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Summary

Strawberry production systems are permanently adapted to changing agroecological and

economical conditions in Switzerland. Alternative systems for managing weed control

with various mulching treatments are evaluated with respect to reducing the herbicide

input. As with other row crops, strip applications of nitrogen are considered to reduce

nitrate leaching. The overall aims of this study were to make a contribution to the

development of an optimized system of strawberry production under temperate climate and

on sandy loam conditions characteristic of the Swiss midlands; the aim was to minimize

rates of nitrogen application and to optimize mulching techniques while maximizing the

yield and quality of the fruits. This research was focused on i.) the impact of various

mulching treatments on physical and chemical soil parameters, ii) the impact of these

mulching treatments on the plant development, and the yield and quality of the fruits, and

iii) the impact of banded nitrogen fertilization on the plant development, the yield and

quality of the fruits, and of the interaction of mulching techniques and nitrogen

fertilization.

Field experiments were established between 1994 and 1997 with the cvs. Petrina and Mars

at Waedenswil (sandy loam, 1400 mm annual precipitation). The following interrow

systems ofmanaging ground were compared at a moderate rate ofN fertilization (3 x 20

kg N/ha): Bare ground, black and white water-permeable Mypex films, straw added after

planting and living mulch of a non winterhardy white clover accession sown after

planting. In the two latter systems, the rows were covered by bands of water-permeable

black polyethylene plastic film, 30 cm wide. In bare ground experiments, strip nitrogen (N)

applications onto the planting lines were compared at the following rates: 0 or 10, 20, 30

and 40 kg N/ha applied 3 times, two weeks after planting, at the beginning of growth in

early spring, and at the beginning of flowering. The treatments 0, 3 x 20 and 3 x 40 kg

N/ha were also compared within the interrow mulching treatments using black Mypex

films, straw mulch in 1994/95, 1995/96, and the slowly growing white clover in 1995/96.

Complete randomized block designs with ground cover management and nitrogen

fertilization as combined factors were used (four replicates). Soil temperature, moisture

and dynamics of spatial mineralised nitrogen (Nmin) were measured during the crop

development. Vegetative crop development parameters such as runner formation after

planting, leaf area per plant and total shoot dry matter after harvest were measured.

Moreover concentrations of total N and nitrate in the leaf blades, yield, fruit size, and fruit

quality parameters, such as soluble solids, titratable fruit acid, fruit firmness and shelf life

were assessed.

Black Mypex films accelerated soil warming in the spring. In the other mulching systems,

the temperature of the soil increased more slowly, which makes them unsuitable for

conditions under which red stele and black root rot infection thrive. Black and white

Mypex films affected Nmin values to varying degrees compared to the control treatment

with bare ground. Winter straw mulch seemed to reduce nitrogen leaching to the greatest

extent in the interrow area in winter on sites with increased Nmin concentrations. The white
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clover mulch treatment decreased N availability in the planting year.

Ground cover management had a slight effect on leaf area development in contrast to

runner formation after planting. Straw and living clover mulches reduced runner and

flower formation, which may be due to the effects of shading. Moreover, both natural

mulches mostly decreased the fruit yield of cv. Petrina. The fruit yield of cv. Mars was

affected to a lesser extent by these mulches. The white Mypex film reduced runner

formation compared to the black sheets, while the number offlowers increased, suggesting

that flower bud initiation may begin earlier as a result of lower temperatures on and under

the white sheets. Fruit yield was not significantly affected by the colour of the plastic

mulches. Fruit size was affected to a slight extent by the tested ground cover management

treatments. Straw and living clover mulch generally caused an increase in the soluble

solids.

In the various mulch treatments, the interactions between N fertilization and the ground

cover management systems were usually insignificant. The parameters of the vegetative

crop development responded differently to rates of nitrogen application, depending on the

apparent Nmm values after planting in each experimental year and during the following

harvest year. For instance, runner formation after planting and leaf development were

enhanced by increasing the rates of nitrogen fertilization (cv. Petrina) when the Nmm was

low after planting (1994/95), while at high Nrain values after planting (1995/96), N

fertilization hardly affected leaf area, and runner formation even decreased. Very high rates

of nitrogen inhibited the vegetative growth, causing salt stress-like symptoms on the

leaves. In the year with low Nmin values after planting, the rates of nitrogen application

had no effect on the generative growth (flower formation), in contrast to vegetative

growth, suggesting that it is a weak sink for nitrogen. Fruit yield and fruit size of the tested

varieties did not usually respond to N fertilization. The concentration of nitrate in the leaf

blades, as assessed during flowering, showed a positive response to N fertilization. Quick

leaf nitrate tests seem to be useful for assessing the momentary nitrogen requirements of

strawberry plants in the harvest year when nitrogen demands are high. The nitrogen

demand values must still be determined for the most important cultivars. Fruit quality

(soluble solids and firmness) was negatively affected by the highest rate of nitrogen

application. It is concluded that low nitrogen rates, applied in the harvest year, are

sufficient for crop development and to achieve the desired fruit quality by strip application

of N to the rows. Optimally, the rates should be adapted to the predominant Nmm values

in the respective year.

Based on these studies, black and white plastic mulches are recommended under temperate

climatic and sandy loam conditions for optimizing crop development and fruit quality. In

contrast, interline straw and living white clover mulches that are not winterhardy seem to

have a detrimental effect on crop development in flat strawberry planting systems under

the studied agroecological conditions. It is concluded that moderate N applications

directed to the rows, in the harvest year, lead to the desired yield and quality of

strawberries.
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Zusammenfassung

Im Schweizer Erdbeeranbau wird die Anbautechnik laufend an die sich verändernden

ökologischen und ökonomischen Rahmenbedingungen und Anforderungen angepasst.

Gegenwärtig steht die vermehrte Anwendung von alternativen Bodenpflegemassnahmen,

die eine Reduktion des Herbizideinsatzes erlauben, zur Diskussion. Breite Erfahrungen

bezüglich der Eignung von verschiedenen Mulchmaterialien für Erdbeerkulturen unter den

Anbaubedingungen der Deutschschweiz fehlen noch weitgehend. Im Hinblick auf die

Verringerung der Nitratauswaschung ins Grundwasser, sollte die Stickstoffdüngung auch

in Erdbeerkulturen nach dem Vorbild von anderen Reihenkulturen als Reihendüngung

durchgeführt werden.

Die Hauptziele der im Folgenden beschriebenen Untersuchungen waren die Abklärung

der Eignung von alternativen Bodenpflegemassnahmen in Erdbeerkulturen auf sandigen

Lehmböden und unter gemässigten Klimabedingungen und die Reduktion der

Stickstoffdüngung bei gleichzeitiger Optimierung des Fruchtertrages und der

Fruchtqualität.

Die Forschungsarbeiten wurden in die folgenden Teiluntersuchungen gegliedert: Abkärung

des Einflusses von verschiedenen Mulchverfahren i.) auf physikalische und chemische

Bodenparameter, ii.) sowie auf die Pflanzenentwicklung, die Ertragsbildung und die

Fruchtqualität, iii.) Im weiteren wurden die Beeinflussung der Pflanzenentwicklung, der

Ertragsbildung und der Fruchtqualität durch unterschiedliche als Reihendüngung

ausgebrachte N-Düngungsstufen sowie Interaktionen zwischen der Bodenpflege und der

Stickstoffdüngung abgeklärt.

Die Feldversuche wurden zwischen 1994 und 1997 am Standort Wädenswil durchgeführt

(sandiger Lehm, durchschnittiche jährliche Niederschlagsmenge 1400 mm). Als

Versuchsorten wurden die beiden einmaltragenden Sorten Petrina und Mars verwendet.

Die folgenden Bodenpflegeverfahren wurden bei einer mittleren N-Düngungsstufe von 3

im Kulturverlauf ausgebrachten Gaben von 20 kg N/ha geprüft: Offener Boden,

ganzflächig ausgelegtes schwarzes und weisses wasserdurchlässiges Mypex-

Bändchengewebe, im Zwischenreihenbereich nach der Pflanzung ausgebrachtes Stroh

sowie ein nach der Pflanzung im Zwischenreihenbereich eingesäter nicht winterharter

Weisskleetyp. Bei letzteren beiden Verfahren wurden die Pflanzreihen mit einem 30 cm

breiten Band von schwarzer, wasserdurchlässiger Polyethylen-Mulchfolie abgedeckt. In

einem weiteren Versuch wurden auf offenem Boden im Kulturverlauf Stickstoff-

Reihengaben von 0,10, 20, 30 und 40 kg N/ha gesamthaft dreimal zu folgenden Terminen

ausgebracht: Zwei Wochen nach der Pflanzung, bei Wachstumsbeginn im Frühjahr sowie

bei Blübeginn. Um allfällige Wechselwirkungen zwischen der N-Düngung und der Art der

Bodenpflege abzuklären wurden die 0, 3 x 20 und 3 x 40 kg N/ha Stufen zusätzlich auf

schwarzem Mypex-Bändchengewebe, auf Strohmulch (1994/95 und 1995/96) und bei

einer Zwischenreihenbegrünung mit Weissklee (1995/96) geprüft. Sämtliche

Einzelverfahren und Bodenpflege x N-Düngungs-Kombinationen wurden zufallig in vier

Wiederholungsblöcken angeordnet. Im Kulturverlauf wurden die Bodentemperatur, die

Bodenfeuchtigkeit
unddieDynamikdesmineralisiertenStickstoffs(Nmin)gemessen.DiePflanzenentwicklungwurdeanhandderBildungvonAusläufernanschliessendan

die
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Pflanzung, der gesamten Blattfläche je Pflanze im Entwicklungsverlauf und der

Trockenmasse des Sprosses bei Ernteende beurteilt. Im Weiteren wurden die Gehalte des

Gesamt-Stickstoffes und des Nitrates in der Blattspreite gemessen. Erhoben wurden

ausserdem die Blütenbildung, der Fruchtertrag und das durchschnittliche

Einzelfruchtgewicht. Verschiedene Qualitätsparameter wie die Gehalte an löslicher

Trockenmasse und titrierbarer Säure sowie die Festigkeit und Haltbarkeit der Früchte

wurden bestimmt.

Schwarzes Mypex-Bändchengewebe beschleunigte die Bodenerwärmung im Frühjahr. Die

übrigen Mulchverfahren verzögerten hingegen den Temperaturanstieg im Boden, was an

Standorten mit einem Befallsdruck der Roten und Schwarzen Wurzelfäule das Auftreten

dieser Krankheitserreger fördern kann. Der Einsatz von schwarzem und weissem Mypex-

Bändchengewebe hatte verglichen mit dem Standard-Verfahren mit offenem Boden keinen

klaren Einfluss auf die Nmin-Gehalte im Boden. Nach der Pflanzung ausgebrachter

Strohmulch führte im Zwischenreihenbereich bis im folgenden Frühjahr zu einer klaren

Verringerung des Nmm-Gehaltes, was zu einer Reduktion der Nitratauswaschung im

Winterhalbjahr beiträgt. Die Weisskleeeinsaat verringerte die N-Verfügbarkeit nur im

Pflanzjahr.
Die geprüften Bodenpflegeverfahren hatten keinen unterschiedlichen Einfluss auf die

Blattentwicklung. Dagegen hatte die Beschattung durch den Strohmulch und die

Weisskleeeinsaat eine geringere Ausläufer- und Blütenbildung zur Folge. Ausserdem lag

der Fruchtertrag bei diesen beiden Bodenpflegeverfahren bei der Sorte Petrina wiederholt

tiefer als beim Kontrollverfahren mit offenem Boden. Ein Vergleich der beiden Verfahren

mit unterschiedlich gefärbtem Bändchengewebe ergab auf weissem Mulchgewebe eine

schwächere Ausläuferbildung bei gleichzeitig erhöhtem Blütenansatz als auf schwarzem.

Diese Beobachtung deutet auf eine frühzeitige Einleitung der Blütenknospenbildung auf

weissem Mulchgewebe hin. Dennoch war kein signifikanter Einfluss auf den Fruchtertrag

nachweisbar. Das Einzelfruchtgewicht wurde nur geringfügig durch die unterschiedlichen

Bodenpflegeverfahren beeinflusst. Dagegen führten Strohmulch und die Einsaat von

Weissklee im Zwischenreihenbereich wiederholt zu einer Erhöhung des Gehaltes an

löslicher Trockenmasse in den Früchten.

Während der beiden Versuchsperioden 1994/95 and 1995/96 traten kaum nennenswerte

Wechselwirkungen zwischen der Stickstoffdüngung und Bodenpflegestrategie in

Erscheinung. Die Stickstoffdüngung beeinflusste die Blattentwicklung und

Ausläuferbildung in den einzelnen Versuchsperioden in Abhängigkeit der im Boden

vorherrschenden Stickstoffmineralisierung unterschiedlich. So erhöhte die

Stickstoffdüngung die Ausläuferbildung nach der Pflanzung und das Blattwachstum bei

der Sorte Petrina in der Versuchsperiode 1994/1995, die durch tiefe Nmin-Gehalte im

Boden gekennzeichnet war. Dagegen hatte die Stickstoffdüngung keinen Einfluss auf den

Blütenansatz und den Fruchtertrag. Es kommt zum Ausdruck, dass die Ertragsbildung im

Gegensatz zur vegetativen Pflanzenentwicklung wenig auf die Düngung mit Stickstoff

anspricht.
In der Versuchsperiode 1995/1996 beeinflusste eine Steigerung der Stickstoffdüngung die
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Blattfläche bei den vorherrschenden hohen Nmm-Gehalten nur geringfügig. Die

Ausläuferbildung nach der Pflanzung wurde durch die Stickstoffdüngung sogar verringert

und die Anfangsentwicklung der Jungpflanzen geschwächt, was vermutlich auf eine

vorübergehend überhöhte Salzkonzentration im Wurzelbereich zurückzuführen war.

Der Gehalt an Nitrat in den Blattspreiten wurde während der Blütezeit durch die

Stickstoffdüngung erhöht. Blattnitrat-Schnelltests können in Perioden, die durch eine hohe

Stickstoffaufnahme gekennzeichnet sind (Erntejahr), als Hilfsmittel verwendet werden, um

den momentanen Stickstoffbedarf der Erdbeerpflanzen zu erfassen. Blattnitrat-Sollwerte

sind für die wichtigsten im Anbau stehenden Erdbeersorten zu erarbeiten.

Qualitätseigenschaften, wie der Gehalt an löslicher Trockensubstanz in den Früchten und

die Fruchtfestigkeit wurden durch die höchste Stickstoffdüngungsstufe allgemein negativ

beeinflusst. Zusammenfassend kann festgehalten werden, dass bei der Ausbringung von

Stickstoffdüngern auf die Reihe nur tiefe Einzelgaben erforderlich sind, um die Ertrags¬

und Qualitätsbildung zu optimieren. Die Festlegung der Stickstoffgaben muss unter

Berücksichtigung der jeweils im Boden vorherrschenden Nmin-Gehalte erfolgen.

Aufgrund der vorliegenden Untersuchungen kann schwarzes und weisses Mulchgewebe

für Erdbeerkulturen in gemässigten Klimagebieten im Hinblick auf die Erzielung von

hohen Erträgen an Qualitätsfrüchten empfohlen werden. Im Gegensatz dazu können nach

der Pflanzung im Zwischenreihenbereich ausgebrachtes Stroh oder die Einsaat von nicht

winterhartem Weissklee zu Ertragseinbussen führen. Hinsichtlich der Stickstoffdüngung

kann festgehalten werden, dass zur Erzielung von hohen Erträgen an Qualitätsfrüchten

massvolle Reihengaben von Stickstoff im Erntejahr optimal sind.
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1. General Introduction

In Switzerland, producers of strawberries still frequently use herbicides to control weeds.

