis-
tical analysis of the results. Information on
soil sampling and examination of the soil
N data is given in detail in papers I —IIL.

2.6 Statistics

The models were fitted using the residual
maximum likelihood (REML) estimation
method. The degrees of freedom were com-
puted using the method described by Ken-
ward and Roger (1997) or approximated us-
ing a Satterthwaite procedure if there were
zero variance components (Verbeke and
Molenberghs 1997) (IV). Accordance of the
data with the distributional assumptions of
the models was checked graphically. The
analyses were performed using the MIXED
procedure of SAS/STAT software (Littell et
al. 1996) and in paper IV also UNIVAR-
IATE and PLOT procedures (SAS Insti-
tute Inc. 1990). The residual analyses were
carried out to check the assumptions of the
models. The residuals were checked for nor-
mality using box plots (Tukey 1977). In ad-
dition, the residuals were plotted against the
fitted values. Comparisons between means
were made using two-sided t-type tests or

95 % confidence intervals (95 % CI).

2.7 Model of adaptive
undersowing system

A model of the adaptive undersowing sys-
tem was created in order to increase the
benefits of undersowing. A schematic rep-
resentation was made to describe decision-
making in cultivation, taking into consid-
eration the need for continuous observation,
estimation and re-evaluation in the system.
It was designed to approach the system
from the standpoint of strategic guidelines
for either catching N from the soil, fixing
it from the atmosphere, or diversifying ce-
real cropping. The cultivation methods in-
cluded in the model were based on results
reported in original publications and arti-
cles cited in this dissertation.



3 Results and discussion

Undersowing is considered to be a positive
tool for reducing the detrimental effects of
invariable cereal cropping in general, and
consequently represents an optional meas-
ure to be undertaken in the environmen-
tal programme for agriculture in Finland.
However, if the system is not well enough
understood, failure could ensue in terms
of decreased grain yields and negative ef-
fects on the environment, or possibly its
inadequate use. The effects of undersown
crops on arable farming and the environ-
ment are highly dependent on implemen-
tation, where substantial variation among
undersown species represents both possi-
bilities and challenges. Furthermore, there
is an apparent need for tailoring the sys-
tem according the needs, creating an adap-
tive undersowing system that fulfils pre-
cise objectives.

3.1 Differing uptake and re-
lease of N among species

3.1.1 Biomass and N yield of shoots and
roots

The capacity of crop species to produce bi-
omass and their reaction to growth condi-
tions varied greatly. Italian ryegrass (Lo-
lium multiflorum Lam., IR) was superior in
dry matter yield (DM), on average 1400 kg
ha'at a standard seeding rate, in compar-
ison with a yield of 400 — 600 kg ha™ for
other grasses (III). Substantial differenc-
es in growth among species were record-
ed (Table 3, C-E), similarly as reported by
Karlsson-Stresse et al. (1996), who indicat-
ed high levels of variation in characteris-
tics of several crop species when searching
for an ideal crop to undersow. Although
biomasses in late autumn in this study
were comparable with those of other stud-

Table 3: Features of species undersown with a spring cereal crop. Comparisons
between species are made according to measured factors, with contributions

from observations and relevant literature.

~

Studied factor

Undersown crop A B C D E F
White clover L S S M/HDV M H
Red clover L H S M M H/M
Black medic L H/SY S M/HY N H/SY
Timothy H N H M H L
Westerwold ryegrass H N L M N M?
Italian ryegrass S N M S L L
Winter wheat H N (@) H L M2
Meadow fescue M N M L M -

S = superior, H = high, M = medium, L = low or occasional, N = no effect, O = opposite effect, -- = not studied or not evident

A: Capacity to absorb soil N

B: Biological N fixation

C: Autumn oriented growth rhythm

D: Biomass in shoots and roots in late autumn

E: Growth in succeeding spring

F: Rapidity of N release, based highly on literature
U With high seeding rate

? Can vary greatly because of conditions.




ies on average, site-dependent differenc-
es were evident. Contrary to us, Kunelius
et al. (1992) did not establish differenc-
es between biomass production of IR and
westerwold ryegrass (Lolium multiflorum
Lam. var westerwoldicum, WR). In addi-
tion, their shoot yield in Atlantic Canada,
which exceeded 3000 kg ha', was double
that of IR at high seeding rate reported in
(III). On the other hand, Andersen and
Olsen (1993) in Denmark found no sig-
nificant difference between perennial and
Italian ryegrass, with above-ground DM
intermediate between those of grasses de-
scribed in this study. We however did es-
tablish differences among the perennial
grasses, timothy (Phleum pratense L.) be-
ing the most reliable species, although its
shoot yield in late autumn remained much
lower than that of annual grasses, at an av-

erage of 400 kg ha™.

The root yield of IR (1450 kg ha') was
highest, and clearly higher than that of
timothy (980 kg ha') and WR (680 kg ha
1. As roots make an essential contribution
to the effect of green manure crop (Sol-
berg 1995), and in terms of taking-up re-
sidual N that would otherwise be leached
(Thorup-Kristensen 2006), the result em-
phasizes the superiority of IR as a biomass
producer, although its growth rhythm was
not ideal for an undersown crop. Pietola
and Alakukku (2005) however found that
the root growth rate of IR was high late
in the season and concluded that it would
be an efficient catch crop after cereal har-
vest. Thorup-Kristensen (2006) observed a
clear increase in root frequency of IR dur-
ing autumn, although only in the soil lay-
ers already containing roots. Timothy is a
perennial species with a high root:shoot ra-
tio, which combined with an autumn-ori-
ented growth rhythm increases its value in
undersowing. The root sampling depth in
our study was shallow, 25 cm, compared
with that of Thorup-Kristensen (2006),
who measured rooting depth of IR to one
meter and even deeper than the 2.5 m for
other catch crops. However, as Pietola and

Alakukku (2005) found that most of the
root biomass was in the upper 20 cm of
the soil, it can be expected that our results
represent the root biomass and differences

among species (Table 4, 7).

The clover root DM was higher than shoot
DM, as reported by Kunelius et al. (1992)
for red clover (Trifolium pratense L.). How-
ever, the experimental site affected the root
yield, and the root yield of white clover
(Trifolium repens L.) was especially high
on sandy soil at Pilkine in comparison
with on the silt loam at Laukaa (II). Also
the root:shoot ratio of all species was much
higher at Pilkine. Although there was
greater recovery of roots in sandy soil than
in loamy soil, on account of the easier sep-
aration of roots and soil, characteristics of
soil and differences in climate apparent-
ly affected root growth, and thus the bi-
omass production was highly dependent
on conditions.

The above-ground biomass N concentra-
tion (N-%) of black medic (Medicago lu-
pulina L.) in late autumn was lower than
that of the clovers, 2.8-2.9 and 3.6-3.8%,
respectively (III), contrary to the report of
Marstorp and Kirchmann (1991). Differ-
ing results might be expected as N-% var-
ies during growth (Wivstad 1997) and ac-
cording to conditions. The N-% of WR
(1.2-1.4%) and IR (1.3-1.8%) was lower
than that of timothy (2.1-2.4%), contrary
to findings of Garnier and Vancaeyzeele
(1994), who found that the N-% of an-
nual grasses was higher than that of per-
ennials. They however worked with non-
limiting nutrient conditions, and possibly
the increased N-limiting growth condi-
tions during these experiments had an ef-
fect. Moreover, according to Garnier et
al. (1997), the variation among species in
both groups of annuals and perennials was
high, and the N-% of timothy was among
the highest of the perennials.

Differences among species in terms of N-%
of roots were similar to those for shoots, al-



Table 4: Differences among undersown species in relation to effects on cere-

al grain yield and N leaching. Comparisons are made according to measured fac-
tors, with contribution from relevant literature for factor L.