The application ofherbicides may be related to a number ofproblems, such as soil erosion

(Lamont, 1994; van Vliet et al., 1997) and leaching of herbicides to deeper soil layers

(Niggli and Potter, 1988). Furthermore, herbicides have a negative effect on the

development of strawberry plants (Smeda and Putnam, 1988). Hence, in the integrated

production of small fruits, reducing herbicide input is a central goal (Labhart, 1994). As

in vegetable production (Fritz and Stolz, 1989), the use of different types of mulches to

prevent the sprouting of weeds and to avoid the use of herbicides and additional man-

hours for hoeing is gaining interest in strawberry production. Furthermore, organic

mulches such as straw and living cover crops are being discussed as alternatives for plastic

mulches.

Mulches affect physical and chemical soil parameters (Farias-Larios et al., 1994).

Generative development of strawberry plants may respond to alterations in growth

parameters (Naumann and Seipp, 1989). Durner et al. (1984) point out that the induction

of the formation of buds of strawberries is controlled by temperature. The formation of

inflorescences may be hindered by high temperatures (Wahdan and Waister, 1984), while

the formation of runners often increases (Proebsting, 1957). Hence, testing cropping

systems and different types of mulches with regard to their effects on the vegetative and

generative development of strawberry crops is necessary before alternative ground cover

management systems can be recommended to Swiss strawberry growers.

N fertilization may affect ground water because of the possible leaching of fertilizer N by

precipitation (Traenkle, 1994) and irrigation (Langford, 1991). Most Swiss strawberry

growers still broadcast mineral N fertilizer to their strawberry crops. Quast (1996) points

out that the leaching of nitrate in row crops can be reduced when the planted rows only are

supplied with nitrogen by directed strip applications. Not much is known about optimum

rates of banded N fertilizer applications to strawberry crops on sandy loams, found in

Switzerland. Although the cost of N fertilization is of secondary importance from an

economical point of view (Staehli, 1998), the final performance of the strawberry crop

may depend to a large extent on an adequate input of N fertilizers. According to the

literature, N fertilization may affect the yield and fruit quality of strawberries (Naumann

and Seipp, 1989).

The objectives of the present investigations were to study:

a.) the effect of different mulches in the production of strawberries in the field on physical

soil parameters to assess the suitability of the mulches for strawberry crops on sandy loams

under very wet conditions. Moreover the response ofN availability to different ground

cover management systems was assessed to clarify whether the applied rates of N

fertilization must be adjusted and to determine the extent to which different mulches

reduce nitrate leaching under the above-mentioned conditions.
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b.) the response of vegetative plant development, fruit yield and fruit quality parameters of

strawberries to different ground cover management systems.

c.) the N fertilization requirements of strawberry plants, for the purpose of developing a

minimum N fertilization strategy with a maximum yield and quality of the fruit.

Additionally the suitability of leaf analyses to assess the N requirements of strawberry

plants during the crop development was evaluated.

References:

Durner, E.F., Barden, J.A., Himmelrick, D.G., and Poling, E.B., 1984: Photoperiod and temperature effects

on flower and runner development in day-neutral, Junebearing, and everbearing strawberries. Journal ofthe

American Society for Horticultural Science 109, 396-400.

Farias-Larios, J., Orozco, M., Guzman, S., and Aguilar, S., 1994: Soil temperature and moisture under

different plastic mulches and their relation to growth and cucumber yield in a tropical region.

Gartenbauwissenschaft 59, 249-252.

Fritz, D., and Stolz, W., 1989: Gemüsebau. Ulmer Verlag, Stuttgart, pp. 379.
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Beerenobstanbau, Ausgabe 1994. Schweiz. Obstverband, Zug, 21-22.
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An American Society for Horticulture Science Seminar 28-29 September 1994, Lexington, Kentucky, 3-5.
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2. The impact of ground cover management on soil parameters

2.1. Introduction

In Switzerland the interline area of strawberry crops traditionally is tilled by rotatory hoe,

which may cause damage to the soil structure or may injure the strawberry roots (Naumann

and Seipp, 1989). A high number of man-hours is needed for hoeing, depending on the

prevailing weed population (Staehli, 1998). Today various herbicides are registered for

chemical weed control in strawberry crops in Switzerland (Baumann and Ançay, 1998),
which prevent or reduce the growth of most annual weeds (Kolbe, 1982). Heavy rainfall

may leach herbicides to deeper soil layers (Niggli and Potter, 1988) and finally into the

groundwater. Furthermore, uncovered soil is subjected to erosion, which may result in a

considerable loss of soil (Lamont, 1994; van Vliet et al., 1997). Both soil- and foliage-

applied herbicides may negatively affect the development of strawberry plants, in

particular after planting (Smeda and Putnam, 1988). For these reasons mulches, as

alternatives to chemical and mechanical weed control, are gaining in importance in

sustainable strawberry cropping systems.

Compared to uncovered soil, the availability of water and nutrients may be improved by

plastic mulches (Seitz, 1985). Imhof and Schwaninger (1999) found an increased

availability of nitrogen in the top soil layer (0 to 30 cm) of cauliflower plots mulched with

black Mypex films. Such films have been used in the raised bed cultivation of different

fruit, vegetable and ornamental crops (Seitz, 1985). They contribute to steadier, more

pronounced increases in soil temperature. White plastic mulches are also used in nurseries

and with ornamental crops (Seitz, 1985). The colour of the plastic mulch affects soil

temperature (Hatt Graham et al., 1995), which, in turn, may affect the risk of infection by
root and crown diseases of strawberry plants (Maas, 1998). N mineralization is quite

responsive to changes in soil temperature (Scheffer and Schachtschabel, 1984). Therefore,

soil N availability may be affected by the colour of the plastic.
Natural mulching materials, such as straw or living intercrops, could be used as organic
mulches on the interrow area in strawberry crops. Langford (1990) reports that straw

mulch in berry fruit crops provides good weed control and maintains soil moisture. In

apple orchards, there are indications that straw mulch or living cover crops may affect the

availability of water and nutrients (Merwin and Stiles, 1994; Weibel, 1995). Gut et al.

(1990) found increased microbial activity in rows of trees mulched with straw or bark

compared to rows treated with soil-applied herbicides.

Perret et al. (1989) observed a marked decrease in N availability in vineyards planted with

oil radish (Raphanus sativus L.). This was due to the N uptake by this fast growing cover

crop. Living mulch in orchards accumulates available soil N, therefore contributing to

decreased Nmjn contents (Rupp, 1993). Thus, a living mulch of Italian ryegrass between

maize rows efficiently reduced the risk of nitrate leaching during the cool season

(Garibay, 1996). However, strawberries are quite sensitive to shading by other plants

(Ferrée and Stang, 1988). For this reason intercrop species should be slow-growing.
The objective of these experiments was to investigate the direct and indirect effects of

mulching systems on soil parameters and, as a result, on the plant development and the

quantity and quality ofthe strawberry yield. This chapter deals with physical and chemical
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soil parameters such as soil temperature, soil moisture and N availability. The impact of

mulching systems on growth and fruiting will be presented in the chapters below.

2.2. Materials and methods

Experimental site and climatic conditions

The field experiments were conducted in Waedenswil, near Zurich in 1994/95, 1995/96,

and 1996/97. The soil was a sandy loam, selected soil parameters are presented in Table 1.

The levels of phosphorus, potassium and magnesium were assessed by gravimetric reserve

extraction (1:10) with ammoniumacetate-EDTA (Gysi et al., 1997). The concentration of

available N (Nmin) was determined by volume extraction (1:2) (Gysi, 1988). The Nmin

values at planting were between 59 and 106 kg N/ha (0 to 30 cm soil horizon). The

availability of phosporus, potassium and magnesium before fertilizer application was

moderate to sufficient (Table 1). The experimental sites had been previously planted with

oil radish (Raphanus sativus L.).

The 40-year average data characterise the site climatically as follows: Annual precipitation

1365 mm, annual sunshine duration 1411 hours, average mean temperature 9.0 °C. For

monthly precipitation and average air temperature data see Table 2 (for detailed daily

weather data see annex Figs A.l to A.6).

Table 1 : pH values and nutrient availability in the top soil (0 to 30 cm) at planting: P, K, Mg (gravimetric

reserve extraction (1:10), Nmm (volume extraction (1:2)).

Experimen¬
tal period

—.. v /; ^.mm v

Organic
matter (%)

pH (H20) P

mgkg'
dried soil

K

mgkg1
dried soil

Mg

mgkg'
dried soil

Nmln
micromol 1 '

1994/95

1995/96

1996/97

40

33

39

74

61

77

28

21

24

76

145

69

88

246

101

720

1293

1098

Table 2: Monthly precipitation (mm) and average air temperature (°C) in the three experimental seasons.

Precipitation Average air temperature

Month 1994/95 1995/96 1996/97 1994/95 1995/96 1996/97

August 251 204 167 19 5 173 166

September 141 134 70 14 1 12 1 112

October 107 5 149 93 12 5 95

November 65 84 168 81 39 49

December 158 176 68 35 04 04

January 149 7 15 -0 2 -0 1 -14

February 144 84 87 47 -0 3 40

March 138 41 46 36 32 73

April 127 30 103 90 95 78

May 179 153 66 13 0 12 5 13 5

June 178 100 200 14 7 175 159

July 74 162 201 20 0 16 7 17 1
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Ground cover management systems

The following ground cover management systems were tested:

1.) Control treatment with bare ground: In the uncovered plots weeds were controlled

by manual hoeing within and between rows four weeks after planting, in late October,

early April, and late May.

2.) Plastic mulch treatment with black Mypex film: The plastic films were laid down

before planting the strawberries. Since the strawberries were planted into small plant holes,

the entire area was covered.

3.) Plastic mulch treatment with white Mypex film: Same procedure as for 2.)

4.) Straw mulch treatment: The strawberries were planted into strips of microperforated
black PE plastic film (30 cm wide). Two weeks after planting wheat straw (15 t ha"1 ) was

spread between the rows. Weeds and volunteer wheat on the area between the rows, which

were not covered by plastic film, were killed by applying 6 1 ha"1 Basta® (18%

Glufosinate) between mid-March and early April.

5.) White clover mulch treatment: The strawberries were planted into strips of

microperforated black PE plastic film of 30 cm width. Two weeks after planting the

strawberries, a slow-growing white clover {Trifolium repens L.) accession from New

Zealand, was sown manually between the plastic film strips at a rate of 5 g m"2. Surviving
white clover plants and weeds were killed in the following year by applying 6 1 ha"1 Basta®

(18% Glufosinate) between mid-March and early April.

Management of the strawberry crop

The oil radish was cut down and chopped with a mulching machine in early July. Then the

experimental sites were ploughed to a depth of 30 cm. One week before planting, the fields

were harrowed. The nutrients P, K, and Mg were applied broadcast before harrowing at the

following rates: 30.5 kg P ha"1, 124.5 kg K ha"1, and 15 kg Mg ha"1. The strawberries were

planted at a density of 3.3 plants m"2on 12 August 1994, 10 August 1995, and 5 August

1996. The plots were 3 m wide and 6 m long; the rows were spaced at intervals of 1 m.

Due to the hot and dry weather conditions prevailing in August 1995 the strawberries were

irrigated by sprinklers on 11 August, 14 August, and 17 August at a rate of 200 m3 ha"1. In

1994 and 1996 no additional irrigation was needed after planting.

Plots were fertilized with nitrogen at a moderate N fertilization rate of 3 x 20 kg N/ha

applied to the rows two weeks after planting, at the beginning of growth in early spring
and at the beginning of flowering. In 1994/95 and 1995/96 interactions were studied

between ground cover management systems and N fertilization by applying 0, 3 x 20
,
and

3 x 40 kg N/ha at the control, on black Mypex film, straw mulch and white clover mulch,

the latter treatment was tested in 1995/96 only.

Physical soil parameters

In 1997, the soil temperature was monitored between the rows (50 cm apart) at a depth of

10 cm by stationary temperature detectors (Hotdog DH2, ELRPO, Buchs, Switzerland)

from early spring to the beginning of flowering. Temperature readings were conducted

automatically at intervals of one hour. In 1995 and 1996 temperature readings were taken

in the rows and at a distance of 50 cm from the rows once a week in the morning (between

07:00 and 09:00) and in the afternoon (between 13:00 and 15:00) by means of a mobile

temperature detector (Testo 110, Lenzkirch, Germany). Three point readings were
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averaged and considered as one value per plot.

In early November of the planting year 1995 and in late April ofthe harvest year 1996, soil

samples were collected from the rows, at distances of 25 cm and 50 cm from the rows in

the soil layers 0 to 30 and 30 to 60 cm to assess the gravimetric soil moisture. Fresh weight

was determined before the samples were dried in a drying cupboard at 180 °C for 48 hours.

Relative soil moisture was calculated from dry and fresh weight.

Nmin soil analyses

Available mineral nitrogen (Nmin) was determined by collecting soil samples at three

locations, namely within rows, and at distances of 25 and 50 cm from the rows. Five

separate samples in two soil layers (0 to 30 cm and 30 to 60 cm) were taken per plot with

an auger (diameter 3 cm) and mixed to one sample per plot, location, and layer. Samples

were collected in late summer (mid to late September), late autumn (early November), at

the beginning of growth (mid-March to early April), before flowering (late April), after

flowering (late May), and immediately after the harvest (mid-July). Samples were

processed as described above. Nmin in the samples was extracted according to the volume

extraction method (1:2) as described by Gysi (1988). Concentrations of nitrate and

ammonium in the filtrates were measured by an autoanalyzer (Skalar analytical, Breda,

The Netherlands).

Experimental design and statistical analysis

Plots of ground cover management systems were arranged in a randomized complete block

design with four replicates. Analyses of variance were conducted for all traits by means of

the Widas Statistical Software Package. Treatment effects were considered to be

significant if p < 0.05. LSD05 values are presented if F-tests were significant at P < 0.05.

2.3. Results

2.3.1. Soil temperature

During phases of increasing temperature in spring, straw mulch considerably delayed soil

temperature increase compared to the control (Fig. 1). On the other hand, the straw mulch

also delayed the decline of soil temperature as air temperature decreased, e.g. during the

frost nights in April 1997. Similar findings were reported for the interrow area; non-

stationary temperature readings were made weekly in spring (Table 4). During this period

soil temperatures between the rows in the morning were significantly higher under straw

mulch than in bare ground. Morning-afternoon differences of soil temperatures between

the rows were significantly lower under straw mulch than in bare ground (Table 4).

Diurnal fluctuations in the soil temperature were reduced by straw mulch to a considerable

extent (Fig. 2). Diurnal variations in the soil temperature in the interrow area were more

pronounced than in the rows (Tables 4 and A.2).

Similar to straw mulch, white clover mulch after overwintering also tended to delay

temperature increases between the rows, although to a much lower extent (Tables 3 and 4).

Compared to the control (bare ground), these differences were significant only until early

April; as the dead white clover mulch decomposed, temperature differences decreased.
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Fig. 1 : Daily average soil temperature with different ground cover management systems,

from A: March 20 to April 15 1997 and B: April 16 to May 15 1997, at a depth of 10

cm between rows (50 cm apart), (means of 2 sensors per ground cover management system).
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Fig. 2: Diurnal soil temperature with different ground cover management systems on

March 31 1997 from hourly readings between rows (50 cm a part), (mean values

of two sensors per ground cover management system).

Under black Mypex film, soil temperatures between the rows generally increased in the

morning (7:00 to 9:00) in relation to the control (Tables 3 and 4), whereas the differences

had disappeared between 13:00 and 15:00, sometimes resulting in even lower

temperatures. Figure 2 however shows, that the main increase in temperature as a result of

the black plastic mulch did not occur until the late afternoon. Thus, the higher

temperatures in the early morning were related to a residual effect, whereas the

temperature readings in the early afternoon were made when differences in temperature

were small.

A comparison of the white and black Mypex film showed that the white plastic mulch

usually delayed increases in soil temperature between the beginning of growth and the

beginning of flowering in both experimental periods.The soil temperature between the

rows was significantly lower under the white plastic mulch than in bare ground (Tables 3,

4 and, Fig. 1).
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Table 3: Impact of different ground cover management systems on soil temperatures (° C) at a depth of 10

cm between rows (50 cm apart) in 1996,

Ground cover management March 28 April 10 1996 April 19 1996 May 8 1996

system 1996

Afternoon Morning Afternoon Morning Afternoon Morning

Bare ground 65b 68d 129a 84c 166a 13 2 b

Black Mypex film 67a 74a 12 3 a 92a 154b 13 8 a

White Mypex film 63c 70c 109b 87b 13 4 c 13 4 b

Straw mulch 57d 67d 91 c 83c 104d 126c

White clover 64b 7 lb 115b 90a 156b 134b

LSD (P < 0 05) 01 01 06 02 06 04

Morning = between 7 00 and 9 00, Afternoon = between 13 00 and 15 00

Temperature readings by mobile handheld temperature sensor at one week intervals Means of 4 plots with 3 averaged point readings

per plot Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table 4: Impact of different ground cover management systems on soil temperature ( °C) at a depth of 10 cm

between rows (50 cm apart) in 1997.

a.) Temperature in the morning (7-9 a.m.) and in the afternoon (13-15 p.m.).

Ground cover

management

system

March April

11 17 25 1 8 26

Mor¬

ning

After¬

noon

Mor- After

nmg noon

Mor¬

ning

After¬

noon

Mor¬

ning

After¬

noon

Mor- After-

nmg noon

Mor¬

ning

After¬

noon

Bare ground 48b 98a 63c 12 5a 56c 73a 57c 12 9a 35e 10 5a 114b 16 3a

Black Mypex film 56a 91b 71a 116b 62a 72 ab 65a 12 2b 53b 96b 119a 15 7a

White Mypex film 48b 75d 65b 99d 57b 63d 54d 95c 47c 79c 112b 13 1b

Straw mulch 55a 68c 72a 91c 62a 66c 62b 88d 57a 76c 114b 12 6b

White clover 54a 82c 71a 10 8c 62a 70b 61b 119b 44d 10 3a 117a 16 0a

LSD (P<0 05) 03 04 02 05 01 03 02 06 03 04 03 06

b.) Difference between morning and afternoon measurement.

Ground cover March April

management

system
11 17 25 1 8 26

Bare ground 50a 62a 17a 72a 70a 49a

Black Mypex film 35b 45b 10b 57b 43c 38b

White Mypex film 27c 34c 0 6 cd 41c 32d 1 9c

Straw mulch 13d 1 9d 04d 26d 19e 1 2d

White clover 28c 3 8c 0 8 be 58b 59b 4 3 ab

LSD (P< 0 05) 06 06 03 06 05 07

Temperature readings were made by handheld temperature sensor at one week intervals Means of 4 plots with 3 averaged point

readings per plot Values in the same column with the same letter are not significantly different at P < 0 05 (LSD-test)
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2.3.2. Soil moisture

In late autumn 1995, soil moisture responded only slightly to the different ground cover

management systems (Table 5). Significant effects were detectable only in the top soil

layer of the rows; for this reason data from the 30 to 60 cm soil layer are not presented.

The bare ground system had a significantly lower soil moisture content at 0 to 30 cm than

soil covered by black or white Mypex films (Table 5). Moreover, soil samples collected

from the rows of control plots with bare ground tended to be slightly drier than those

collected from the rows covered by strips of black plastic film used in the straw mulch and

living clover mulch treatments.

In the succeeding spring of 1996, control plots with bare ground had a significantly lower

moisture content in the top soil layer ofthe rows compared to ground covered by different

types of mulches (Table 6). The case was similar between the rows (25 cm apart). At this

location the straw mulch treatment exhibited the highest soil moisture content, but black

and white Mypex film and white clover also led to an increase in soil moisture compared

to the control treatment with bare ground. 50 cm from the rows straw mulch and white

Mypex film maintained significantly higher soil moistures contents in comparison to the

control.

Table 5: Impact of different ground management systems on gravimetric soil moisture content in the top soil

layer (0 - 30 cm) in and between the rows (25 and 50 cm apart) on November 1 1995.

Ground cover management

system

Soil moisture (%) within

rows

Soil moisture (%) between

rows (25 cm apart)

Soil moisture (%) between

rows (50 cm apart)

Bare ground 27 4 c 28 8 27 5

Black Mypex film 31 2 ab 30 5 29 3

White Mypex film 32 4 a 30 9 29 4

Straw mulch 29 1 be 31 8 30 2

White clover 29 1 be 31 0 29 3

LSD ( P < 0 05) 29 n s n s

Values m the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table 6: Impact of different ground cover management systems on gravimetric soil moisture in the top soil

layer (0 - 30 cm) in and between the rows (25 and 50 cm apart) on April 26 1996.

Ground cover management Soil moisture (%) within Soil moisture (%) between Soil moisture (%) between

system rows rows (25 cm apart) rows (50 cm apart)

Bare ground 24 0 b 25 3 c 26 2 c

Black Mypex film 28 9 a 29 8 b 28 8 be

White Mypex film 28 0 a 312b 31 5 ab

Straw mulch 28 0 a 33 5 a 34 6 a

White clover 28 3 a 30 0 b 29 0 be

LSD (P < 0 05) 20 20 36

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

2.3.3. N availability

In rows with strip N application (3 x 20 kg N/ha), N availability was greater than between

the rows (Fig. 3, 1996/97). It is obvious that ground cover management systems changed
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nitrogen availability, especially in the rows, with lowest values for organic mulches and

highest values for black Mypex film, both before and after winter in 1996/97.

The effect of different rates of N fertilization on the Nmin concentration in the rows was

generally significant. However, these results are not reported here, because they add

nothing to our understanding of the nitrogen dynamics in the soil. Interactions between

ground cover management and rates of N fertilization were not significant with a few

exceptions.

Planting year

Within rows

Effects of ground cover management systems on the Nmin concentration varied

considerably in 1995/96 and 1996/97; some tendencies were evident. Black Mypex film

increased Nmin values in the rows in the late summer of 1996 not only compared with

white Mypex film, but in comparison to all other treatments (Table 7, Fig. 3). The

comparison of both experimental periods showed that the values were, on average, much

higher in 1996. Organic mulches showed similar values in both experimental years, with

the highest values in the late summer of 1995 and the lowest values in the late summer of

1996 compared to the other ground cover management systems.

In both experimental years Nmm analyses in the rows revealed minor effects of the ground

cover management systems on N availability in late autumn (Table 8). In late autumn in

1995, the white Mypex film and the living clover mulch treatment led to lower Nmin

concentrations in the 30 to 60 cm soil layer in the rows than the black Mypex film and the

straw mulch treatment.

The experiment with different N rates revealed additional findings. Rows with strips of

black plastic film in the straw mulch treatment showed increased Nmin concentrations in

the top soil layer in the late summer of 1994 and 1995 (Annex Table A.7). While the

straw mulch treatment also had the same effect later in 1995 (Table A.8), this was not the

case in 1994. Although the rows were covered with black plastic film both in the straw and

the living white clover treatment, the white clover treatment tended to decrease the

availability ofN in the top soil layer in the rows in the late autumn of 1995.

Between rows (25 cm apart)

In the late summer of 1995, both the living white clover and the straw mulch treatment had

significantly lower soil Nmin concentrations in the 0 to 30 cm layer than the black Mypex

film treatment (Table 7), which had a significantly higher Nmm concentration than the

control in late summer and late autumn in 1994 and 1995 (Annex Tables A.7 and A.8). In

the late autumn of 1995, the white clover mulch exhibited lowest values compared with

bare ground and both Mypex film treatments (Table 8). On the other hand, the effect of the

straw mulch on N availability had disappeared by this sampling date.

In 1996, the white clover developed only a small leaf canopy and, presumably as a

consequence, did not statistically decrease N availability in the top soil layer adjacent

to the rows (Tables 7 and 8). Only at depths of 30 to 60 cm Nmin concentrations were
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3500

Sept 24 Nov 7 March 10 April 8 May 27 July 9

-a Bare ground -* Black Mypex film -v White Mypex film

Straw mulch -eWhite clover

Fig. 3: Nmm concentration in the 30 cm top soil layer with different ground

cover management systems measured within and between rows (50 cm apart)
at aN fertilization rate of 3x20 kg N/ha during 1996/1997. Vertical bars re¬

present LSD (P < 0.05) values, if values of a particular date were significantly
different.
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Table 7: Nmin concentration (micromol/1) at different locations relative to the row in late summer after

planting, with different ground cover management systems at a N fertilization rate of 3 x 20 kg N/ha.

September 27 1995 September 24 1996Ground cover

management

system Within row Between row

(25 cm apart)

Within row Between row

(25 cm apart)

0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60

cm cm cm cm cm cm cm cm

Bare ground 1099 abc 1003 494 ab 911a 2081 be 989 1372 a 846

Black 905 be 1035

Mypex film

723 a 951a 3100 a 776 1795 a 1120

White 619 c 758

Mypex film

522 ab 706 ab 2381b 539 2155 a 525

Straw mulch 1546 a 1267 382 b 674 ab 1724 c 893 356 b 245

White clover 1389 ab 1223 307 b 501 b 1480 c 623 1328 ab 832

LSD

(P < 0 05)

578 267 258 616 988

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table 8: Nmin concentration (micromol/1) at different locations relative to the row in late autumn after

planting, with different ground cover management systems at a N fertilization rate of 3 x 20 kg N/ha.

Ground

cover

manage¬

ment

system

November 1 1995 November 7 1996

Within row Between row Between row Within row Between row Between row

(25 cm apart) (50 cm apart) (25 cm apart) (50 cm apart)

0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60

cm cm cm cm cm cm cm cm cm cm cm cm

Bare

ground

541 795 be 527 ab 613 ab 441 be 642 ab 648 536 636 a 671 a 623 693 a

Black 715 875 ab 649 ab 777 a 581b 816 a 402 592 669 a 692 a 590 543 ab

Mypex film

White 563 535 c 809 a 812 a 759 a 752 a 459 622 763 a 575 a 468 386 be

Mypex film

Straw 905 1078 a 447 be 644 ab 337 cd 449 be 544 672 177 b 425 ab 272 497 be

mulch

White

clover

647 581c 239 c 400 b 227 d 263 c 626 621 499 a 383 b 469 318 c

LSD

(P < 0 05)

ns 255 285 276 162 241 ns ns 266 190 ns 182

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)
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significantly lower in late autumn compared to the control and to both Mypex film

treatments (Table 8). In contrast, the straw mulch significantly decreased Nmin values in

the top soil layer compared to the control and both Mypex film mulches in the late summer

of 1996 (Table 7) and in the late autumn of 1996 (Table 8).

Between rows (50 cm apart)

Similar to the situation found 25 cm from the rows, white clover mulch tended to lead to

lower Nmin values compared to the other treatments in the late autumn of 1995 (Table 8).

Straw mulch tended to decrease Nmm values as well.

In late autumn in 1996 white clover mulch significantly decreased N availability at depths

of 30 and 60 cm compared to the control and the black Mypex film treatment (Table 8).

Moreover, the straw mulch tended to decrease Nmm.

Harvest year

Within rows

At the beginning of growth in early April 1996, no significant effects of ground cover

management systems on the Nmm concentration were detected in the top soil layer in the

rows (Table 9). In spring 1997, the development of the strawberry plants started earlier

than in the previous year. Therefore, the first soil samples were collected on an earlier date

too. As in the previous year, no significant effects of ground cover management systems

on N availability were found in the rows (Table 9).

Four weeks after the first N application in the harvest year, in both experimental seasons

Nmin concentrations were lowest in the top soil layer under the strips of black plastic film

used in the straw mulch and in the white clover mulch treatments (Table 10). In 1996, the

white Mypex film treatment increased Nmin concentration in the rows compared to the

control (Table 10). Black Mypex film also tended to increase Nmin values in both soil

layers in the planting row (Table 10), as confirmed by a further experiment in 1995 (Table

A. 10).
At flowering, four weeks after the second N fertilization in the harvest year, in 1996 and

1997, the differences in N availability in the top soil layer of the rows among the different

ground cover management systems had disappeared (Table 11). Black Mypex film still

resulted in higher Nmin values in both soil layers in another experiment with different N

rates in 1995 (Table A. 11).

Between flowering and the end ofthe harvest in mid-July, Nmin concentrations in the rows

tended to decrease in both experimental periods, with the exception of the white clover

mulch treatment (data not shown).

Between rows (25 cm apart)

In both harvest years, the white clover mulch treatment resulted in a high N availability in

both soil layers four weeks after the first application of nitrogen, whereas the availability

ofN under the straw mulch was consistently low (Table 10).

The lower Nmm concentrations under straw mulch were corroborated by the results of the

experiment with differentN rates in 1995 and 1996 (Tab. A. 10). Most ofthese differences

had disappeared by flowering. In 1997, however, the high N availability under white

clover mulch persisted in the top soil layer (Tab. 11).
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Table 9: Nmin concentration (micromol/1) at different locations relative to the row shortly before the first

nitrogen application in the harvest year, with different ground cover management systems at a N fertilization

rateof3x20kgN/ha.

Ground cover

management

system

April 3 1996 March 10 1997

Within row Between row

(50 cm apart)

Within row Between row Between row

(25 cm apart) (50 cm apart)

0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60

cm cm cm cm cm cm cm cm cm cm

Bare ground 592 210 b 1012 a 277 a 508 292 486 443 686 a 520 s

Black Mypex 787 310 ab 660 ab 324 a 611 310 544 282 512 b 316 b

film

White Mypex
film

541 182 b 576 b 207 ab 503 277 522 311 490 b 299 b

Straw mulch 618 235 b 39 c 49 b 522 281 377 213 399 b 190 b

White clover 723 366 a 962 a 342 a 468 232 554 327 722 a 460 a

LSD ns 123 339 189 ns ns ns ns 111 126

(P < 0 05)

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table 10: Nmn concentration (micromol/1) at different locations relative to the row about 4 weeks after the

first application of nitrogen in the harvest year, with different ground cover management systems at a N

fertilization rate of 3 x 20 kg N/ha.

April 24 1996 April 8 1997Ground

cover

manage¬
ment

system Within row Between row Between row Within row Between row Between row

(25 cm apart) (50cm apart) (25 cm apart) (50 cm apart)
apart)

0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60

cm cm cm cm cm cm cm cm cm cm cm cm

Bare 1238 b 291 595 b 282 994 371 1502 a 776 641b 381b 912 a 583 a

ground

Black 1317 ab 429 890 ab 189 678 313 1524 a 537 528 b 313 be 510 b 338 b

Mypex film

White 1877 a 429 875 ab 215 581 214 1368 a 512 455 b 302 be 456 b 257 b

Mypex film

Straw 464 c 236 516 b 180 583 120 553 b 339 443 b 263 c 431b 225 b

mulch

White 646 c 441 1104 a 430 1208 326 538 b 275 1149 a 471a 995 a 533 a

clover

LSD 571 ns 374 ns ns ns 446 ns 229 79 151 149

(P < 0 05)

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)
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Table 11 : Nmm concentration (micromol/1) at different locations relative to the row at flowering, with

different ground cover management systems at an N fertilization rate of 3 x 20 kg N/ha.