Studied factor

G H I J K L
Undersown crop
White clover H S M N (@) M
Red clover H S M L N/O L
Black medic H -- L M o --
Timothy H -- H M/H? S --
Westerwold ryegrass M M M M/H? N N
Italian ryegrass M - S S N -9
Winter wheat L - H L O --
Meadow fescue H HY -- - - NV
S = superior, H = high, M = medium, L = low or occasional, N = no effect, O = opposite effect, -- = not studied

G: Cereal grain yield in the year of undersowing
H: Cereal grain yield in repeated undersowing
I: Root dry matter yield in late autumn

J: Decreasing soil NO,-N in autumn

K: Decreasing soil NO,-N in spring (compared to previous autumn)

L: N leaching risk in the course of time
! According studies in a mixture with red clover
2 With high seeding rate

3 Increasing risk according to literature

N

though at a reduced level (IL, III), similar-
ly as reported by Hauggaard-Nielsen et al.
(1998). Although in a controlled environ-
ment similar N-% for roots and shoots has
been reported (Wivstad 1997), the N-%
values for clover root samples here were
nearly half those for above-ground bio-
mass. It is obvious that cereal and weed
roots and other organic residues, which
were not able to be separated out com-
pletely, decreased somewhat the root N-%
of legumes. Furthermore, the higher pro-
portion of non-legume material in samples
may be the reason for the decrease in root
N-% with an increase in N fertilization at
Pilkine, which contrasted with the situa-
tion for shoots (II).

The N yield of red clover in late autumn
in shoots and roots averaged 30 kg ha' (I,
I1I). Competition greatly restricted growth
in undersowing as N yield from nearly
100 kg N ha to over 200 kg ha' in one
growing season was reported for pure red
clover stands by Kinkinen et al. (1998).
Clearly higher N yields following under-

sowing have however been reported from
the southern coast of Finland (Kauppila
and Kiltild 1992, Kauppila and Lindqvist
1992), and the variation here refers to the
higher capacity of undersown red clover to
produce N through BNF. The N yield of
white clover was normally higher than that
of red clover (I, III), although N yield of
white clover roots remained low at Laukaa
(I). Den Hollander et al. (2007a) found
that in The Netherlands the total N yield
of red and white clover was similar, but
differed from those of other clover species,
whereas in this study the N yielding ca-
pacity of all three legumes differed (Table
3, B). The shoot N yield of black medic at
a high seeding rate was rather high, 33 kg
ha’, but the root N yield (9 kg ha'), meas-
ured at standard seeding rate, remained
low compared with that for clovers (15 kg

ha') (III).

The highest N yield of grasses, in terms of
shoots and roots combined, approached
40 kg ha' for IR whereas values for tim-
othy and WR remained at about 20 kg




ha' (IIT). The difference between IR and
timothy was mainly because of N in the
above-ground biomass. Similarly, Sturite et
al. (2007a) measured enhanced uptake of
N by IR in comparison with that of per-
ennial meadow fescue (Festuca pratensis
Huds.) in Norway, although N content of
roots did not differ significantly. Capacity
of species to absorb N can be ranked (Ta-
ble 3, A), but the realized N yield of grass-
es depends on available SMN. Andersen
and Olsen (1993) reported that N absorp-
tion in above-ground material of under-
sown IR was 16 kg ha™, but rose to 44 kg
ha' when 50 kg of fertilizer N was added
after barley harvest.

3.1.2 Soil nitrate N in late autumn and
spring

The average soil NO,-N content without
undersowing in late autumn for the exper-
imental sites was less than 20 kg ha in the
0 — 90 cm soil layer, which is a low figure
compared with those reported from many
other studies (e.g. Hauggaard-Nielsen et
al. 1998 in Denmark), although not rare
under Nordic conditions (e.g. Solberg
1995 in southeast Norway). Substantial
variation (II, III), however, suggests occa-
sional higher N leaching risk. In spite of
low average soil NO3—N content, the con-
siderable influence of the undersown spe-
cies on the N catching was evident by late
autumn (III), as indicated in Table 4, col-
umn /. IR absorbed two thirds of the soil
NO,-N, which is in accordance with e.g.
Martinez and Guiraud (1990), Svensson
et al. (1994) and Lyngstad ad Berresen
(1996), who reported decreased N leaching
with undersown IR. WR absorbed clear-
ly less N and was able to reduce soil NO,-
N content only half that of IR, resulting
from an early end to WR growth, reported
also by Karlsson-Stresse et al. (1996). Tim-
othy reduced NO,-N similarly to WR in
0 — 30 cm, but its effect did not reach to
the deeper soil layers by autumn. Winter
wheat did not reduce soil NO,-N in late

autumn, which was a disappointment con-

sidering the N yield of the biomass.

As a perennial grass, timothy has good po-
tential to continue taking-up SMN dur-
ing the beginning of the succeeding spring
(Table 4, K). Correspondingly, Sturite et
al. (2007a) found significantly smaller win-
ter losses of N associated with perenni-
al meadow fescue than with IR. Further-
more, according Pietola et al. (2009), the
root system of timothy develops in spring
more intensively than that of red clover
and winter wheat, which is in accordance
with the differences in soil NO,-N during
spring reported in paper III.

Legumes did not increase the soil NO,-N
in late autumn even with high N yields,
but rather tended to act like grasses, al-
though no significant decrease in NO,-
N was found (III and Table 4, /). Several
studies have shown that although legumes
fix atmospheric N they do not necessar-
ily increase SMN in late autumn, and
can even decrease it. Vyn et al. (2000) re-
ported that undersown red clover lowered
soil NO,-N as effectively as non-legume
catch crops sown after harvest in Cana-
da. Lyngstad and Berresen (1996) did not
find increased NO,-N contents in the 0 —
60 cm soil layer in late autumn with un-
dersown white clover in southeast Norway.
Moreover, Arlauskiene and Maiksteniene
(2008) reported reduced SMN during the
post-harvest period as a consequence of
legume cover crops in Lithuania. Howev-
er, Garand et al. (2001) reported that al-
though red clover did not significantly af-
fect NO,-N content of the 0 — 90 cm soil
layer at cereal harvest in Canada, there
were some cases of an increase in mid No-
vember over three years of trials. Here,
during annual clover undersowing, some
increase in NO3—N was found at Laukaa,
while at Pilkine a decrease of NO,-N was
found only when WR was undersown (II).

SMN in spring increased at high seed-
ing rate of white clover and black medic



(IIT), and varied during the annually re-
peated undersowing with clovers (I and
Table 4, K). Similarly, Lyngstad and Ber-
resen (1996) and Arlauskiene and Maik-
steniene (2008) found higher contents in
the succeeding spring after no increase of
SMN followed from legumes in autumn.
Garand et al. (2001) found an increase of
soil NO,-N in one year out of three as a
result of undersown red clover, but Lyngs-
tad and Berresen (1996) found more regu-
lar increase of SMN in spring when white
clover was undersown. In contrast, Solberg
(1995) reported decreased SMN in the 25
— 60 cm layer both in autumn and spring
with undersown white and red clover, al-
though the measurement was only from
one year at a single site. It seems that the
risk of increased N leaching in the con-
text of undersown legumes is rather low,
and release of N occurs in time for its use
by the subsequent crop.

The tendency for higher SMN with white
clover compared to red clover was obvious-
ly not related to increased release of N with
increasing N-% or decreasing C/N-ratio of
the biomass (Christensen 1986, Marstorp
and Kirchmann 1991, Jensen 1992) be-
cause the N-% of the two clover species
was similar. The initial immobilization of
SMN, induced by a high initial C miner-
alization of red clover material (Dahlin et
al. 2005), could have reduced the N release
of red clover in this study also. The differ-
ence between the two species may be relat-
ed to lignin and cellulose contents (Miiller
et al. 1988), which were however not ana-
lyzed here. The higher root to shoot ratio
of red clover (II, III) can lead to slower N
release compared with that for white clo-
ver as the release of N has been found to be
both lower (Miiller et al. 1988) and slower
(Sturite et al. 2007b) from roots than from
other parts of the plant. However, the pos-
sible faster N release from white clover ma-
terial was confounded here with many oth-
er factors, including higher above-ground
N yield of white clover than of red (I and
110).

Several factors other than fractions of cov-
er crop material, e.g. growth in late au-
tumn and after winter, affect the realized
soil N values in field studies as described
here. For instance, dying of black medic in
autumn possibly led to the higher subsoil
NO,-N content in spring compared with
that associated with other legumes (III).
On the other hand, according to Kirch-
mann and Marstorp (1991), the N miner-
alization from black medic was faster than
from clover species. Comparison of species
concerning rapidity of N release is summa-
rized in Table 3 (column F) according to
the results and other reports, but consid-
erable variation is apparent due to differ-
ing conditions.

3.2 Competition between
main and undersown crop

Significant competitive pressure on the
other component of the intercrop by oats,
spring barley and spring wheat was re-
ported by Helenius and Jokinen (1994),
Andersen et al. (2007) and Ghaley et al.
(2005), respectively. Consequently, spring
cereals have good prerequisites to grow
well with an undersown crop. In the same
way as the actual yields of both compo-
nents of a mixture are lower than that of
the highest monocrop yield of a compo-
nent (Helenius and Jokinen 1994), an un-
dersown crop can decrease the main crop
yield. Ohlander et al. (1996) suggested
that the negative effect of an undersown
crop on grain yield is expected when the
yield level of a cereal is otherwise low. On
the other hand, undersowing, compared
with a pure stand, often reduces DM of
cover crops, but yield of the intensively
growing main crop can remain unaffect-
ed, as when Baributsa et al. (2008) inter-
seeded corn with red clover. Consequent-
ly, competition can decrease inputs to the
N cycle when legumes are concerned. Tal-
gre et al. (2009) found that N input to soil
in the case of undersowing barley with leg-
umes was about 30 % lower than of pure
sowings of the same legumes.



3.2.1 Growth before and after cereal
harvest

The number of undersown plants de-
creased in 1996 almost by half, and in
1994 and 1995 by a third between GS
22-23 and GS 60-69 (Zadoks et al. 1974)
of barley (IV), suggesting that establish-
ment does not necessarily indicate the de-
gree of subsequent competition. This is in
agreement with Decker et al. (1973), who
found that cessation of seedling growth
was due to competition with companion
crops, especially under unfavourable grow-
ing conditions.

Legumes did not achieve high DM by the
time of cereal harvest. The highest shoot
yield, 180 kg ha', was reached by black
medic at a high seeding rate (III). Thus
clovers produced the major part of their
above-ground biomass after cereal harvest,
as reported by Ohlander et al. (1996). Also
timothy produced its biomass mainly dur-
ing the post-harvest period and even IR
doubled its shoot DM, but WR grew to a
reduced extent and winter wheat growth
was poor after harvest. The above-ground
DM of IR and winter wheat at barley har-
vest was highest, 900 kg ha' with a high
seeding rate, when the shoot yield of WR
was small and that of timothy even small-
er at 210 kg ha (III). Robson et al. (1989)
ranked the competitiveness of grasses ac-
cording to their speed of establishment
and rate of tillering, and concerning the
species, which were the same as those in-
cluded here, the ranking was equivalent
to the DM at barley harvest in this study.
Robson et al. (1989) also noted that clo-
vers in a mixture with ryegrasses were the
weaker competitors, as despite good estab-
lishment they suffered due to the rapid til-
lering of ryegrasses.

Clovers grew ideally here, but greater dif-
ferences between growth rhythms of leg-
umes were found elsewhere. Den Holland-
er et al. (2007a) found that in spite of a
two-day delay in red clover establishment

compared with other clovers, it compet-
ed more strongly than white clover three
months later because of the threefold dif-
ference in canopy height. Although the bi-
omass produced by cereal harvest is nor-
mally a good indicator of the competition
by the undersown crop (Ohlander et al.
1996), initially a fast growing crop can
compete more than a crop with slow early
growth (Abdin et al. 1997), even if the bio-
masses end up being the same. Cereals are
especially vulnerable to competition at the
tillering stage (Bergkvist 2003), emphasiz-
ing that an undersown crop should ideally
concentrate its growth towards the end of
the season, in which respect legumes were
superior and perennial grasses better than

annuals (Table 3, C).
3.2.2 Cereal straw and grain yield

Winter wheat greatly decreased straw yield
of spring barley, 600 — 1050 kg ha™ (III),
indicating the competitive nature typical
of cereals, although winter wheat grows
slowly compared with spring cereals (Hu-
usela-Veistola and Kinkinen 2000). When
Robson et al. (1989) reported IR to be the
most competitive species among several
grasses, their arguments concerning rapid
early growth and tillering apply to winter
wheat. Obviously the fast initial growth
of wheat compared with other undersown
species caused the increased competition
with barley, such that the straw yield de-
crease was almost twofold that associated
with IR despite similar DM values at har-
vest. Furthermore, WR had similar effects
as IR on barley straw yield, although the
shoot yield at harvest was smaller, which
also can arise from faster early growth of
WR than IR. Effects of ryegrasses on bar-
ley growth in our field trials were much
greater than those reported for the lysim-
eter study of Bergstrom and Jokela (2001),
for which no significant above-ground bio-
mass decrease of barley was established due
to perennial ryegrass (Lolium perenne L.),
which may originate from the more limit-
ed growth factors here. Timothy and leg-



umes did not significantly affect the straw

yield (III).

IR decreased grain yield by almost 500
and 1000 kg ha' using a standard and a
high seeding rate, respectively (III), in ac-
cordance with the results of Kunelius et
al. (1992), Andersen and Olsen (1993) and
Lyngstad and Borresen (1996). The strong-
er competition of winter wheat resulted in
an even higher yield decrease. The relative-
ly small grain yield decrease due to WR,
from 170 to 480 kg ha' with increasing
seeding rate (I, III), compared with bar-
ley straw yield may have resulted from ear-
ly cessation of growth. This was often ev-
ident as WR started to ripen only slightly
later than bartley, in accordance with Karls-
son-Stresse et al. (1996), who found WR to
be the only one of a wide selection of species
that flowered during the year of undersow-
ing. Because of the small competitive effect
of timothy, corresponding with the findings
of Spaner and Todd (2003), no negative ef-
fect on grain yield was established at low
and standard seeding rates. Even at a high
seeding rate for timothy the grain yield de-
crease was moderate and similar to that cor-
responding to a low seeding rate for IR and
WR, about 200 kg ha'. Consequently, high
grain yields in the year of undersowing are
likely with perennial grasses, and achieva-
ble also with the less competitive legume

species (Table 4, G).

Although no significant effect of legumes
on grain yield in the year of undersowing
was found, there was a tendency for yield
decrease, which reached 230 kg ha'* (I, III).
Also Ohlander et al. (1996) reported mod-
erate grain yield decrease associated with
undersowing red clover. In contrast, Tal-
gre et al. (2009) found that red clover did
not induce any yield loss in the main bar-
ley crop, and according to Garand et al.
(2001), spring wheat tolerates the competi-
tion by red clover because of its higher ear-
ly growth rate, height advantage and more
extensive root system.

Greater yield decrease with increasing seed-
ing rate of white clover was detected, but
this was not the case with other legumes
(IIT). Otherwise no differences between clo-
vers were found, contrary to the report of
den Hollander et al. (2007b), where white
clover was the weakest competitor among
several clover species. However, the nega-
tive effect of red clover in their study was
associated with a much longer growing time
for the main crop than for the cereals used
here. Furthermore, Solberg (1995) estab-
lished a grain yield decrease with under-
sown red clover but not with white clover,
although he used higher seeding rates than
were used here. It is clear that realized bi-
omass plays a major role in the differenc-
es among results. Arlauskiene and Maik-
steniene (2008) reported considerable yield
decrease of winter wheat, and the above-
ground biomass of undersown red clover
was about four times that reported here

using the same N (II) or seeding rate (III).