Ground cover

management

system

May 28 1996 May 27 1997

Within row Between row

(25 cm apart)

Within row Between row

( 25 cm apart)

Between row

(50 cm apart)

0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60

cm cm cm cm cm cm cm cm cm cm

Bare ground 805 756 a 271a 153b 1401 433 512 ab 559 458 599 a

Black Mypex 1003 54 b 40 c 148 1111 474 217 b 200 318 231b

film

White Mypex 1117 305 b 70 be 260 1367 348 304 b 355 327 228 b

film

Straw mulch 511 302 b 72 be 568 996 439 252 b 196 282 148 b

White clover 397 299 b 166 b 676 359 876 a 401 554 641a

LSD ns

(P < 0 05)

403 101 ns 455 n s ns 272

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-Test)

Between rows (50 cm apart)

At the initiation of growth, straw mulch induced low Nmin concentrations in both soil

layers (Tables 9 and 10). In comparison to the control, the concentrations under the Mypex

films, especially the white film, were low but still higher than under straw mulch. Most of

these results were confirmed by the results of the experiment with different N rates in 1995

and 1996 (Tab. A. 10).

2.4. Discussion

2.4.1. Soil temperature

In our experiments, diurnal variations in the soil temperature in non-mulched plots were

more pronounced between than in the rows. Differences between ground cover

management systems were also more evident in the interrow area. This observation may be

due to the interception of solar and thermal radiation by the strawberry leaf canopy in the

rows. As the season progressed, Farias et al. (1994) and Ruppel and Makswitat (1996)

found that, in cucumber crops soil temperature under different types of mulches were

similar due to shading effects of the growing plant canopy. Compared to unmulched soil,

all mulching treatments showed less pronounced diurnal fluctuations in the soil

temperature as described also by Matitschka (1995) and Pritts et al. (1989). Renquist et al.

(1982a, 1982b) observed that black polyethylene mulch increased the soil temperature

throughout the day and night. In our experiments, hourly measurements of the soil

temperature showed a lag of several hours between maximum and minimum air
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temperatures and the respective extremes of soil temperature in this plastic mulch

treatment. This lag also explained the small differences to the bare soil in the early

afternoon. In summary, the black Mypex film treatment resulted in a faster increase in soil

temperature compared to bare soil, as described by Renquist et al. (1982a), Farias et al.

(1994), Wien and Minotti (1987), and Bonanno and Lamont (1987). Ruppel and

Makswitat (1996) report a delayed initial increase in soil temperature under black plastic

mulch in April. In their experiment, the mean soil temperature under the black plastic

mulch was higher than in uncovered soil in May only as air temperature and solar radiation

increased. Renquist et al. (1982a, 1982b) report that moist soil warms up less rapidly.

However, even if all the tested mulching treatments increased soil moisture, the warming

effect ofthe black mulch seemed to have overcompensated for the potential delay by the

increase in soil moisture upon soil warming in our experiments. Investigations conducted

by Wien et al. (1993) indicate that polyethylene mulches also affect the ambient air

temperature, which, in addition to the soil temperature may influence the plant

development.

The increase in soil temperature was delayed in spring, both by straw mulch and the

white Mypex film. Cooling effects of straw mulch on the soil were observed by Pritts et al.

(1989), who report that straw mulch kept soil temperature low in strawberry crops for a

longer period oftime in winter. During the late period of frost in April 1997, after growth

had begun, the straw mulch kept the soil warmer compared to bare soil. This is a clear

indication of an isolation effect of straw mulch. Cooler temperatures under white

polyethylene mulch were also found by Voth and Bringhurst (1990), Farias et al. (1994),

and Hatt Graham et al. (1995). According to Fear and Nonnecke (1989), the temperature

under a double mulch (a white layer on a black layer) was even lower than under a single

layer of white plastic mulch, an indication that not only the colour, but also the thickness

of the mulch may modify soil temperature.

The white clover cover crop, which died in the course of the winter, notably delayed soil

temperature increases only in early spring. Cooler soil temperatures, due to living mulch,

are reported by Newenhouse et al. (1989). The short duration of this effect in our

experiments was probably the consequence ofthe rapid decomposition of the dead white

clover stands.

Based on the present temperature readings, it is concluded that black plastic mulches are

well suited for strawberry production. In contrast, ground cover management systems,

including straw, white plastic and living mulch, can hardly be recommended for strawberry

crops on sites with loamy soil and high precipitation, both of which delay increases in soil

temperature. Root diseases such as red stele (Phytophtora fragariae) and black root rot

(Rhizoctonia spp.) are favoured by a low soil temperature when precipitation is high

(Maas, 1998).

2.4.2. Soil moisture

In spring, soil moisture was generally higher in mulching treatments in the 0 to 30 cm soil

layer compared to bare soil both in the rows and between the rows (25 cm apart).

According to Renquist et al. (1982a), Farias et al. (1994), and Matitschka (1995)
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polyethylene mulch delays the decrease in soil moisture. Straw mulch prevents soil from

drying out, as reported by Gut (1993).

In our experiment, the clearest differences in soil moisture among ground cover

management systems were found in the rows and at a distance of 25 cm from the rows.

Between the rows (50 cm apart), no shading effects of the strawberry canopy were found

and the soil surface was fully exposed to solar irradiation. Therefore, only straw mulch

and white Mypex film resulted in an increase in soil moisture compared to bare soil, while

such an effect was not statistically significant in the black Mypex film treatment. This

indicates that, not only the thickness and the composition of the plastic film, but also its

colour may affect the dynamics of soil moisture beneath the mulch. Higher soil

temperatures under black Mypex film result in increased evaporation rates (Scheffer and

Schachtschabel, 1984). The more pronounced response of soil moisture to the ground

cover in the rows may, to some extent, also be due to different spatial rooting patterns

under different mulch types. Wien et al. (1993), Matitschka and Ernst (1995), and Wien

and Minotti (1987) report that the root length of transplanted tomatoes showed a drastic

increase under clear polyethylene mulch. Therefore, strawberry plants growing in mulched

plots certainly met a higher portion of their demand for water between the rows than those

on unmulched plots.

2.4.3. N availability
There were differences in N availability in the different ground cover management systems

both in the planting and in the harvest year. It was evident that, during both periods of crop

development, interrupted by the winter, the response of soil N availability to individual

mulching treatments may be inverse.

Black and white Mypex films:

Between the rows (25 cm apart) black Mypex increased Nmin levels compared to

corresponding positions of the unmulched control treatment in the course of the planting

years 1994 and 1995. In contrast, in the rows a significant increase in Nmin was found in

the black Mypex film treatment only in late summer 1996. In lettuce plantations without

mulch, Matitschka and Ernst (1995) found a clear peak of mineral N after N fertilization.

However, this peak lasted for a short time only, while a distinct peak was lacking in the

polyethylene treatments. In mulched soil, the Nmin concentration was high for a longer

period. Wien and Minotti (1987), who conducted investigations with plastic mulches in

tomato plantations, concluded that less nitrate leached from the rooting zone under

polyethylene mulch and that nitrification also occurred to a greater extent. N

mineralization increases with increasing soil temperature (Scheffer and Schachtschabel,

1984), which is increased by a black plastic mulch (Wien and Minotti, 1987). In our

experiments, as far as N availability in the rows was concerned, the predominant shading

effects by the strawberry leaf canopy probably weakened the Nmin increasing effects of the

black Mypex film treatment.

Subsequently, in the spring ofthe harvest year 1995, Nmin concentrations in the rows were

higher in the black Mypex film treatment than in the control. In rows of raspberries,

planted on raised beds, the additional use of black plastic mulches significantly increased
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Nmin concentrations in spring (Neuweiler and Husistein, 2000). The lower soil moisture

content detected under this type of plastic mulch indicated that this was mainly due to a

decrease in nitrate leaching. In the present experiment, black Mypex film increased Nmin

in spring and at flowering only in rows to which N had been applied (data not shown).

Thus, the higher Nmin may have been due to an improved availability of the applied

fertilizer N under black Mypex film. Fisher and Parks (1958) found that hydrolysis ofN

fertilizers and the subsequent nitrification rate increased with increasing soil temperature.

Moyo et al. (1989) report a promoting effect of increasing temperature on urease activity.

Moreover, a priming effect of applied mineral N (Jenkinson et al. 1985), which may have

been more pronounced as a result of higher soil temperatures under the black Mypex film,

may have contributed to a higher rate of decomposition of the organic soil matter in the

black Mypex film treatment. Ruppel and Makswitat (1996) found a significantly higher

rate of net N mineralization from the organic soil matter under black plastic mulch if N

fertilizers had been applied. At the same time, they found a more efficient microbial use of

glucose added to soil samples collected under the black plastic mulch. Their investigations

revealed an increased population of metabolising microorganisms under the black plastic

mulch.

Straw mulch:

Nmm decreased sharply between the rows under straw mulch already in late summer. This

decrease lasted until the harvest year, from the beginning of growth to the beginning of

flowering. This finding indicates that the decomposition of the straw on the soil surface

induced early fixation of N (Frankenberger and Abdelmagid, 1985). Investigations

conducted by Herman et al. (1977) revealed that the decomposition of roots of different

grass species was inversely related to the C:N ratio. Reinertsen et al. (1984) found that the

decomposition of microorganisms was severely limited by types of straw with a high C:N

ratio during the initial stages of decomposition; as soon as fertilizer N was added the rate

of decomposition increased. Laboratory investigations by Jawson and Elliott (1986)

demonstrated that Nmin in the surrounding substrate was rapidly immobilized during the

first stage of incubation of the straw; this coincided with increases in the microbial

biomass.

Considering the reports made by the authors cited above, a temporary net immobilization

of mineral N at the beginning of the decomposition of wheat straw, as described by

Frankenberger and Abdelmagid (1985), seemed to be confirmed by our present

experiments. A release of net N subsequently occurred at later stages of the decomposition

process (Jawson et al., 1989). Christensen (1985) reports that, under field conditions, the

net release ofN from the straw began when the C:N ratio was between 28 and 35.

The fact that N fixation started at different times in the different experimental periods

suggests that the decomposition of the straw began at different stages of development of

the strawberry plants. Summerell and Burgess (1988) and Stott et al. (1986) point out that

the decomposition of cereal straw is affected by various environmental factors.

Christensen (1986) and Brown and Dickey (1970) found that
thedecompositionofstrawonthesoilsurfaceproceededlessrapidlythanthatofstrawthathadbeenincorporatedinto
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the soil. Cogle and Saffigna (1989) report that straw on the soil surface exhibited a

slower initial rate of decomposition. Thereafter, decomposition was similar to that of

incorporated straw. Hence, in our present experiment a slow rate of decomposition of the

straw mulch during winter is assumed. While the soil between the rows was covered by
the straw mulch, the rows of strawberries were covered by strips of black plastic film, 30

cm wide. Therefore, increases in Nmin in the rows in the late summer of 1994 and 1995 are

due to a greater extent to the black plastic film than to the straw mulch itself. In spring,
increases in the availability ofN in the rows had disappeared or were inverse compared to

the bare soil.

Based on these investigations it is concluded that straw mulch, placed on the interrow area

after planting, may contribute to a reduced risk of nitrate leaching into the groundwater

during autumn and winter. Moreover, it is evident that young strawberry plants can be

protected from the possible effects ofN fixation of straw mulch by using plastic films in

the rows. Nevertheless, in the harvest year, slightly higher rates ofN fertilization seem to

be appropriate for strawberry plantations mulched with straw.

White clover mulch:

Under living clover mulch, N availability between the rows decreased even more

distinctly than under straw mulch in the autumn of 1995. This decrease in Nmin may have

been due to the nutrient uptake by the developing white clover stands. Traenkle (1994) and

Muster and Traenkle (1996) report that various cover crop species in strawberry

plantations absorb high amounts of mineral N from the soil in autumn, thus contributing
to pronounced decreases in Nmin before the start of the winter rest.

However such decreases were not found in the succeeding experimental period 1996/97.

This inconsistency may be ascribed to the weather conditions. A warm October in 1995

promoted a fast growth of the white clover stands, which were far more vigorous than in

the autumn of 1996.

In contrast to the situation in autumn a very pronounced increase in Nmm compared to bare

soil was found between rows (25 cm apart) in spring. Beneficial effects ofN, that had been

accumulated by a preceding crop of legumes, on a subsequent crop are reported by
Stevenson and van Kessel (1996). Groffman et al. (1987) also observed that winter legume

cover crops provide N for the succeeding summer crop. In their experiments, legume N

became available to the main crop more gradually than preplant applications of mineral

ammonium nitrate. It is assumed that the amounts of N released in the harvest years by
dead white clover stands originated both from the soil pool as well as from the

symbiotically fixed gaseous N (Biederbeck et al 1996). Amato and Ladd (1980) detected

a rapid decomposition of legume leaf material in the soil, which coincided with an increase

in the microbial biomass. The net release of N from the white clover stands may have

started already at early stages of decomposition, as described by Christensen (1986).

In contrast to positions 25 cm from the rows, positions that were 50 cm from the rows

showed only slight increases in Nmin in the spring. This discrepancy may have been due to

a more vigourous growth of the white clover stands near the strawberry rows; this stronger

growth was related to an increased release ofN from the decomposed dead plant material.
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The hypothesis that white clover plants near the planting band benefitted to some extent

from N fertilization onto the row is not true. In plots not provided with N an increased N

availability was found 25 cm from the rows in the white clover mulch treatment as well

(data not shown). Other environmental factors, such as a higher temperature near the rows

covered by the black plastic film, may have promoted the development of the white clover

stands.

In the rows, covered by strips of black plastic film, of the white clover mulch treatment,

Nmjn concentrations were equal to those in the straw mulch treatment in the late summer

of 1995. In contrast to the availability ofN in the rows in the straw mulch treatment, N

availability rapidly decreased in the white clover mulch treatment in autumn. White clover

stands growing near the rows of strawberries may have started to compete with the

strawberry plants for nutrients.

From our investigation it is concluded that a living mulch of white clover stands may

decrease the Nmin concentration between the rows in autumn after planting. The question

concerning the extent to which this type of cover crop reduces the risk of nitrate leaching

during the coming winter cannot be answered conclusively. Because decomposition also

proceeds slowly at low temperature (Roper 1985), it would be advantageous to have a

cover crop between rows that remains viable during the winter to avoid leaching of nitrate

released prematurely from the decaying cover crop. Perret et al. (1990) suggest the use of

rapidly growing species of cover crops in vineyards, which continue to grow at lower

temperatures. Sherman (1992) points out that if cover crops are used with the intention of

meeting some of the N requirement of the main crop it is important to assess whether the

time course ofN release from the decomposing residues coincides with the demand of the

main crop. The effectiveness of the living white clover mulch in avoiding N losses in

strawberry plantations cannot be estimated conclusively from our present investigations.

2.5. Summary

Alternative ground cover management systems with mulches enable a reduced herbicide

input and labour for weed control in strawberry plantations. Soil temperature, soil

moisture, and N availability may be affected by mulches, which in turn will impact on crop

development and fruit quality. More experience concerning the response of physical and

chemical soil parameters to mulches is needed to optimize ground cover management for

strawberries on heavy soils and to develop demand-driven N fertilization. The aim of this

study was to assess the impact of various ground cover management systems on soil

temperature and nitrogen dynamics in loamy soils under temperate climate conditions.

The following ground cover management systems were tested: Bare ground (control),

black (1994/95 to 1996/97) and white (1995/96 to 1996/97) durable water-permeable

plastic films (Mypex), alternative interline mulching strategies with straw added after

planting (1994/95 to 1996/97) or a living mulch of a slow-growing, non winterhardy white

clover accession (1995/96 to 1996/97) sown after planting. In the latter two treatments the

rows were covered by bands of black water-permeable polyethylene plastic film, 30 cm

wide. Nitrogen (20 kg/ha) was applied three times in each treatment. The control treatment



27

with bare ground (1994/95 and 1995/96), the black Mypex film treatment (1994/95 and

1995/96), the straw mulch treatment (1994/95 and 1995/96) and the white clover mulch

treatment (1995/96) were compared in addition to the treatment with three times 20 kg
N/ha with 0 and 3 x 40 kg N/ha treatments.

Soil temperature was monitored from early spring to the beginning of flowering (1996,

1997). In addition, gravimetric soil moisture was determined both at the end of the

vegetation period in late autumn and at the beginning of growth in early spring (1995/96).