Legumes did not increase the grain N in
the year of undersowing (III), although
mineralized N from legume roots can con-
tribute to the N nutrition of an associated
plant in an intercrop (Burity et al. 1989,
Jensen 1996a, Jensen 1996b). Possibly the
competition between species counteract-
ed this positive effect. Although Garand
et al. (2001) assumed, after a non-signifi-
cant effect on grain yield, that no signifi-
cant N transfer occurred from undersown
red clover to spring wheat, the conclusion
was obviously affected by the simultane-
ous competition of clover, as reported also
in this study.

The effect of grasses on grain N was linked
with effects on grain yield, and was em-
phasized at a high seeding rate (III). Win-
ter wheat decreased grain N-% at all seed-
ing rates, but mostly at the highest one,
and IR decreased it mainly at the high-
est rate (unpublished data), although re-
sults from the lysimeter study of Lemola
et al. (2000) suggest a decrease also at the
standard rate. Possibly the competition for



fertilizer and soil N increased more than
other growth factors in such cases of high
DM, reducing the available N at grain fill-
ing. Furthermore, the grain N yield of bar-
ley decreased more than that of shoot N
yield of winter wheat at harvest at stand-
ard and high seeding rates, suggesting sub-
stantial competition throughout the main
crop growth period.

3.3 Effects of annual under-
sowing

To reap their full benefits, undersown crops
should be suitable for regular use, and for
continuous cereal farming annual under-
sowing could be considered. This makes the
evaluation of overall effects more difficult
than in the case of individual single years
of undersowing, although even a catch crop
grown in one year can both increase and
reduce N supply to the succeeding crop.
This was pointed out by Thorup-Kristensen
(1993), who termed the latter pre-emptive
competition, and moreover showed that fi-
nally the rooting depth of the succeeding
crop confirms the whole effect in terms of
N leaching in the complex system of catch
crops and main crops. Furthermore, when
grown annually, the competitive effect of an
undersown crop and the residual effects of
previous crops are confounded. Optimally
the competition with the main crop is low
and previously absorbed N is released at the
most opportune time for cereal use. Usually
an early start in spring in release of residual
N is desired, which Hauggaard-Nielsen et
al. (1998) suggested as a probable key deter-
minant for DM production of a subsequent
cereal crop, as it benefits from freely avail-
able N at bushing and at the beginning of

stem elongation.

3.3.1 Varying conditions between
years and sites

During seven years a post-harvest air tem-
perature sum (>0°C) of 500 was reached
at Laukaa only twice, and at Pilkine not
at all (I), whereas at Vihti it occurred once

during four years (IV). It indicates that
establishing a cover crop by undersow-
ing was justifiable, as according Schréder
(2001) such a sum is necessary for suffi-
cient cover crop growth if it is sown af-
ter a main crop. Varying weather condi-
tions and differing duration of post-harvest
growth resulted in large differences be-
tween years in biomass and N yields, simi-
larly as reported by Lyngstad and Berresen
(1996), Abdin et al. (1997) and Sturite et
al. (2007a). The above-ground DM ranged
in long-term trials from 100 to 3600 kg
ha' (II) and the N yield in shoots and
roots from 3 to 160 kg ha' (I). The low
yields were related to low precipitation in
early summer or early autumn, or with low
temperatures between harvest and plough-
ing. Results over an extended period ob-
viously reduced the risk of drawing false
conclusions due to a narrow range of con-
ditions, but also showed the impossibility
of gauging expected impacts of undersow-
ing precisely.

N-% in clovers in late autumn was higher
than at harvest, 3.6-3.8% and 2.5-2.9%,
respectively (III). However, this is contra-
ry to the report of Wivstad (1997), who
recorded a decrease in above-ground N-%
of red clover between corresponding dates
in a greenhouse experiment. One possible
reason for the difference was the strong
growth of leaves after cutting at harvest,
as according to Wivstad (1997) the main
reason for the decrease of N-% during
ageing was the decreasing proportion of
leaves, whose N-% was about double that
of stems. Differing N-% in the same un-
dersown species has been reported from
elsewhere also (e.g. Marstorp and Kirch-
mann 1991), and for which differing grow-
ing times and growth stages are obvious
underlying reasons.

A large difference was recorded in N yield
of WR at Pilkine and Laukaa, (at 90 N);
on average 53 and 14 kg ha’, respective-
ly (I). A significant influence of experi-
mental site was reported also by Andersen



and Olsen (1993), Lyngstad and Berresen
(1996) and Abdin et al. (1997). In addi-
tion, release of N during the winter varies
considerably from year to year, depending
on the climatic conditions. Variation in
weather conditions was recorded (I: Table
1) in four periods, between the end of soil
frost in spring and the first soil frost in au-
tumn, assuming that a cold winter period
has only minor effects on N losses. How-
ever, according to the simulations of Blom-
bick et al. (2003), increase in mineraliza-
tion rate in late winter and early spring was
correlated with the freezing periods during
winter. Koenig and Cochran (1994) sug-
gested that physical rather than biological
processes caused the substantial biomass
loss from crop residues during the sub-
arctic winter. Sturite et al. (2007a) men-
tioned severe freeze-thaw episodes in early
autumn followed by early snowfall, a pro-
longed period with snow coverage and rel-
atively high winter temperatures as partic-
ular reasons for nutrient losses from plant
tissue. Thus it is presumed that different
winters also played a role in differing soil
N levels in spring (II).

3.3.2 Differing effects of species on
grain yield

The positive effect of undersown clovers on
cereal grain yield was evident even when
sown annually, and was on average 280
kg ha' (I). A difference between red and
white clover was not established (Table 4,
H), although the above-ground N yield
of the latter was higher, as in paper III.
Contrary to us, Marstorp and Kirchmann
(1991) and Solberg (1995) reported high-
er N and grain yield of the crop succeed-
ing white clover than when following red
clover. Here, the effect on the succeeding
cereal yield was not studied after a sepa-
rate undersowing year, which partly ex-
plains the smaller effect compared with
that of Talgre et al. (2009), for example,
who reported that the grain yield of a suc-
cessive oat crop increased by 1400 kg ha
after red clover.

We found no improved N availability
from WR residues over time (I), contrary
to findings of Schroder et al. (1996) and
Berntsen et al. (2006) with repeatedly un-
dersown ryegrass. WR decreased the grain
yield by 230 kg ha' on average, which is
not much less than the effect of the compe-
tition in the year of undersowing (III) and
actually similar to the effect for the first
undersowing year (I). This is in accord-
ance with Lyngstad and Berresen (1996),
who reported grain yield decrease with re-
peated undersowing of IR, ranging from
2 to 12% in experiments similar in dura-
tion to ours. The relatively low N yields in
their experiments and those reported here
(I) probably interfered with the increased
N availability over the rather short term.
Although IR was an interesting species for
inclusion in the long-term trials because of
its substantial N catching capacity, it prob-
ably would have had little effect on increas-
ing the N availability as its N-% was lower
compared with that of WR (III). In con-
trast, the higher N-% and lower compet-
itive effect of timothy might lead to in-

creased N availability sooner, although this
is debatable.

According to grain yield results over the
two years after the undersowing period (1),
no significant soil improvement occurred.
However, we did not measure soil fertili-
ty factors as Schroder et al. (1996), who
found more stable aggregates but no sig-
nificant effect of IR undersown in maize
on SOM content after six years. Marked
effects were anyhow not expected as bio-
logical transformations in soil take place
over a long time, as reported by Olson et
al. (1986), who found no consistent ben-
efit to corn after four years of interseed-
ing with alfalfa and rye. It seems that a
six year period was too short for substan-
tial improvement in soil fertility at the ex-
perimental sites, or that the circumstances
for benefits to come about as higher yields
were not otherwise favourable. Effects can
depend on initial conditions. Hansen et al.
(2000b) found that introduction of rye-



grass as a catch crop after 25 years of re-
moval of all harvest residues caused a rap-
id yield increase in spring wheat. As the
N yields of legumes were moderate (I: Ta-
ble 2) and also small in the last year of
undersowing, and as the effect of unde-
composed residues decreases sharply af-
ter the first year (Fox and Piekielek 1988),
the lack of a residual effect in the second
year after undersowing was understand-
able. No long-term effect, even after red
clover, was evident, although Miiller and
Sundman (1988) recommended using it
instead of white clover, if N recovery for
the subsequent crops over a longer period
is aimed at.

3.3.3 Soil mineral N in long-term
undersowing

The soil NO,-N before winter was in-
creased by annual undersowing of clo-
vers at Laukaa during periods 2 to 4 (I),
but the increase was so small that it did
not provide clear evidence of increased N
leaching risk. Moreover, although annual-
ly undersown white clover increased SMN
at sowing in spring in period 2 at all fer-
tilization rates and in period 3 at 0 N (I),
but not at the same seeding rate when un-
dersown once (III), this at most implies a
possible cumulative effect of annually un-
dersown white clover. Such a cumulative
effect might have been expected, however,
as decomposition and N release from leg-
ume material is reported, e.g. by Fox and
Piekielek (1988), to continue over several
years. The release is however emphasized
during the first year, and it is obvious that
although in the long-term experiments bi-
omass decomposition of more than one
year’s cover crop occurred simultaneous-
ly, the N released in each year was main-
ly from the preceding year’s biomass. Fur-
thermore, except for modest N yields, a
high retention rate in the soil possibly in-
duced relatively small loss of released clo-
ver N, as in the study of Miiller and Sun-
dman (1988).

The effect of six years of undersowing with
WR had no effect on soil NO,-N in peri-
ods 3 and 4 (II). Conditions during long-
term experiments, together with N inputs
and realized crop growth, apparently did
not favour increased N release, contrary
to the report of Kumar et al. (2001), who
found that the initially immobilized soil
N was released during the third year as
a result of low N residues. Also the re-
sults of Jenkinson (1977), Jensen (1992),
and Thomsen and Jensen (1994), indicat-
ed that decomposition and release of N
from ryegrass material continued for sev-
eral years, supporting the case for cumu-
lative N effects.

In addition to the fact that that a six year
period was possibly too short for estab-
lishing cumulative effects, observation
was confounded by substantial variation
in SMN over years. Such variation is a
normal phenomenon, as are the various ef-
fects of different crops on soil N over years
(Andersen and Olsen 1993, Thorup-Kris-
tensen 2006). Tendencies can often be de-
tected during a long-term experiment how-
ever. Sturite et al. (2007a) found that the
N content in seepage water was significant-
ly higher for white clover than for IR one
year in four. Consequently in the results
reported here, N leaching risk was con-
sidered to be somewhat higher because of
annual undersowing of white clover rath-
er than red clover, whereas the increased
risk associated with IR over the course of
time was considered possible according to
the results from the published literature

(Table 4, L).

The NO,-N content varied greatly among
sampling times, being highest in May be-
fore sowing, and when measured in 1996
at Pilkine, also clearly higher than in
March before soil thawing (II), which is a
critical time for N losses related to spring
flow peaks (Gustafson 1987). The results
were similar to those of Miiller and Sun-
dman (1988) who reported that the phase



of highest N release from plant material
occurred prior to the growing time of the
subsequent crop, although they did not
specify the timing of the release between
autumn and spring. Soil was normally fro-
zen during the winter when these studies
were conducted, which is typical for Fin-
land, and SMN during late autumn is ex-
pected to describe the situation before soil
melts in spring. This assumption howev-
er conflicts with the results of Koenig and
Cochran (1994) who found significant N
loss from different plant residues during a
cold winter in a sub-arctic soil. Although
the data reported here were only from the
three last years and were incomplete (II),
they emphasise the consequences of weath-
er conditions on potential N leaching loss-
es similarly to Dahlin et al. (2005) in Swe-
den. Moreover, challenges caused by mild
and rainy winters are set to increase be-
cause of climate change (Peltonen-Sain-
io et al. 2009).

The risk of N leaching according to the
NO,-N content was considerable on sandy
soil at Pilkine compared with the silt loam
at Laukaa, in agreement with the results of
Nieder et al. (1995), Lemola et al. (2000),
Beaudoin et al. (2005) and Knudsen et
al. (2006). The NO,-N content also var-
ied between years, being high at Pilkine
in May 1996 and 1997, and rather simi-
lar in the deepest than the two upper soil
layers. The NO,-N content deeper in the
soil was not measured, and this is a val-
id criticism as Thorup-Kristensen (2006)
found increased inorganic N deeper than
2 m and much lower values were associated
with a catch crop grown over two seasons
than were associated with the absence of
a catch crop. Consequently, although the
s0il NO,-N decreased to a low level by the
following sampling time, it is not known if
the SMN present during spring was used
by the subsequent crop or was leached into
the deeper soil layers during the summer.
It seems however, that N was released at a
suitable time for use by the following crop.
Moreover, high evapotranspiration com-

pared with precipitation during early sum-
mer further decreases the risk of leaching
at that time.

It is noteworthy that high N mineraliza-
tion in spring also occurred in plots of
pure cereal, and thus undersown crops had
minimal effect compared with total N re-
lease in the soil. However, at Laukaa white
clover seemed to increase soil NO,-N in
spring, especially when it was otherwise
high (II), in accordance with Dahlin et al.
(2005). It is also notable that after a high
yield in 1995, WR decreased soil NO3—N
clearly in autumn and the following win-
ter (II), although it was otherwise rather
ineffective (III).

It should be remembered that the long-
term experiment here was actually of rel-
atively short duration as far as issues of
soil fertility are concerned. Hansen et al.
(2000a) warned that if the higher mineral-
ization due to long-term use of a cover crop
is not taken into consideration by adjust-
ing the cropping system, the reduction in
nitrate leaching caused by the cover crop
may not be as significant in the long-term.
As several studies have indicated [Blom-
bick et al. (2003), Beaudoin et al. (2005),
Berntsen et al. (2006)] regarding reports
of a reduction in N leaching associated
with long-term use of catch crops, it is pre-
sumed that annual use of cover crops re-
flects N mineralization in the longer term
under Finnish conditions, although soil
NO,-N results presented in papers I and II

only provide some evidence of this.

3.4 Solutions in cultivation
technique

3.4.1 Choice of species

As IR was superior in decreasing soil NO,-
N in late autumn (III), its suitability for
annual use might have been investigat-
ed rather than WR. Because of the high-
er N yields of IR, its residual effect could

compensate for the increased competition



compared with WR, although the slight-
ly lower N-% might lead to a contrary ef-
fect. Similarly, as timothy grew better than
meadow fescue (III), it would have been
interesting to follow its performance in the
sowing technique experiments. Moreover,
as the inherent N-% of grass species varies
greatly according Garnier et al. (1997), it
would be possible to focus further on the
N catching and release features of grass
cover crops.

Red and white clover proved to be suita-
ble species for undersowing, as reported
by Kauppila (1983). This is also in accord-
ance with Abdin et al. (1997), who found
that red and white clover grew successful-
ly under corn, and were not among the
most competitive clover species. Talgre et
al. (2009) found that lucerne (Medicago
sativa and Medicago media) served as well
as red clover for undersowing,.

Winter wheat failed to decrease N leach-
ing risk, and the grain yield decrease is in
accordance with relay intercropping stud-
ies (Kinkinen et al. 2004). Thus, winter
wheat is not suited to catching N as an
undersown crop, although, because of its
other benefits, further studies in relay in-
tercropping are worthwhile according to

Roslon (2003).