Temporal and spatial Nmin dynamics in the soil were studied by taking samples from the

rows and at distances of 25 and 50 cm from the rows about four weeks after planting, in

late autumn ofthe planting year, at the beginning of growth in early spring, shortly before

flowering, after flowering and after the harvest.

Straw mulch delayed soil warming between the rows until the start of flowering compared

to the control in 1996. A mulch of dying white clover stands lowered soil temperatures in

early spring; with increasing decomposition of the white clover stands, the differences

disappeared. White Mypex film delayed soil warming compared to black Mypex film

until the beginning of flowering, but to a lesser extent than straw mulch. At the beginning
of growth in 1996, the moisture content of the soil was significantly higher in the 0 to 30

cm soil layer in the rooting zone of the strawberry plants in all mulching treatments

compared to the control.

Black Mypex film caused significant increases in Nmin in the rows compared to the control

in the harvest year. The effects of black and white films differed only slightly. Straw mulch

decreased Nmin values between the rows in the autumn of the planting year. This was

probably caused by the effects ofN fixation of the straw mulch, which lasted until the end

of April. White clover mulch decreased Nmin only once in late autumn, when growing

conditions were favourable. Mulches of straw seem to be better than non winterhardy

legumes for preventing nitrate leaching between the rows during winter.

In and between the rows, differences in N availability were evident in the straw and the

white clover mulch treatments in the planting year. N availability under the bands of black

plastic film in the rows was the same or even higher than in the control. Thus, young

strawberry plants can be protected from N fixation caused by straw or living white clover

mulch by the use of plastic films in the rows. According to the literature, low soil

temperatures, which coincide with a higher soil moisture, increase the risk of root and

crown diseases such as red stele (Phytophthorafragariae var. fragariae) and black root rot

(Rhizoctonia spp.). Hence, for sites with loamy soils and high precipitation, the use of

straw and living mulches or white plastic mulches, which delay increases in the soil

temperature and increase soil moisture, cannot be recommended.
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3. The impact of ground cover management on vegetative crop

development parameters, and the yield and quality of fruit

3.1. Introduction

Weed regulation is very important in strawberry cultivation (Naumann and Seipp, 1989).
Because of their low canopy and limited rooting system, strawberries are not as

competitive as other fruit species with weeds for solar radiation, water, and nutrients

(Shoemaker, 1975). Weeds surrounding the strawberry plant increase the risk of infection

by different fungal diseases, such as powdery mildew (Sphaerotheca macularis) and fruit

rot (Botrytis cinerea) (Stueckrath, 1972). Whereas critical weed-free periods can be

defined for other row crops (Amnion et al., 1985), a strawberry plantation should be weed-

free from planting until the end of the harvest. Therefore, a high number of man-hours is

needed when rows are weeded by hand (Naumann and Seipp, 1989); thus, interest in

different types of mulches to avoid problems with weeds has grown.

The development of the strawberry plant is controlled to a large extent by the photoperiod

(Naumann and Seipp, 1989) and temperature (Durner et al., 1984). With longer

photoperiods and higher temperatures in the spring the strawberry plants enter a vegetative

stage of development, which is marked by the formation of an extended leaf canopy and

runners (Naumann and Seipp, 1989). In the late summer, as soon as the temperature falls

below a certain value, which is specific for the different varieties, strawberries form

crowns instead of runners. In autumn, even shorter photoperiods and lower temperatures

induce the formation of flower buds in the crowns. It has been observed that the growth
habit of strawberry plants is affected not only by the length of the photoperiod, but also by
the intensity of irradiation (Ferrée and Stang, 1988). Hence, the question arises as to

whether organic mulches, such as straw or living cover crops planted on the interline area

and which affect light interception, also have a negative effect on the development ofthe

strawberry crop. Yield losses caused by spring barley used as cover crop, sown after

planting, are reported by van Vliet et al. (1997). Shranks et al. (1993) report that the

strawberry yield of crops in the first period of fruit production was higher in cultivated

plots than in plots planted with cover crops, while in the second period of fruit production
no differences were detectable any longer.

The colour ofthe plastic films also influence the temperature in the rooting zone as well as

the ambient air temperature ofthe crop (Farias-Larios et al, 1994; Seitz, 1985; Wien et al.,

1993). Therefore, the extent to which the generative crop development of the strawberries

responds to alterations in temperature depending on the colour of the plastic mulch,

should be investigated. The quality of the fruit may be affected by changes in the physical

conditions. In strawberry plantations mulched with black plastic films it has often been

observed that the marketable fruit yield was decreased as a result of burns on fruits

exposed to full solar radiation (Neuweiler, 1998).

Tukey and Schoff (1963) detected that natural soil covers consisting of different types of

straw mulch and living cover crops affected the availability of P and K in the soil.

Moreover, ground cover management systems generally affect the availability of N

(Matitschka and Ernst, 1995; Ruppel and Makswitat,
1996).BroeshartandKeppel(1984)foundthatlivingcovercropsthataffectNmincontentsinorchardsresultedinachange

in
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the N uptake by the main crop. Plant growth and generative crop development of

strawberries are affected by N availability to a large extent (Voth et al., 1967). Therefore,

the question arises as to whether changes in N availability, caused by different ground

cover management systems, may affect the yield and quality of the fruit.

The effects of mulching systems on soil parameters are described in chapter 2. The

objectives of this study were to investigate the effects of these mulching systems and,

thereby, the altered soil parameters on the yield and quality of the fruits. We also

considered other parameters of crop development, such as total leaf area, runner formation

and concentrations of total N and nitrate in the leaf blades to gain a better understanding
of the observed differences in generative crop development.

3.2. Materials and methods

Experimental site and climatic conditions

Details about the experimental site and climatic conditions are given on page 9 (Chapter

2.2.).

Ground cover management systems

Five ground cover management systems were tested:

1.) Control treatment with bare ground

2.) Plastic mulch treatment with black Mypex film

3.) Plastic mulch treatment with white Mypex film

4.) Straw mulch treatment

5.) White clover mulch treatment

Details are presented on page 10 (Chapter 2.2.).

Interactions between ground cover management and nitrogen fertilization

In addition to the basic nitrogen fertilization of 3 x 20 kg N/ha as described on page 10

(Chapter 2.2.), further N fertilization treatments were applied to the various ground cover

management systems in 1994/95 and 1995/96: 0, 3 x 20, and 3 x 40 kg N/ha to the control,

black Mypex film, and straw mulch treatments and in 1995/96 also to the white clover

mulch treatment.

Management of the strawberry crop

Details of basic P, K, and Mg fertilization, planting distances, and irrigation are given on

page 10 (Chapter 2.2.). The runners that formed in the planting year were cut manually in

early November. At the same time weeds that sprouted in the plant holes were removed. In

the course of the flowering period, 2.5 kg ha"1 Euparen® (50% Dichlofluanid) were

sprayed three times to prevent fruit rots such as grey mould (Botrytis cinerea),

anthracnose (Colletotrichum spp.) and leather rot (Phytophthora cactorum). To prevent

infestation of the bud weevil (Anthonomus rubi) 500 g ha"1 Evisect S (50 %

Thiocyclamhydrogenoxalat) were sprayed at the beginning of flowering.
In all the experimental periods 10 kg ha"1 of the granulate Limax G® (6% metaldehyde)

were broadcast before the beginning ofthe harvest. To avoid soiling the fruits just before

the first fruits were ripe, wheat straw was spread on the surface of all the plots at a rate of

801 ha"1. Fruits were harvested between mid-June to mid-July at intervals of 3 days.
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Vegetative crop development parameters

The runners were counted in late autumn, i.e. in late October, before they were removed.

The number of leaves per plant was assessed on 10 plants per plot in late October and at

flowering (late May) and the end of the harvest (mid-July). At the same time the length
and width of 10 partial leaves of each plant were measured non-destructively in the field.

The average leaf area was calculated using the following equation according to the

ellipsoid shape of the leaf: 3*T*(length/2)*(width/2). The total leaf area per plant was

calculated by multiplying the leaf number per plant by the average leaf area. To assess the

total shoot dry matter, five plants were separated from the roots after harvest. The samples
were dried at 60 °C for 72 h before the determination of the dry weight.

Leaf analyses

Ten leaf blades of individual plants per plot were collected in late October and at the end

of the harvest. The collected samples were dried at 60 °C for 72 h and were then ground
before they were analysed by a standard micro-Kjeldahl analyser (Kjeltec Auto 1030

Analyzer, Högenas, Sweden) for total N.

Moreover, 10 leaf blades of individual plants were collected per plot in late October, at the

beginning of flowering (late April to early May), and at the end of flowering (late May).
The frozen samples were stored at -20 ° C. To analyse the samples, destilled water was

added to the leaves (1:10), and the samples were mashed with a blender for three minutes.

The extract was filtered through paper filters. The analyses for nitrate were performed by

means of an autoanalyser (Skalar analytical, Breda, The Netherlands).

Generative crop development
The number of flowers was counted in late May. Ripe berries were picked every three

days. The yield data are based on an area of 12 m2. The weight of 40 fruits per plot was

recorded on every second date of picking. Based on the averages determined on the

individual sampling dates, the mean fruit weights, representing the whole harvest, were

calculated.

Fruit quality
Two to three times per harvest samples of about 500 g fresh fruits were collected per plot

for laboratory analyses. The firmness of the fruits, i.e. the maximum shear resistance

required to penetrate 100 g of fresh berries with a Kramer Shear Press (Stevens Analyser,
St. Albans, Great Britain) was assessed. Soluble solids were measured with an electronic

refractometer (DMA 46 Density, Graz, Austria) and fruit acids by titration with NaOH to

a pH of 8.1. The shelf life was estimated by scoring the quality of 1000 g of fresh berries

after a storing for two days at 12 ° C. The score for fresh berries was 5, and that for rotten

berries 1.

Experimental design and statistical analysis

Combinations of ground cover management systems and N fertilization rates were

arranged in a randomized complete block design with four replicates. Analyses of variance

were conducted for all parameters by means of the Widas Statistical Software Package.

Treatment effects were considered to be significant if P < 0.05. LSD05 values are

presented if F-tests were significant.
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3.3. Results

Significant effects of ground cover management systems on the vegetative crop

development parameters, and the yield and quality of the fruit, depending on the season,

were found. It was evident that the response of strawberry cvs. Petrina and Mars to the

tested mulches varied. In the experiment with different rates of N fertilization, the

interactions between ground cover management and N fertilization were usually

insignificant with a few exceptions that will be discussed below. This experiment
corroborated some findings as a result of a higher number of replicates compared to the

experiment with only one moderate N fertilization rate of 3 x 20 kg N/ha.

3.3.1. Vegetative plant development

3.3.1.1. Leaf area and shoot dry matter

Measurements of the total leaf area of cvs. Petrina or Mars in late autumn 1994, 1995, and

1996 revealed no effects of different mulching treatments on the development of the leaf

canopy in the planting year (Tables 12,13, and 14). The average area per individual leaf of

cv. Mars was increased by organic mulches such as straw (by 28.4%) and white clover (by

27.3%) in the planting year 1995 compared to the white Mypex film treatment (Fig. 4).

Furthermore, compared to the control, both organic mulches led to slightly larger leaves

(data not shown). In the harvest year, the ground cover had little effect on the

development of the leaf canopy until flowering (Tables 12, 13, and 14).

In the experiment with different N rates, the white clover mulch treatment decreased the

total leaf area of cv. Petrina at flowering in 1996 compared to the control, though the
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Fig. 4: Average single leaf area of cv. Mars in the late autumn of the planting year

1995, with different ground cover management systems (moderate N fertilization

rate at 3 x 20 kg N/ha). Values with the same letter are not significantly different at

P < 0.05 (LSD-test).
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decrease was insignificant, while black Mypex film increased it (Table 14).

Straw mulch caused a pronounced decrease in leaf canopy dry matter (cv. Petrina) at the

end of the harvest in 1995 (Table 13). In 1996, both straw and white clover mulch

significantly decreased shoot dry matter of this cultivar by the end of the harvest (Table

14).

3.3.1.2. Number of runners

Runner formation of cv. Petrina was negatively affected by white clover mulch after

planting (Tables 12 and 14) in 1995. The negative effect of straw mulch on the number of

runners was less pronounced than that of white clover mulch in 1995. The negative effect

of straw mulch on the number of runners of cv. Petrina was statistically corroborated in the

experiment with different N rates that was conducted in 1994 (Table 13).

The number of runners was highest on black Mypex film in 1995 (Tables 12 and 14). A

comparison of the tested colours of the Mypex films indicated that the colour may have

important effects on runner formation. The white Mypex film significantly decreased the

number of runners of strawberry cvs. Petrina (1995) and Mars (1995 and 1996) compared

to the black Mypex film (Table 12).

Table 12: Vegetative plant development of strawberry cvs. Petrina and Mars in 1995/96 and 1996/97, with

different ground cover management systems (moderate N fertilization rate of 3 x 20 kg N/ha).

Ground cover

management

system

Runner number per

(planting year)

plant Total leaf area per plant (cm2) Shoot dry matter

(g per plant) at the

end ofharvest

Petrina

1995

Mars

1995

Mars

1996

In late autumn At flowering Petrina

1996

Mars

1997

Petrina Mars Mars

1995 1995 1996

Petrma

1996

Mars

1997

Bare ground 210b 0 50 a 0 58 ab 1097 802 587 2682 1997 1582 120 3 b

Black Mypex 2 85 a 0 52 a 0 73 a 1307 829 651

film

3361 2170 1687 147 7 a

White Mypex 2 03 b 0 04 b 0 39 b 1060 721

film

592 3239 2261 1586 158 7 a

Straw mulch 173 b 0 49 a 0 41b 1069 974 645 3248 1740 1354 116 8b

White clover 0 96 c 0 17 ab 0 79 a 1290 937 684 2656 1968 1530 144 9 a

LSD (P< 0 05) 0 51 0 37 0 24 ns ns ns ns ns ns 24 1

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)
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Table 13: Vegetative plant development of strawberry cv. Petrina, in 1994/95, with different ground cover

management systems ("average of plots with N fertilization rates of 0, 3 x 20. and 3 x 40 kg N/ha").

Ground cover Runner number Total leaf area per plant (cm2) Shoot dry matter

management per plant (g per plant) at

system (plantmg year) In Iate autumn Atflowenng At the end of
the end of

harvest
harvest

Bare gound 7 44 a 909 2187 6657 a 185 2 a

Black Mypex film 7 30 a 918 2158 6923 a 179 4 a

Straw mulch 411 b 906 2149 5626 b 128 6 b

LSD (P < 0 05) 01 762 34 8

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table 14: Vegetative plant development of strawberry cvs. Petrina and Mars, in 1995/96, with different

ground cover management systems (average of plots with N fertilization rates of 0, 3 x 20, and 3 x 40 kg
N/ha).

Ground cover

management

system

Runner number per plant

(planting year)

Total leaf area per plant (cm ) Shoot dry
matter (g per

plant) at the

end of

harvest

Petrina

In late autumn

Mars

Petrina Mars

At flowering

Petrina

Petrina

Bare ground 2 10 b 031 1149 790 2663 be 160 1 a

Black Mypex film 2 82 a 0 44 1200 822 3026 a 152 7 ab

Straw mulch 179 b 0 32 1078 874 2955 ab 136 6 c

White clover 108 c 0 20 1254 923 2528 c 138 3 be

LSD (P < 0 05) 0 32 336 157

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test).

3.3.2. Leaf analyses

3.3.2.1. Total N in leaf blades

While mulches had no detectable effect on the concentration of total leafN in the late

autumn of 1994 (Table 15), ground cover management systems using organic mulches

such as straw mulch and white clover increased total leafN of cv. Petrina by late autumn

in 1995 (Fig. 5). Leaf analyses conducted on samples collected after the harvest revealed

no significant effects of ground cover management on total leafN (Tables 15 and A. 13).
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Fig. 5: Concentration of total N in the leaf dry matter of strawberry cv. Petrina, in

the late autumn of the planting year 1995, with different ground cover management

systems (intermediate N fertilization rate at 3 x 20 kg N/ha). Values with the same

letter are not significantly different at P < 0.05 (LSD-test).

3.3.2.2. Nitrate in leaf blades

In the late autumn of 1994, the concentration of leaf nitrate of cv. Petrina increased under

the black Mypex film and in the straw mulch treatment in the experiment with different

rates of N fertilization (Table 15). In the late autumn of 1995, the concentration of leaf

nitrate was significantly increased only by the straw mulch treatment.

The situation was reversed at the beginning of flowering. Straw mulch led to a clear

decline in the leaf nitrate of cv. Petrina in 1995 (Table 15), while white clover mulch

increased the values compared to the control in 1996. While black Mypex films increased

the concentration of nitrate similar to white clover mulch, no difference was found among

white Mypex film, straw mulch, and the control in 1996 (Fig. 6). No significant

differences between treatments were observed at the end of flowering (Table 15).
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Fig. 6: Concentration of nitrate in leaf blade fresh matter of strawberry cv. Petrina,

at the beginning of flowering in 1996, with different ground cover management

systems (moderate N fertilization rate at 3 x 20 kg N/ha). Values with the same

letter are not significantly different at P < 0.05 (LSD-test).

Table 15: Concentration of total N in dry leaf blades and of nitrate in fresh leaf blades of strawberry cv.

Petrina, in 1994/95 and 1995/96, with different ground cover management systems (average of plots with N

fertilization rates at 0, 3 x 20, and 3 x 40 kg N/ha).

Ground

cover

mana¬

gement

system

Concentration of total N

in leaf blades %

Concentration of nitrate in leaf blades (mg kg"1)

In late At the end In late autumn

autumn of harvest

1994 1995

1994 1995

At the beginning of

flowering

1995 1996

At the end of flowering

1995 1996

Bare grond 2.54

Black 2.64

Mypex film

Straw

mulch

2.64

White

clover

-

LSD n.s.

(P<0.05)

1.94

1.97

1.95

494 b 195 b 729 b 339 b 357

899 a 204 b 1022 a 487 a 406

805 a 316 a 557 c 232 b 386

136

198 b

75

485 a

150 116 n.s.

603

576

425

428

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)
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3.3.3. Generative crop development

3.3.3.1. Flower number

Straw and white clover mulch always decreased the number of flowers of cv. Petrina

(Tables 16 and 17). Formation of flowers was lower with cv. Mars and it was less

responsive to the different mulches; in this experiment only the white clover mulch

treatment caused a decrease in flower number in 1996 (Table 17), whereas in 1997 the

straw and white clover mulch treatments had this effect (Fig. 7).

A comparison ofthe different Mypex films in 1995/96 showed that flower formation of cv.

Petrina was slightly increased by the white colour compared to the black one (Table 16).

This finding was substantiated in the following season, when cv. Mars had a significantly

greater number of flowers on white than on black Mypex film (Fig. 7).
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Fig. 7: Flower number p er plant of strawberry cv. Mars, in 1996/97, with

different ground cover management systems (moderate N fertilization rate

at 3 x 20 kg N/ha). Values with the same letters are not significantly different

at P < 0.05 (LSD-test).

3.3.3.2. Fruit yield

The smaller number of flowers of cv. Petrina, found on white clover mulch, was related

to the lower fruit yield (Tables 16 and 17). Although straw mulch often caused a decrease

in flower number, a lower fruit yield of cv. Petrina compared to the control was significant

only once (Tables 16 and 17).

The fruit yield of cv. Mars was less responsive to different mulches than that of cv.

Petrina, as was the case with flower formation. Only in the experiment with different N

rates significant yield decreases due to the white clover mulch treatment were corroborated

statistically for cv. Mars in 1996 (Table 17).
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3.3.3.3. Average fruit weight

The size of cv. Petrina fruits was hardly affected by the ground cover management system

(Tables 16 and 17). In the experiment with different N rates, only the white clover mulch

caused a significant decrease in the average fruit weight compared to straw mulch in 1996

(Table 17). The size of cv. Mars fruits was slightly enhanced by the white Mypex film

treatment in 1996 (Table 16), but such differences were significant only when compared

with straw and white clover mulch in the following season in 1997 (Fig. 8).

TO

(U

3

Fig. 8: Average fruit weight of strawberry cv. Mars, in 1997, with different ground

cover management systems (moderate N fertilization rate at 3 x 20 kg N/ha). Values

with the same letters are not significantly different at P < 0.05 (LSD-test).

Table 16: Generative crop development of strawberry cvs. Petrina and Mars, in 1995/96, with different

ground cover management systems (intermediate N fertilization rate at 3 x 20 kg N/ha).

Ground cover Flower number per plant Fruit yield per plant (g fresh Average fruit fresh weight

management weight) (g)

system

Petrina Mars Petrina Mars Petrina Mars

Bare ground 77.7 a 41.1 636 ab 668 18.9 20 2

Black Mypex film 76.9 a 47.6 607 ab 732 20.5 20 7

White Mypex film 92.4 a 43 9 684 a 733 212 22.4

Straw mulch 57.9 b 45.5 521 be 630 20 3 20.6

White clover 54 8 b 36.6 424 c 618 20 1 21.0

LSD (P < 0.05) 17.3 n.s. 134 n.s. n.s. n.s.

Values in the same column followed by the same letter are not significantly different at P < 0.05 (LSD-test)
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Table 17: Generative crop development of strawberry cvs. Petrina and Mars, in 1994/95 and 1995/96, with

different ground cover management systems (average of plots with N fertilization rates at 0, 3 x 20
,
and

3 x 40 kg N/ha).

Ground cover mana- Flower number per plant Fruit yreld per plant Average fruit fresh weight (g)

gement system (g fresh weight)

Petrina Petrina Mars Petrina Petrina Mars Petrina Petrina Mars

Bare ground 87.1 a 72.0 a 43.9 a 519a 604 a 717 a 16.5 19.5 20.5

Black Mypex film 88 9 a 75.2 a 45.3 a 489 a 593 a 712 a 16.2 19.8 20.4

Straw mulch 76 1 b 63.0 b 44.2 a 431 b 538 a 675 a 16.4 20.3 20.4

White clover - 56.5 b 35 6 b - 443 b 613 b - 18 9 20 7

LSD (P < 0 05) 7.7 9.0 55 56 63 59 n.s. n s. n.s

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test).

3.3.4. Fruit quality

3.3.4.1. Soluble solids and titratable fruit acid

Straw mulch increased the concentration of soluble solids of cv. Petrina in the experiment

with different N rates in 1995 (Fig. 9). Significant interactions between ground cover

management and N fertilization affected the titratable fruit acid of cv. Petrina, as found on

the second sampling date. In the zero N treatment, the treatment with black Mypex film

had the highest concentration of titratable fruit acid. This response was reversed at the rate

of 3 x 40 kg N/ha, with fruits exhibiting the lowest concentration of titratable fruit acid on

black Mypex film (Fig. 10).

1995 1996

Bare ground »Black Mypex film «Straw mulch HWhite clover

Fig. 9: Average concentration of soluble solids of strawberry cv. Petrina, in 1995

and 1996, with different ground cover management systems (average of plots with

N fertilization rates at 0, 3 x 20, and 3 x 40 kg N/ha. Values in the same group with

the same letter are not significantly different at P < 0.05 (LSD-test).
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In the following season of 1996 soluble solids of cv. Petrina did not respond significantly

to the ground cover management. An increasing effect of the white clover mulch treatment

on soluble solids was corroborated in the experiment with different N rates (Fig. 9). Straw

and white clover mulch increased the concentration of titratable fruit acid compared to the

control and the black Mypex film treatment (Fig. 11); the values of the white Mypex film

treatment were similar to those of the organic mulches.

0 kg N/ha

Bare ground

3x20 kg N/ha

I Black Mypex film

3x40 kg N/ha

Straw mulch

Fig. 10: Titratable fruit acidity of strawberry cv. Petrina, on July 3 1995, with

different ground cover management systems in the experiment with different N

rates. Values in the same group with the same letter are not significantly diffe¬

rent at P < 0.05 (LSD-test).

Fig. 11 : Average titratable fruit acidity of strawberry cv. Petrina, in 1996,

with different ground cover management systems (moderate N fertilization

rate at 3 x 20 kg N/ha). Values with the same letter are not significantly diffe¬

rent at P < 0.05 (LSD-test).
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3.3.4.2. Firmness and shelf life of the fruit

The firmness of cv. Petrina was lowest in the control treatment in 1995, whereas the

situation was reversed in 1996 (Fig. 12). Fruits grown on black Mypex film were

significantly firmer or softer than those ofthe control, depending on the experimental year.

c

o

170

1995 1996

Bare ground «Black Mypex film «Straw mulch «White clover

Fig. 12: Average fruit firmness of strawberry cv. Petrina, in 1995 and 1996,

with different ground cover management systems (average of plots with N fer¬

tilization rates at 0, 3 x 20, and 3 x 40 kg N/ha). Values in the same group with

the same letter are not significantly different at P < 0.05 (LSD-test).
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Fig. 13: Strawberry shelf life of s trawberry cv. Petrina, in 1996, with different

ground cover management systems (average of plots with N fertilization rates

at 0, 3 x 20, and 3 x 40 kg N/ha). Values with the same letter are not significantly

different at P < 0.05 (LSD-test). Shelf life was scored on a scale of 1 (rotten berries)

to 5 (fresh berries).
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A comparison of the effect of the colour of the Mypex film on the first sampling date

revealed that the fruits were more firm on white Mypex film than on black film in 1996

(Fig. A.7). The shelf life of Petrina fruits was hardly affected by the different mulches;

only the fruits in the white clover mulch treatment decomposed quicker in the experiment

with different rates ofN fertilization (Fig. 13).

3.4. Discussion

3.4.1. Vegetative plant development

According to Breen and Martin (1981), a low N availability in the soil may limit the

vegetative plant development. The availability ofN in the rows was unaffected or even

increased in the straw mulch treatment; thus the smaller number of runners was probably

due to the modification of other growth factors. The extent of runner formation is

predominantly controlled by photoperiod and temperature and may also be affected by the

light intensity (Dennis et al., 1970; Smeets, 1955). In our experiments, straw stalks were

repeatedly blown onto the rows by wind. Thus, the decreased runner formation may have

been due to the direct effects of shading by the straw mulch. While the straw mulch shaded

the plants particularly in the first weeks after planting, white clover between the rows

increasingly shaded the developing strawberry plants during autumn. Therefore, the very

pronounced negative response of runner number to the white clover mulch was certainly

also due to strong decreases in solar irradiation. Durner et al. (1984) and Sadowska

(1983a) suggest that higher photosynthetically active radiation, which increases net

photosynthesis (Sruamsiri and Lenz 1985a), may enhance runner formation due to a larger

amount of available photosynthates. On the other hand, Ferrée and Stang (1988) found that

shading during runner formation reduced the number of runners. According to Porlingis

and Boynton (1961), runner formation is promoted by gibberelline-like compounds, which

are mainly synthesized in the growing shoots and leaves (Schumacher 1989). Therefore,

with shaded strawberry plants, the decreased formation ofrunners may have been induced

by a decreased synthesis of gibberellines.

In contrast to organic mulches, black Mypex film led to an increase in runner formation

after planting with cv. Petrina compared to the control. Furthermore, a comparison of the

differently coloured Mypex films revealed a lower runner number ofcvs. Petrina and Mars

on the white than on the black Mypex film. These findings are ascribed to the contrasting

temperature conditions as a result of colours. Smeets et al. (1955) and Smeets (1980),

report that runner formation was promoted by higher temperatures. Investigations

conducted by Durner et al. (1984) demonstrated that runner formation under a short

photoperiod reached a maximum in the high-temperature regime (30 °C day / 26 °C night).

In addition to air temperature, soil temperature may also affect runner number. Proebsting

(1957) found the most intensive formation of runners, when the average root temperature

was high (29
°

C).

The development of the leaf canopy after planting was only slightly affected by the

different mulches. This finding contradicts the reports by Renquist et al. (1982a), who
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found an increased leaflet elongation on black polyethylene mulch. Lenz (1979) found

that, at extremely high (36°C) and low (12°C) root temperatures, leaf growth was impeded,

while optimum root growth was found between 20 and 28°C. Our experiments lead to the

assumption that differences in temperature caused, for example by the colour of Mypex

films, were too small to affect leaf growth notably.

Both on straw and white clover mulch, the average area per single leaf of cv. Mars

significantly increased compared to the white Mypex film in the late autumn of 1995.

Czihak et al. (1984), Ferrée and Stang (1988), and Wright and Sandrang (1995) report that

leaves exposed to low irradiation are characterised by a larger area but are thinner and

weigh less than leaves exposed to full irradiation. Therefore, leaves in the straw and the

living clover mulch treatment are considered to have adapted to shading, which may

explain why runner formation was negatively affected, while the total leaf area per plant

was unaffected by organic mulches.

In contrast to the findings made after planting, the organic mulches had negative effects on

the development of the leaf canopy of cv. Petrina in the harvest year. This negative

response can no longer be ascribed to direct shading effects by straw or white clover

mulch. Developing fruits have inhibitory effects on leaf growth (Schaffer et al., 1985;

Sruamsiri and Lenz, 1985b; Lenz and Buenemann, 1967). Thus, the straw and the white

clover mulch treatment, both of which produced fewer fruits, could be expected to show

an increase in leaf growth; however the opposite was true.

The initial Nmm increases in the rows, caused by the straw mulch treatment, may have

resulted in a decreased spatial spreading of the roots, as described by Tremblay and

Gosselin (1989) and Witt (1997). Hence, in the succeeding spring, the rooting system may

have been too small for a sufficient uptake and translocation of nutrients needed for

optimum leaf growth. Nishizawa et al. (1998), Forney and Breen (1985), and Albregts and

Howard (1980) point out that roots have store reserves, which are required for the initial

plant growth in spring. In spring, the straw mulch related to low concentrations of Nmin in

the rooting zone of the strawberries until late May. In addition to decreases in N

availability, poor rooting may have limited the vegetative growth during the period of fruit

development, which is characterised by increased N requirements (Lenz and Buenemann,

1969). Delayed increases in soil temperature under straw mulch may have decreased shoot

growth even further (Tromp and Ovaa, 1994).

The white clover mulch treatment decreased soil Nmin to a lesser extent in and adjacent to

the rows than straw mulch in the spring ofthe harvest year. N availability in the rows was

even higher in the white clover mulch treatment than in the control at the end of the

harvest. Therefore, the negative response of vegetative plant development of cv. Petrina to

white clover mulch cannot be due mainly to imbalances in N availability during crop

development as discussed above for the straw mulch treatment. Certainly in the planting

year, not only the formation of the runners, but also of the crowns decreased due to

shading by white clover. A small number of crowns may be related to a smaller leaf

canopy in the subsequent harvest year (Naumann and Seipp, 1989).

According to Wang et al. (1998), the height of the cover crop canopy may affect the

response of the strawberry plant to living mulch. Their investigations revealed that
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strawberries grown on a living mulch of vetch, which was mowed, even exhibited an

increase in the development of foliage.

3.4.2. Leaf analyses

3.4.2.1. Total N in the leaf blades

In the autumn of 1995, the straw and white clover mulch treatments led to a higher

concentration of total leaf N compared to the control. Such increases as a result of the

straw mulch seemed to be due to higher Nmin concentrations in the rows. A direct

interrelationship between the straw mulch and the higher concentrations ofNmin and total

leafN is however uncertain. This increase in Nmin was primarily due to the bands of black

plastic film used in the rows. Wien et al. (1993) found that black polyethylene mulch

increased the concentration of total N in tomato leaves. Ruppel and Makswitat (1996)

proved an increased uptake ofN by gherkin plants grown on black plastic mulch.