Some species were rejected after poor
growth in 1995 (III). It was, however, an
extreme year because of exceptionally high
precipitation during early summer, and did
not represent normal conditions. It might
have been interesting to study chicory (Ci-
chorium intybus L.) further, for example, as
Thorup-Kristensen (2006) reported that
its roots extended deeper than 2.5 meters.
Karlsson-Stresse at al. (1996) also thought
chicory to be a promising species. Caraway
(Carum carvi L.), which was also rejected
for further studies after 1995, has since
been sown on an increased area and adapt-
ing it for undersowing would be an inter-
esting subject for further studies. There ex-
ist many additional species that might be

suitable for undersowing. Here however, a
wide assortment of grasses was studied to-
gether with the more obvious legumes, al-
lowing a general comparison among spe-
cies and evaluation of their features in an
undersowing system, (Tables 3 and 4).

The results suggest good possibilities for
being able to combine the useful features
of various species in seed mixtures to
achieve specific aims such as catching N
in autumn and spring with a mixture of
IR and timothy. On average the N-% in a
mixture of red clover and meadow fescue
was 0.2 — 0.6% lower than in pure red clo-
ver (I), corresponding with the findings of
Hauggaard-Nielsen et al. (1998), who re-
ported the C/N-ratio for both shoots and
roots to be intermediate in a mixture of
ryegrass and white clover compared with
individual pure stands. The targeted pro-
portion of species was however reached
only once in four years (IV), indicating
that it is not possible to predict accurately
the outcome of legume-derived positive N-
effects (Nykinen 2008) and grass-derived
immobilization (Hauggaard-Nielsen et al.
1998). In an optimal instance, a mixture
can be self-regulating, where a non-legume
can grow more and utilize N when there
is a surplus of it in the soil (@yen 1991),
whereas under poor soil N conditions leg-
umes can produce N that can be used by
the main crops in rotation. Moreover, tim-
othy as a perennial grass in a mixture with
an undersown legume could also use the N
released in the following spring, as Good-
man (1991) reported for N transfer from
white clover to ryegrass following winter.

3.4.2 Seeding rate

Doubling the seeding rate nearly dou-
bled the plant number, although the re-
lationship between seeding rate and plant
number was not always strict. On average,
IR, WR, timothy and black medic exceed-
ed 100 plants m™” even at a low seeding rate,
whereas white and red clover reached 100
and 75 plants m?, respectively (unpublished



data). Establishment was good on average
compared with the findings of Stenberg
(1998), for example, who by using a similar
seeding rate for perennial ryegrass, as was
standard here, frequently failed to reach
the target of 100 plants m?. According to
the literature referred to in this disserta-
tion, a wide range of seeding rates can be
used, although the values normally range
between the high and low rates reported
in paper III.

Increasing the seeding rate increased the
biomass of undersown crops at cereal har-
vest (III), as reported by Kvist (1992). This
ensured establishment at a higher seed-
ing rate also often increased competition
with the main crop, similarly as found
by Helenius and Jokinen (1994), who re-
ported that one component in an inter-
crop responded to the presence of the oth-
er particularly at high densities. In spite of
increased competition, increasing number
of grass plants had only a small or negligi-
ble influence on soil NO,-N, which dimin-
ished in late autumn (III). Consequently,
less seed than the standard recommended
rate should be used for a strong competi-
tor such as IR, which catches N well even
at a low seeding rate. As timothy did not
significantly decrease grain yields, even at
high seeding rates, a relatively high rate is
advisable to increase N take-up. Howev-
er, when grown in a mixture, the required
plant number for timothy decreases and IR
absorbs N effectively in autumn so that the
lowest seeding rates for the two grass spe-
cies should suffice.

As seeding rate of legumes had a negligible
effect on soil NO,-N in late autumn (III),
and their moderate competition was in
accordance with Kauppila (1983), a large
number of legumes seems safe. Karpen-
stein-Machan and Stuelpnagel (2000) also
recommended high seeding rates for crim-
son clover (T7ifolium incarnatum L.) when
intercropped with highly competitive rye
in order to reach high BNF. However, re-
alized plant number varies greatly, and Ar-

lauskiene and Maiksteniene (2008), for
example, only doubled the plant number
by using five times the seeding rate for
red clover than was used here (IV). Hol-
lander et al. (2007a) suggested that small-
seeded species are especially sensitive to
conditions that might result in poor es-
tablishment, when in two subsequent years
the ratio between seedlings and sown seeds
of white clover was 0.07 and 0.31, respec-
tively. Consequently, as growth of clovers
largely depends on ambient conditions,
the standard seeding rate or an even high-
er one seems justifiable.

3.4.3 N fertilization rate

The above ground and root yields of clo-
vers were often more than double at 0 N
than at 90 N (II). The decrease in legume
DM with increasing N fertilization evi-
dently stems from better growth and com-
petition of the main crop. Correspond-
ingly Ghaley et al. (2005) reported that
fertilizer N enhanced the competitive abil-
ity of wheat and decreased the proportion
of pea (Pisum sativum L.), and Helenius
and Jokinen (1994) concluded that the
differential demand for soil N modifies
the competitive relationships between the
components in intercropping legume and
non-legumes.

N fertilization had a positive effect on
shoot and root yield of undersown WR
(IT), but this influence was smaller than
the contrary effect for clovers. Kauppila
and Kiltild (1992) found effects analogous
to those reported here with clovers and
ryegrass shoots, but the root yield of IR
decreased with increasing N fertilization.
Lyngstad and Berresen (1996) reported
that the increase of IR biomass with in-
creasing N was substantial, whereas the
decrease of white clover biomass was rel-
atively small. Ohlander et al. (1996) re-
ported that the shoot yield of undersown
ryegrass was similar at 80 and 40 kg ha'
N, but that of red clover was about double
the latter. All in all, N fertilization obvi-



ously has a negative effect on undersown
legumes, whereas its effect on grasses is
less predictable because of the influence
on the competitive relationship between
two non-legumes.

N fertilization was moderate or even low
for cereals, which obviously reduced resid-
ual N in the soil, decreased the amounts of
absorbed N, and possibly decreased the re-
sidual N effect in the case of WR (I and
II). Correspondingly Lyngstad and Berre-
sen (1996) and Schroder et al. (1997) re-
ported that the N effect of grass cover crops
on the successive crop could be negative at
low N application rates and positive at high
rates. Thorup-Kristensen (1993) found that
an increase in SMN after an IR cover crop
increased with increasing N fertilization
of the successive crop, suggesting that N
fertilization should be reduced after cover
crops. It seems that N fertilization should
be fitted with the N content of incorporat-
ed cover crop biomass, and thus determin-
ing its N-% would be valuable. Also in that
case however, N release could increase lat-
er. Berntsen et al. (2006) suggested that in
continuous use of ryegrass catch crops N
leaching increases after approximately ten
years if fertilizer N application is not re-
duced. Consequently, with a pre-history
of cover crop use, N fertilization could be
reduced without causing yield reductions
(Hansen et al. 2000b). Thus, in the long
run, the increased N mineralization should
be taken into account in an adaptive under-
sowing system.

Grain yield increased in the presence of un-
dersown clovers at Laukaa by an average of
710, 460, 330 and 250 kg ha' at 0 N, 30
N, 60 N and 90 N, respectively (I), and the
reduction in the positive effect with increas-
ing N application was analogous to that re-
ported by Badaruddin and Meyer (1990),
Lindén and Wallgren (1993) and Vyn et
al. (2000). The grain yield increase with
clovers at low N was much lower howev-
er at Pilkine, where grain yield at 0 N was
otherwise higher and the effect of N fer-

tilization smaller than at Laukaa. Corre-
spondingly, Lyngstad and Berresen (1996)
found that during four years of undersow-
ing white clover without N fertilization,
there was an increase in the cereal grain
yield at an experimental site supporting a
low yield level, but not at a site associated

with high yields.