The fact that cv. Petrina in the white clover mulch treatment had a higher concentration of

total N in the leaves in the late autumn of 1995 contradicts the findings of Newenhouse

and Dana (1989), who found a lower concentration of leafN in strawberry plants growing

on living grass mulch in the planting year. The different response to the white clover

mulch treatment revealed by our present investigations may be due to the fact that

ryegrass plants grow fast and, therefore, compete more strongly with the strawberries for

irradiation, water, and nutrients than slow-growing white clover stands, which also meet

at least a part of their N demand by fixing elemental nitrogen (Biederbeck et al., 1996).

Direct competition between the white clover planted between the rows and the strawberry

plants was reduced to some extent by the strips of plastic film used in the rows of this

ground cover management system.

In both harvest years, the ground cover management generally did not affect total leafN,

although soil Nmin was proven to be affected by the different mulches. Thus, factors other

than N availability may have controlled N accumulation in our experiment.

3.4.2.2. Nitrate in the leaf blades

In the late autumn of 1994, leaf nitrate concentration was higher on black Mypex film

compared to the control. While Grubinger et al. (1993) report that concentrations of total

N and nitrate in tomato leaves were affected only slightly by black polyethylene mulch,

Wien and Minotti (1987) report that increases in N availability and temperature under

clear plastic mulch led to a higher concentration of nitrate in tomato leaves. In our

experiment, black Mypex film led to equal Nmin concentrations in the rows as in the

control in the planting year. Therefore, the promoting effects of leaf nitrate were probably

due to higher temperatures under black Mypex film in late autumn. Increased soil

temperatures together whith moderate atmospheric temperatures increase the rate of root

growth (Benedict, 1950) and prolong the duration of N uptake (Batjer et al., 1939). The

cool, wet conditions in the autumn of 1994 resulted in a lower rate ofnet photosynthesis

(Sruamsiri and Lenz, 1985c) and, therefore, in a limited amount of photosynthates

available for the assimilation of the absorbed nitrate (Czihak et al., 1984).

The first leaf samplings in the spring of the harvest years, which coincided with the

beginning of flowering, showed that black Mypex film again increased leaf nitrate in cv.
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Petrina. A comparison ofthe different coloured Mypex films demonstrated that the colour

may affect nitrogen uptake. Even the Nmin concentrations in the rows were the same in the

black and the white Mypex film treatments in spring, the black Mypex film led to a higher

concentration of leaf nitrate compared to the white film. This finding substantiates the

above hypothesis, that higher temperatures in the rooting zone of strawberries may

increase the nitrogen uptake.

The straw mulch treatment led to higher concentrations of leaf nitrate in cv. Petrina in the

late autumn of 1994 and 1995. In the late summer of 1994, an increased N availability was

found in the rows in the straw mulch treatment, which however, showed a pronounced

decrease in the autumn. Moreover, slight interactions between ground cover management

and N fertilization were also found. The straw mulch treatment led to significant increases

in leaf nitrate, which were corroborated only in the zero-N treatment (data not shown). It

is assumed that increases in Nmm caused by this ground cover management system resulted

in detectable increases in leaf nitrate only when N fertilizers were not applied. In contrast,

the white clover mulch treatment with the same black plastic film in the rows, led to the

same concentration of leaf nitrate as found in the control in the late autumn of 1995. This

finding indicates that white clover roots may compete with the roots of strawberries in the

planting year, although young strawberry plants are protected in the rows by bands of

plastic mulch, 30 cm wide.

The situation was reversed in the following harvest year, when straw mulch decreased the

leaf nitrate concentration at the beginning of flowering, whereas the dead white clover

mulch increased it. These findings indicate that strawberry roots reached positions adjacent

to the rows, which showed decreased N availability under straw mulch, while Nmin values

increased as a result of the net N release from the dead white clover stands. Bowen and

Freyman (1995) report increased concentrations of N in the foliage of raspberries when

white clover was planted between the rows, compared to raspberry crops with perennial

raygrass between the rows.

3.4.3. Generative crop development

3.4.3.1 Flower number

Organic mulches such as straw and white clover repeatedly showed a decrease in the

number of flowers of cvs. Petrina and Mars. White clover mulch had a particularly

negative effects on the flower formation. The response of cv. Mars to the different ground

cover management systems was less pronounced, however. This cultivar was characterised

by fewer flowers. In both planting years 1994 and 1995, the straw mulch treatment clearly

promoted Nmm concentrations in late summer. As will be discussed in detail in chapter 4,

a greater availability ofN may have detrimental effects on flower formation. However, it

is difficult to estimate the extent to which the negative response of flowering to straw

mulch was the result of a greater availability of soil N. In contrast to the straw mulch

treatment the white clover mulch treatment increased N availability only slightly in late

summer, with a clear decrease in autumn. Thus, environmental factors other than Nmin

must have been mainly responsible for the decrease in flower number on organic mulches.

Taking reports of other authors into consideration, it is concluded that in the straw and the
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living clover mulch treatments, the decrease in solar irradiation may have been the main

cause of the decreased flowering. According to Ferrée and Stang (1988), flower number

decreased when plants were shaded. On the other hand, Sadowska (1983a) detected that

artificial irradiation of young runner plants increased fruit yield, which was attributed both

to a higher fruit number and a higher average fruit weight (Sadowska, 1983b). Poorer fruit

yields caused by spring mulch of straw are reported by Pritts et al. (1989). After testing

various cover crop plant species with strawberries, Traenkle (1994) found similar results,

i. e. strawberry plants growing on bare ground outperformed those growing in plots with

various cover crops between the rows. Wiles et al. (1989) suggest the use of a sublethal

rate of herbicide to suppress living mulches in order to control competition in interplanting

systems of vegetable crops. In contrast to the above comments, Newenhouse and Dana

(1989) achieved even higher strawberry yields in cropping systems with living grass

mulch. They ascribed this to reduced damage by wind because the strawberry plants were

sheltered by the cover crop.

A comparison ofthe black Mypex film and the white Mypex film treatments revealed that

the black film led to a slight decrease in the flower number of cv. Petrina in 1996. In 1997

the black film brought about a significantly decrease in the flowering of cv. Mars

compared to the white film. Renquist et al. (1982b) report that black polyethylene mulch

increased flowering in certain experiments compared to cultivation systems with bare

ground. Voth and Bringhurst (1961) found varying responses of strawberries to

polyethylene mulch. Our investigations indicate that variations in flowering were more

pronounced between the Mypex films of different colour than between the control and the

individual Mypex film treatments. Altered microclimatic conditions on and under the

Mypex films, due to the colours of the film, must have affected flowering.

Investigations conducted by Mière et al. (1996) after the beginning of floral induction

revealed that the initiation rate of secondary and tertiary inflorescences increased up to

temperatures of 18 ° C to 20 ° C. It is assumed that, in the present experiments, flower bud

differentiation in late autumn continued for a longer period on black Mypex films.

Nevertheless, increased temperatures on black Mypex film certainly led to a delay in floral

induction in late summer, offsetting possible positive effects of the black film on the

formation of flower buds in late autumn. Similar interrelations were found in former

experiments. Young strawberry plants remained at the vegetative growth stage for a longer

period oftime when the ambient temperature ofthe plantation was artificially increased by

spreading acryl sheets before the end of September (Neuweiler, 1999a). The consequence

was a decrease in the average number of flowers per plant. In contrast, spreading of acryl

sheets at later dates in autumn, when air temperature was already at a relatively low level,

significantly increased the flower number, certainly due to an extended period of flower

bud formation.

3.4.3.2. The yield and average size of the fruits

Our investigations indicate that flowering was clearly affected by the different mulches to

a greater extent than fruit yield. Effects on the development of the generative crop usually

occurred in the planting year. In comparison to its negative effect on flowering straw

mulch led to the lowest fruit yield of cv. Petrina in 1995. The smaller number of flowers
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did not lead to larger fruits (Ferrée and Stang, 1988; Lenz and Buenemann, 1967), whereas

in 1996 the smaller number of flowers had no effect on the fruit yield of cv. Petrina. Only
the white clover mulch treatment was outyielded by the control and both Mypex film

treatments. It is obvious that the cv. Petrina fruit was larger in the straw mulch than in the

white clover mulch treatment, although both organic mulch treatments equally exhibited

a smaller number of flowers. Therefore, it may be assumed that the more pronounced

shading by the white clover stands, which occurred in the planting year, in addition

deteriorated the quality of the flower buds of cv. Petrina. The quality of the flower buds is

clearly related to fruit size (Naumann and Seipp, 1989). As found for the vegetative plant

development, the generative crop development of cv. Mars responded to a lesser extent to

different mulches. Thus, the response to plant shading seems to differ from variety to

variety.

White Mypex film led to a slight, but statistically unproven yield increase of cvs. Petrina

and Mars compared to the black film in 1996. However in 1997, despite a significant

increase in flower number and a slight increase in the weight of the single fruit, the white

Mypex film did not result in a higher fruit yield. This indicates, that in this year, a smaller

percentage of flowers developed into fruits in this ground cover management system,

possibly caused by delayed flowering. Former investigations revealed that late flowering

strawberry plantations were infested to a greater extent by bud weevil (Anthonomus rubi)

(Hoehn and Neuweiler, 1993). Hence, the results of our experiments are in contrast to

former investigations of raised bed cultivation, which revealed a higher fruit yield of

strawberry plants growing on white plastic film than on black plastic film (Neuweiler,

1999b; Neuweiler and Husistein, 2000), and may be due to an increased percentage of

flowers damaged by the bud weevil.

In 1996, cv. Mars exhibited a slightly increased average fruit weight on white Mypex film

compared to the control, the black Mypex film, and the straw mulch treatment. Similar

findings were made in the succeeding experimental period. A statistically significant

difference existed only in comparison with the white clover and the straw mulch

treatments. An increased fruit size in the white Mypex treatment cannot be ascribed to

interrelationships with the flower set, because in 1996 the white Mypex film treatment did

not result in a different number of flowers compared to the other treatments. In the summer

production of strawberries from cold-stored plants on raised beds the size of the fruit

increased in the white polyethylene film treatment compared to black film treatment

(Neuweiler, 1999b). Renquist et al. (1982c) report that soil warming under black

polyethylene mulch lasted throughout the night. Higher temperatures in the rooting zone

favour the respiration rate of the roots (Czihak 1984 ), which may result in a waste of

photosynthates to the disadvantage of fruits. Sruamsiri and Lenz (1985c) found that net

photsynthesis of strawberry leaves of cv. Bogota was highest at moderate air temperatures

of 15° C. At higher temperatures, light respiration increased. Thus, it is assumed that, in

addition to soil, atmospheric temperature conditions also affect the net photosynthesis and

the subsequent partitioning of photosynthates to the developing fruits. Therefore, it is

concluded that decreases in ambient temperature caused by the white colour of the Mypex

film led to an increase in fruit growth.
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From the present experiments it is concluded that both the black and white Mypex films

are well appropriate for strawberry plantations. In contrast, alternative organic mulches,

such as straw or living white clover, hinder the interception of light and may inhibit the

development of young strawberry plants, finally leading to yield losses.

3.4.4. Fruit quality

3.4.4.1. Soluble solids and titratable fruit acid

In 1995 straw mulch increased the concentration of soluble solids of cv. Petrina. It should

be borne in mind that straw mulch decreased Nmm values in the harvest year. Hence, this

finding may be due to the lower availability of N, as reported by Hansen (1997) for sour

cherries. On the other hand the lower number offruits, found in the straw mulch treatment,

may have led to an increased partitioning of photosynthates to the remaining fruits (Lenz

and Buenemann, 1967). This assumption is substantiated by the results of the following

season, when the white clover mulch treatment increased the concentration of soluble

solids. This ground cover management system decreased flowering to the greatest extent.

In contrast, titratable fruit acid was less responsive to the tested ground cover management

systems. In 1996 organic mulches had a significantly higher concentration of titratable fruit

acid. As discussed above, the lower fruit set may have led to an increase in the

concentration of titratable fruit acid (Lenz and Buenemann, 1967). A comparison of the

concentrations of titrateable fruit acid, measured on black and white Mypex film, with

those found in the straw and the white clover mulch treatments indicates that the black

film resulted in a decrease in the titratable fruit acid. In contrast, the concentration of

titratable fruit acid was similarly high on white Mypex film as on straw and white clover

mulch. This may be due to the lower temperatures in the white plastic mulch treatment

(Hatt Graham et al., 1995) in the course of fruit development. Vogt and Goetz (1987)

report that the rate of decomposition of fruit acids in vineyards proceeds faster at high than

at low temperatures. Wang et al. (1998) found that the concentration of titratable fruit acid

in strawberries was lower on black polyethylene mulches than on a mulch of dead vetch.

Moreover, it is assumed that higher temperatures under the black Mypex film in the

rooting zone of the strawberries stimulated respiration rates (Roberts and Kenworthy,

1956), which, in consequence, resulted in a decreased partitioning of photosynthates to

fruits. Renquist et al. (1982c) point out that higher soil temperatures during the night

under the black polyethylene mulch stimulated leaf elongation. Competition between

vegetative development, which was increased by the black Mypex film in our experiments,

and partitioning of photosynthates to the fruits, as reported by Forney and Breen (1985),

and Sruamsiri and Lenz (1985b), can be assumed.

3.4.4.2. Firmness and shelf life of the fruit

In 1995 the black Mypex film increased fruit firmness compared to the control. Nmm

concentrations in the rows were sometimes higher in the black Mypex film treatment.

Based on the findings that N fertilization may decrease fruit firmness, as will be discussed

in chapter 4, fruit firmness may have been expected to decrease in the black Mypex film

treatment. It is difficult to estimate the extent to which the black Mypex film affected the

uptake of calcium, which has a positive effect on the stability ofthe cells and tissues of the
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fruits (Friedrich et al, 1986).

The situation was reversed in the following harvest year. The different coloured Mypex

films and the organic mulches of straw and white clover led to significantly softer fruits

than the control treatment. Our investigations revealed that soil moisture in the rooting

zone of the strawberries was increased by mulches. Thus, the mulches probably affected

fruit quality by changes in soil moisture, which, according to Schmitz (1987), may have

an influence on the composition of the strawberry fruits. Precipitation was rare between

late May and mid-June in 1996. It is assumed that increases in soil moisture due to the

mulches stimulated cell extension ofthe ripening strawberry fruits, thus leading to a looser

cell structure compared to fruits in the control, which exhibited a lower soil moisture.

Fruits of cv. Petrina collected at the beginning of the harvest in 1996, when temperatures

were very high, were firmer in the white Mypex film treatment than in the black Mypex

film treatment. The higher temperatures in the black Mypex film treatment may have had

negative effects on the consistency ofthe fruit flesh. Higher temperatures under and on the

black Mypex film certainly resulted in a lower rate of net photosynthesis (Sruamsiri and

Lenz, 1985c), which limited the partitioning ofphotosynthates to the fruits. The cell walls

consist mainly of compounds derived from photosynthates (Czihak et al., 1984). The

inconsistent effects of the black Mypex film treatment on fruit firmness, especially in the

harvest years 1995 and 1996, may, therefore, be due to some extent to different climatic

conditions in both experimental periods. While the weather predominantly was cool and

rainy in 1995, strawberry plants were often exposed to high temperatures during flowering

and fruiting in 1996. The shorter shelf life of Petrina fruits from the white clover mulch

treatment in 1996 is probably related to the greater availability ofN detected adjacent to

the rows in this mulching treatment in the harvest year. As will be discussed in chapter 4,

a greater availability ofN may lead to a more rapid breakdown of fruits.