N-fertilization replacement value (NRV)
for clovers at Laukaa was 29, 19, 14 and
10 kg ha' at 0 N, 30 N, 60 N and 90 N,
respectively. NRV relative to measured
amounts of N in legume biomass at plough-
ing was about half and one third at 0 N and
90 N, respectively. According to the data in
paper I, the average NRV at both sites and
for all N fertilization rates was 15 kg ha for
red and white clover, and 13 kg ha™ for the
mixture of red clover and meadow fescue.
NRYV for WR was negative, at -12 kg ha'.
Thus, results from Pilkine clearly decreased
the average NRV for clovers, although their
N yields were, with few exceptions, simi-
lar or higher than those at Laukaa (I: Ta-
ble 2). However, at Laukaa the effect was
slight compared with the results of Garand
etal. (2001), who concluded that N fertiliz-
er application to spring wheat could be re-
duced by 90 % of the recommended 90 kg
ha from the second year of annual under-
sowing with red clover. Consequently, the
need of the main crop and use of the cur-
rent undersown crop should take into ac-
count the fertility of the field when of the
rate of N fertilizer application is determined
based on N yield and supposed release of N
from preceding legumes. It is apparent that
further research into N fertilization in the
context of undersowing would be valuable.

3.4.4 Sowing technique

Red clover and meadow fescue established
faster and had higher plant number un-
der dry conditions if seeded through coul-
ters, but with a high precipitation sum af-
ter sowing, broadcasting resulted in higher
numbers of red clover plants (IV), as noted

by @yen (1991). Thus, although Andersen



et al. (2007) suggested that sowing prac-
tices represent opportunities for manipu-
lating intercrop competition, it is a high-
ly condition-dependent measure. Seeding
through coulters increased the proportion
of meadow fescue, which is in accordance
with Laidlaw and McBride (1992), but only
when its share was otherwise low. However,
broadcasting with seed-covering equipment
behind the drill leads to the smallest varia-
tion in DM among years, which is desired
as the estimation of the cover crop effects
becomes easier. Press-wheels or a long-tined
harrow attached behind the drill were rec-
ommended in paper IV instead of the cage-
roller, which increased weed biomass. As
the grain yields associated with these tech-
niques, without rolling after undersowing,
were 300-450 kg ha' greater than those fol-
lowing conventional seeding through coul-
ters, they seem justifiable for use. In con-
trast, separate rolling with a continental
Cambridge roller after undersowing seemed

not to be profitable (IV).

The undersown species were seeded simul-
taneously or immediately after the cereal in
this study, as delayed undersowing has not
been shown to be beneficial for yield forma-
tion of the main cereal crop in the field, and
has been found to substantially decrease bi-
omass production of the cover crop (Kvist
1992, Ohlander et al. 1996). Establishing
a cereal crop in a living perennial legume
crop is an interesting option, which howev-
er can easily result in a large decrease in ce-
real yields (Williams and Hayes 1991) and
thus needs improving (Bergkvist 2003) and
merits more research.

3.4.5 Timingand method of cover crop
termination

Autumn ploughing was done as late as pos-
sible (I, II), not only to ensure sufficient
growing time for cover crops, but also to
decrease the risk of N leaching (Breland
1994, Kinkinen et al. 1998, Magid et
al. 2001, Korsaeth et al. 2002, Lahti and
Kuikman 2003). Late autumn ploughing

can even decrease the N losses compared
with spring incorporation, as when a crop
overwinters a great deal of N in the above-
ground biomass present in autumn is not
recovered in the biomass in the spring (Stu-
rite et al. 2007a, Kinkinen et al. 1998).
Furthermore, tillage in mid-October under
Finnish conditions was supported by Lem-
olaetal. (2000), who suggested that spring
tillage reduced N leaching only on peat soil
when spring barley was undersown with IR.

Late autumn incorporation of green ma-
nure has been reported to be more relia-
ble for Finnish conditions than ploughing
or reduced tillage in spring to secure good
spring cereal yields (Kdnkinen et al. 1999,
Lahti and Kuikman 2003). On the oth-
er hand, Talgre et al. (2009) reported that
spring ploughing of green manure in Es-
tonia, compared with autumn ploughing,
gave 4-15% extra yield. Also Korsaeth et al.
(2002 in southeast Norway) concluded that
synchronization between net N minerali-
zation and plant N uptake would be better
through spring rather than autumn incor-
poration, although large winter losses due
to freeze-thaw damage and surface runoff
counteract the spring incorporation. The
timing of incorporation is obviously site
dependent, as Ball et al. (2007) suggested
ploughing in March in UK, when the cold
restricts N mineralization initially, but N
becomes available for early crop growth as
the temperature increases.

Reduction in N leaching associated with
growing perennial grasses is, according to
Kyllingsbzk (1989), improved if incorpo-
ration is delayed in autumn or postponed
until the next spring. As IR did not sur-
vive the winter, and the effect of winter
wheat on SMN was negligible, a capacity
to absorb mineral N in spring can be ex-
pected only for perennial species like tim-
othy. According to results in the spring af-
ter undersowing (III), timothy decreased
NO,-N to a similar extent in different soil
layers. However, the effect in the deepest
layer was pronounced in spring compared



to the preceding autumn and in taking ac-
count of the low actual NO,-N content. In
that respect timothy showed a similar ten-
dency to empty deeper soil layers in spring,
as did overwintering grasses in the study of
Thorup-Kristensen (1993), although there
spring incorporation increased SMN in the
topsoil. Magid et al. (2001) did caution,
however, that substantial immobilization
of N can be detrimental for the follow-
ing crop if tissues with a high C/N-ratio
are ploughed-under shortly before sowing.
Thus, although spring incorporation allows
timothy to absorb N in spring, examining
the effects further during the subsequent
summer would require studying cultivation
methods and after-effects in this context.

Although late autumn incorporation seems
to be applicable for incorporation of N-
rich material in Finland, spring ploughing
is not a suitable option for heavy clay soils,
which are common. Instead, minimum till-
age and no-till techniques allow the growth
of cover crops until spring sowing on clay
soils. However, according to Kristensen et
al. (2000), mineralization of N in no-till
soil is low. Furthermore, contact with the
soil affects the decomposition process dif-
ferently with different crop residues (Hen-
riksen and Breland 2002). Consequently,
integrating direct drilling and cover crops
needs dedicated research.

Removing straw after cereal harvest, which
was done to enhance cover crop growth,
can affect N mineralization and leaching,
According to Thomsen and Jensen (1994),
recovery of ryegrass N in the succeeding
batley crop was higher when the undersown
IR was incorporated without rather than
with chopped barley straw. When Korsa-
eth et al. (2002) incorporated a mixture
of white clover material and barley straw,
microbial N demand during C utilization
of straw resulted in net N immobilization
after transient accumulation of clover-de-
rived inorganic N. Arlauskiene and Maik-
steniene (2008) found that both the content
of NO,-N in filtration water and SMN in

the following spring were reduced if straw
was incorporated with clover cover crops,
compared to the case without straw. This
is expected as cereal straw mixed with leg-
umes markedly reduces the C/N-ratio of
the biomass compared with pure legumes

(Talgre et al. 2009).

Chopping straw in the field is normal prac-
tice, which may lower still the risk of N
leaching with undersown clovers compared
with what the results here suggest (II, III).
Furthermore, if undersown plants at cereal
harvest are higher than the cutting height,
part of their biomass is either removed with
the straw or chopped in the field. Cutting
height is one factor that affects the portion
of old and new plant parts in a crop follow-
ing post-harvest growth that may influence
the N release, and which decreases with
increasing plant age (Miiller et al. 1988).
Thus, the effect of removing or leaving the
straw depends on species involved, cutting
height, C/N-ratio and even particle size of
residues, which has been shown to affect
decomposition and mineralization-immo-
bilization turnover of N in the soil (Jensen
1994). However, it is presumed that the un-
dersown cover crop itself plays a major role
in the system.

3.4.6 General border conditions

Undersowing represents a cost to the farm-
er, which is partly compensated for by BNF,
but improvement of the overall productiv-
ity of cultivated soil can only be expected
over the long term. This study demonstrat-
ed the feasibility of simultaneous sowing
(IV) and specified seeding rates (III), al-
though undersowing inevitably requires fi-
nancing, especially when to reduce N leach-
ing by undersowing grasses. Seed costs of
IR or mixtures of IR and timothy, accord-
ing to current commercial prices, would be
approximately €20 — 30 ha” and the yield
decrease (III) associated with rather low
cereal prices in 2010 double the costs even
when a moderate seeding rate of about 10
kg ha is used. Corresponding seed cost for



clovers is approximately €40 — 70 ha' and
the average benefit in yield increase from
annual undersowing (I) is 30 €, which sug-
gests that they are unlikely to be sown if no
positive effects on soil fertility can be ex-
pected by farmers. However, the profita-
bility of undersown legumes also depends
on the farming system, N fertilization rates,
and current soil fertility of individual fields.
All in all, the future of undersowing sys-
tems depends on how valuable its environ-
mental contributions are in addition to oth-
er factors.

Similarly as with all actions taken to reduce
agricultural loading, it might be better to
focus on the areas that contribute most to
the current loading (Ekholm et al. 2007).
Undersowing of highly competitive grass-
es that absorb N efliciently could be a fo-
cus for areas where there is a high leaching
risk. Elsewhere undersowing can be used to
substitute for mineral fertilizer N via BNE.
Furthermore, if successful coexistence be-
tween an undersown and a main crop can
be achieved, undersowing could ensure op-
timal N fertilization for good quality yields
and reduced leaching as an alternative to
decreased mineral N fertilizing (Granlund
etal. 2007) as a separate action. Moreover,
as undersown crops cover the soil and use
water during the post-harvest period, there
is an obvious role for them in reducing the
annual variation in N losses, which accord-
ing to Granlund et al. (2007) is strongly af-
fected by hydrological processes. Further-
more, in addition to the N related aims,
undersowing represents a means for im-
proving agricultural biodiversity.

3.4.7 An adaptive undersowing system

A model of an adaptive undersowing system
(Figure 1) was outlined in order to explain
the benefits of undersowing by indicating
the measures that could be introduced ac-
cording to needs. The model starts from
border conditions, showing that when the
risk of N leaching is the main concern, cov-
er crops could be used for catching N. Bi-

ological N fixation by legumes can substi-
tute for fertilizer N, whereas both legumes
and non-legumes can be used for diversi-
fying cereal cropping. The greater the need
for catching N, the higher the seeding rate
for intensively growing grass species. How-
ever, the considerable competition with the
main crop has to be borne in mind. When
replacing expensive N fertilizer, high seed-
ing rates for legumes increase N yields, but
the competition with the main crop also
increases. At the same time, decreasing
the application of fertilizer N creates bet-
ter conditions for legume growth. The pri-
mary timing of incorporation depends on
species-specific traits, although it is limit-
ed by soil type. Continuous observation of
growth, yields and conditions, and re-eval-
uation of the measures undertaken are all
central to the model.

Using the model for an adaptive under-
sowing system in practice is undoubtedly
challenging. The field experiments did not
furnish complete answers that would con-
tribute to the whole system and some com-
ponents of the system are very difficult to
control. Although the model is based on
consistent understanding according to orig-
inal publications and articles cited in this
dissertation, further research is undoubted-
ly necessary to make it more comprehensive
and realistic. Increased accuracy of the sys-
tem would require analyses to be made on
farm, which could transpire in the future
but until then are substituted for by care-
ful observation. However, as climatic con-
ditions greatly influence crop growth and
release and leaching of N, perfection can-
not ultimately be reached.

It must be remembered that this system,
which is based on cereal monoculture, is
not ideal, and many of the aims of under-
sowing can also be achieved by diversifying
crop rotations and improving cultivation
techniques. On the other hand, the basic
principles of undersowing introduced here
are adaptable to commercial crops other
than spring cereals as long as the competi-
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Figure 1. Schematic representation of decision making in an adaptive undersowing
system. Uppermost are the strategic guidelines according to border conditions and in
the middle the main decisions concerning cultivation, surrounded by continuous ob-
servation, estimation and re-evaluation.

tiveness and growing time of the main crop,
and its capacity to take up residual N, are
taken into account. The basis for the adap-
tive undersowing system however remains
firm: choosing measures according to con-

ditions and needs. It starts by defining the
goal, proceeds with decisions concerning
choice of species, seeding rates, termination
of the cover crop and N fertilization, and
includes continuous monitoring.



4 Conclusions

Quantified accumulation of N in above-
and below-ground biomass of undersown
crops in Finland demonstrated the capac-
ity of legumes to fix N for use by sub-
sequent spring cereals and the ability of
grasses to take up soil mineral N during
seasons where there is a risk of increased
N leaching. Thus, the first objective of the
study was fulfilled.

The effects of undersowing were very spe-
cies dependent. WR and winter wheat de-
creased main crop yields greatly and were
unsatisfactory regarding take-up of soil N
in autumn. Consequently IR, which ef-
fectively reduced soil NO,-N, is recom-
mended when there is a high risk of leach-
ing during autumn. Reduced competition
with the main crop was registered for per-
ennial grasses, among which timothy was
the most reliable in terms of growth and
effectiveness at catching N in the subse-
quent spring. The second objective was re-
alized, although differences among leg-
umes were greater than among grasses. It
seems, however, that white clover slightly
increased N leaching risk in the following
spring, as did annual black medic, but the
risk was lowered through use of red clover.

Concerning the third objective, the net ef-
fects of annually repeated undersowing of
legumes on cereal grain yield were posi-
tive, and that of WR negative. WR seemed
not to release significant amounts of N for
use by a cereal crop during annual under-
sowing, which may result from low N-%
and that a six-year period was possibly too
short for establishing cumulative effects.
However, as N-% of grasses varied among
species and according to conditions, in-
creased N release recorded for long-term
use elsewhere, according to the references
provided, has to be taken into account in
annually repeated undersowing of grasses.

Crop husbandry practices affected the out-
come of the undersowing system in many
ways, indicating the importance of the
fourth objective. Broadcasting with seed-
covering equipment was a reliable meth-
od to establish an undersown crop. Only
moderate seeding rates were needed for
grasses to avoid substantial yield decrease
of the main crop, but fairly high seeding
rates could be used to ensure high N yield
of a clover cover crop. Biomass production
of undersown legumes decreased with in-
creasing N fertilizer application, thus de-
creasing the residual N effect. Late autumn
incorporation, which according to the lit-
erature reviewed, has earlier been report-
ed to be associated with N-rich residues,
worked well in the context of undersow-
ing. Moreover, overwintering of timothy
enhanced absorption of residual N in the
soil, although the effects during the subse-
quent summer would require other studies.

It was surmised that various factors influ-
ence the implementation of undersowing.
At first a strategic decision has to be tak-
en if the target is to fix atmospheric N or
catch it from the soil, or if a more diver-
sified cropping and increased soil fertility
are the main goals. When substantial neg-
ative effects of N leaching are expected, a
mixture of IR and overwintering timothy
is best as an undersown crop, but fertiliz-
er N costs can be reduced by undersowing
clovers. The benefits from mixtures of leg-
umes and non-legumes lie in between, and
red clover with timothy, for example, can
be recommended because it results in rela-
tively reduced competition and can replace
N fertilizer to some extent without increas-

ing the risk of N leaching substantially.

The model for an adaptive undersowing
system highlighted the principles involved
in using the system based on the base sit-
uation and goals, indicating the possibil-



ities to realize the aims of the fifth ob-
jective. However, implementation of the
system in practice requires considerable
thought about conditions, realized cov-
er crop growth and improved soil fertility
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