3.5. Summary

Ground cover management systems, including different types of mulches, are increasingly

gaining importance for strawberry production in Switzerland. Hence, the question arises as

to the extent to which different mulches affect the vegetative and generative development

of the strawberry plant. The aim of this study was to compare different ground cover

management systems in terms of their impact on vegetative and generative crop

development parameters in strawberry plantings on a loamy soil under temperate

conditions.

Different ground cover management systems were tested in fields of strawberries that

were established in early August using green plugged plants of cvs. Petrina and Mars.

Vegetative crop development parameters, such as runner formation after planting,

development of the total leaf area per plant, and total shoot dry matter at the end of the

harvest, were assessed. Concentrations of total N and nitrate in the leaf blades were

determined. The crop development was followed by counting the flowers, weighing the

harvested fruits and determining the average fruit weight. Moreover, fruit quality was

assessed by measuring soluble solids, titratable fruit acid, and the firmness and shelf life

of the fruits.
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Total leaf area of the strawberries was hardly affected by the ground cover. In contrast,

formation of runners after planting, which, among other things, is controlled by

temperature and irradiation, exhibited a pronounced response to the tested mulches. The

straw and white clover mulch treatments decreased runner formation and flowering of cv.

Petrina, probably a consequence of direct shading ofthe plants by these interrow mulches.

The decreased flower number caused by these organic mulches generally resulted in yield

losses of cv. Petrina. In flat strawberry plantations, both straw and living white clover

mulches used as interrow mulches seem to be inappropriate because of their negative

effect on the generative crop development. A comparison of the differently coloured

Mypex films revealed that the white film resulted in a lower number of runners of both

tested varieties compared to the black film. This may be due to alterations in temperature

dynamics as a result of the colour of the film. The white plastic mulch seems to be less

suitable for the propagation of strawberry plants. A significantly higher average flower

number per plant was found with cv. Mars on white Mypex film in 1996/97. This may be

due to the fact that lower temperatures lead to an earlier termination ofrunner formation

on the one hand, while they also stimulate the premature development of flowers on the

other. Fruit yield was not significantly affected by the colour of the plastic mulches. The

fruit size of both cultivars was slightly affected by the tested ground cover management

systems. Only in 1997, did cv. Mars produce bigger fruits on the white Mypex films.

Soluble solids usually increased in the straw and white clover mulch treatments, whereas

titratable acidity of the fruits did not respond clearly to the different ground cover

management systems.

The straw mulch treatment, which resulted in higher concentrations of Nmin in the rows

after planting, exhibited higher concentrations of total leafN of cv. Petrina plants in the

late autumn of 1995. In the following spring, Nmin values also decreased notably in the

rows, certainly as a consequence of the decomposing straw. The decreased N availability

was related to a lower concentration of leaf nitrate at the beginning of flowering. In the

black and white Mypex film treatments, Nmin values in the rows were equal during the

harvest year. However, according to measurements of leaf nitrate, the white film led to a

decreased N uptake by the strawberry plant, possibly as a result of the lower soil

temperature.

These investigations demonstrated that black and white plastic mulches are very suitable

for the production of strawberries. The organic mulches, straw and white clover, inhibit the

initial development ofyoung strawberry plants, resulting in yield losses.
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4. The impact ofN fertilization on vegetative crop development
parameters, and the yield and quality of fruit

4.1. Introduction

N availability to strawberry plants affects both crop development and the quality of the

strawberries. Inappropriate N fertilization may contamine the ground water. Mineralized

soil N and fertilizer N may leach after precipitation (Traenkle, 1994) and excessive

irrigation (Langford, 1991). Most Swiss strawberry growers broadcast mineral N fertilizer.

Quast (1988) points out that leaching of nitrate can be reduced in row crops if the planting

row only is provided with strip applications of N. The question arises as to whether N

fertilization rates have to be adapted for strawberry plantations fertilized with nitrogen in

the rows.

The nitrogen requirements of strawberries and the effect of N fertilization on crop

development and the quality of the strawberries have been extensively studied. Total N

uptake may range from about 60 to 90 kg N ha"1 (Lenz, 1981; Schmid, 1985), of which

only 40 % are partitioned to the fruits, while the leafN pool is the largest vegetative sink

for fertilizer N (Archbold and MacKown, 1995). According to Raynal-Lacroix (1990),

total N uptake during fruit development is between 60 % and 70 % of total N

accumulation from planting to the harvest. Based on these findings Lenz (1981) suggests

splitting ofthe total N supply during crop development according to demand.

High rates ofN applications to potted strawberry plants increased the development of the

shoots to a greater extent than that of the roots (Luedders and Lenz, 1971). Similar

findings were made by Gruppe and Nurbachsch (1961). Hohmann (1973) reports that

fertilization rates that exceeded a total of 120 kg N ha"1 during crop development did not

result in higher fruit yields in outdoor strawberry plantations, and the average fruit weight

was not affected either. Rates of up to 120 kg N ha"1 applied by fertigation increased the

fruit yield of everbearing, dayneutral strawberry varieties as reported by Burgess (1997).

In contrast, Lamarre and Lareau (1997) did not prove significant effects ofN fertilization

on yield formation of everbearers. Archbold and MacKown (1995) report that N

requirements of dayneutral strawberries are higher than those of Junebearers. According to

Schmid (1985), the extension of the rooting system has a determining effect on N

fertilizer requirements of strawberries. Quast (1986; 1988) points out that an excessive

input of mineral fertilizers may promote salinity in the rooting zone, which has

detrimental effects on the development of the strawberry plant.

The fruit quality of various species may be affected by N fertilization (Winter et al.,

1992). In cultivation without soil different fertigation strategies led to changes in the

concentrations of soluble solids and titratable fruit acids of strawberry fruits (Raynal-

Lacroix, 1990; Raynal-Lacroix and Carmentos, 1992). Burgess (1997) observed a faster

decay of fruits from plots with high rates ofN fertilization. Keipert (1995) points out that

the taste ofthe fruit deteriorates as a result of high N fertilizer rates. Juergens (1990) found

firmer fruits due to nitrogen foliar sprays. Similar findings are reported by Mayer and

Terschueren (1985). With potted strawberry plants, Buenemann and Gruppe (1962) found

an increased N concentration in fruits with increasing rates ofN fertilization, whereas the
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concentrations of sugars and organic fruit acids were unaffected.

Susceptibility to pests and diseases may be affected by N fertilization. A firm relationship

between N treatments and mite injury has been proven by Stoltz et al. (1970). Schmitz

(1987) found a slightly higher percentage ofrotten fruits of susceptible varieties caused by

N fertilization. Increasing N fertilization caused a significant increase in the number of

rotten fruits in organic strawberry production (Gruber et al., 1995).

Many investigations have been conducted on potted plants in the glasshouse, with the

objective of determining the response of the strawberry plant to the application of N

fertilizers. Some experiments were performed under warm climatic conditions on sandy

soils. Field experiments under central European conditions (temperate climate and loamy

soils with moderate to high contents of organic matter) are scarce. A considerable amount

ofN may be released to the benefit ofthe strawberry plants by the decomposition of some

of the organic matter (Quast, 1988). According to Schmid (1985), N requirements of

strawberry plants on loamy soils are lower than on sandy soils. He recommends the use of

Nmin analyses to determine the additional N fertilizer demand. Keipert (1995) found a high

N availability after planting that exceeded the requirements of the strawberry plants, even

if no N had been fertilized. He assigns this to the ongoing decomposition of organic matter

and the release of N from the previous crop. In contrast to these findings, Winter et al.

(1992) and Juergens (1990) recommend late applications ofN during the establishment

of the plants to achieve a better development of the strawberry plants.

The question arises as to whether leaf analyses for total N might be useful to strawberry

growers, as proposed by Quast (1986) for orchards. Özgüven and Gezerel (1993) found no

differences in leafN during the harvest period as a result ofN fertilization. In contrast,

Burgess (1997) reports that leaves of dayneutral strawberry plants, without applications of

N exhibited lower levels of N in June and August. May et al. (1994) found seasonal

variations in the concentration of different macro-nutrients in the tissues of strawberries.

In vegetable production, analyses of leaf nitrate are already being used for diagnostic

purposes (Kuensch et al., 2000). It is unknown whether leaf nitrate tests of this type can be

used for diagnostic purposes during the development of strawberry crops.

The following study was conducted because of the lack of scientific recommendations

concerning nitrogen fertilization of field-grown strawberries on loamy soils and a lack of

experience with banded N fertilization. Field experiments were performed with progessive

applications of N to the rows of strawberries on sandy loams in Waedenswil. The main

objective of the study was the development of a strategy for minimum N fertilization to

complement the release of N under different ground cover management systems with N

application to meet the demand of the crop and to ensure high yields and fruit quality.

4.2. Materials and methods

Experimental site and climatic conditions

Details about experimental site and climatic conditions are given on page 9 (Chapter

2.2.).
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Rates of N fertilization

The following experiments were performed:

i) a ground cover management trial with 3 x 20 kg N/ha in 1995/96 and 1996/97 (see

chapter 2.2., page 10),

ii) a ground cover management x N fertilization trial with 0, 3 x 20, and 3 x 40 kg N/ha in

1994/95 and 1995/96,

iii) an experiment on bare ground with progressive rates ofN application in 1995/96 and

1996/97.

N fertilization took place at three developmental stages of the crop: two weeks after

planting with dissolved urea, at the beginning of growth (between mid-March and early

April) with dissolved ammonium nitrate, and at the beginning of flowering (between mid-

April and early May) with dissolved urea. Dissolved nitrogen fertilizer was applied

manually to the row of plants (30 cm wide).

The following N rates were tested on bare ground:

1.) 0 kg N ha"1 (control treatment)

2.) 3 x 10 kg N ha1

3.) 3 x 20 kg N ha1

4.) 3 x 30 kg N ha1

5.) 3 x 40 kg N ha1

Management of the strawberry crop

Details on basic P, K, and Mg fertilization, planting distances, irrigation and crop

protection are given on pages 10 and 32 (Chapters 2.2. and 3.2.).

Vegetative crop development parameters

Details of the investigation of vegetative crop development parameters are given on page

33 (Chapter 3.2.).

Leaf analyses

Details ofthe measurements oftotal nitrogen and nitrate in leafblades are given on page

33 (Chapter 3.2.).

Generative crop development

Details ofthe investigation of generative crop development are given on page 33 (Chapter

3.2.).

Fruit quality

Details of the investigation of fruit quality parameters are given on page 33 (Chapter 3.2.).

Experimental design and statistical analysis

Details about the experimental design and statistical analysis are given on page 33

(Chapter 3.2.).

The significance of the relationship between certain parameters was tested by linear

correlation analysis.
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4.3. Results

4.3.1. Vegetative plant development

4.3.1.1. Leaf area and shoot dry matter

The lowest total leaf area per plant was found in the 1994/95 experiment with no N

fertilization (Fig. 14). Increased N fertilization (3 x 20 to 3 x 40 kg N ha"1) increased leaf

area measured at the end of the harvest. The shoot dry weight similarly responded to

nitrogen fertilization, with very pronounced increases under the highest rate of N

fertilization (Fig. 15). The 3 x 40 kg N ha"1 treatment increased leaf number by 17 % and

average leaf size by 14 % compared to the zero N fertilization treatment in the planting

year.
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Fig. 14: Average leaf area of strawberry cv. Petrina, in 1994/95, at different N

fertilization rates. Values are averages from ground cover management plots

with bare ground, black Mypex film, and straw mulch. Values in the same

group with the same letter are not significantly different at P < 0.05 (LSD-test).

In contrast, N fertilization did not promote the growth of the canopy after planting in

1995/96, possibly due to a significantly greater percentage of weak plants with reddish

leaves under high N fertilization (Table 18). Accordingly, N fertilization affected the

development of the leaf canopy and the final shoot dry weight only slightly in the harvest

year 1996, with no significant differences between moderate and high N fertilization

(Table 18).

At flowering

3x20 kg N/ha

At the end of harvest

3x40 kg N/ha
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Fig. 15: Shoot dry matter of strawberry cv. Petrina, at the end of harvest in 1995, at

different N fertilization rates. Values are averages from ground cover management

plots with bare ground, black Mypex film, and straw mulch. Values with the same

letter are not significantly different at P < 0.05 (LSD-test).

Table 18: Vegetative development of strawberry cv. Petrina, in 1995/96, at different N fertilization rates.

Values are averages from ground cover management plots with bare ground, black Mypex film, straw mulch

and white_clover mulch.

N fertilization

treatment

(kg N ha1)

Runner number

in the planting

year 1995

Underdeveloped

plants (%) in late

autumn 1995

Total leaf area per plant (cm2)

In late autumn

(planting year)

At flowering

Shoot dry matter

(g per plant) at

the end of harvest

in 1996

2.26 a 2b 1053 2530 b 131.3 b

3x20 1.91b 3b 1191 2987 a 153.8 a

3x40 1.67 b 11a 1048 2862 a 155.7 a

LSD (P < 0.05) 0.28 291 13.6

Values in the same column followed by the same letter are not significantly different at P < 0.05 (LSD-test).

4.3.1.2. Number of runners

N fertilizer (20 and 40 kg N ha"1), applied two weeks after planting, increased an already

intensive formation of runners of cv. Petrina after planting in 1994 (Fig. 16), whereas N

fertilization significantly decreased an already poor formation of runners in 1995 (Table

18).
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Fig. 16: Runner number per plant of strawberry cv. Petrina in the planting year

1994, at different N fertilization rates. Values are averages from ground cover

management plots with bare ground, black Mypex film, and straw mulch. Values

with the same letter are not significantly different at P < 0.05 (LSD-test).

4.3.2. Leaf analyses

4.3.2.1. Total N in leaf blades

N fertilization increased soil Nmin values but had no effect on the concentration of total

leafN of cv. Petrina in the late autumn of 1994 (Table 19). In the late autumn of 1995, N

availability in the rows was significantly higher under rates of 30 or 40 kg N ha"1. Despite

higher Nmin values, total leafN was unresponsive to N fertilization. For detailed data and

results see Tables A. 15, A. 16 and A.20 in the annex.

Contrary to the planting year, total leafN was increased in high-N fertilization treatments

at the end of the harvest in 1995 and 1996 (Table 19 and Fig. 17).

4.3.2.2. Nitrate in leaf blades

Progressive rates ofN fertilization did not affect the concentration nitrate in the leaves of

cv. Petrina in the late autumn of 1994 (Table 19). In the late autumn of 1995 the values

were much lower but increased significantly under the highest rate ofN fertilization (Fig.

18).

At the beginning of flowering in 1995, N fertilization increased the leaf nitrate

concentration by more than 50 % with significantly highest concentration under the highest

rate ofN fertilization (Table 19). Although the values were lower, the differences between

the treatments persisted until the end of flowering (Table 19). In the succeeding harvest

year of 1996, similar results were found for cv. Petrina again (Fig. 18).
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Fig. 17: Concentration of total N in leaf blade dry matter of strawberry cv. Petrina,

at the end of the harvest in 1996, at progressive N fertilization rates on bare ground.

Values with the same letter are not significantly different at P < 0.05 (LSD-test).
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Fig. 18: Concentration of nitratein leaf blade fresh matter of strawberry

cv. Petrina, in 1995/96, at different N fertilization rates. Values are averages

from ground cover plots with bare ground, black Mypex film, straw mulch,

and white clover mulch. Values in the same group with the same letter are not

significantly different at P < 0.05 (LSD-test).
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Table 19: Concentrations of total N in leaf blade dry matter and of nitrate in leaf blade fresh matter of

strawberry cv. Petrina, in 1994/95, at different N fertilization rates. Values are averages from ground cover

plots with bare ground, black Mypex film and straw mulch.

N fertilization Concentration of total N in leaf blades Concentration of nitrate in leaf blades

treatment (% dry matter) (mg/kg fresh matter)

(kg N ha1)

In late autumn At the end of In late autumn At the beginning At the end of

harvest of flowering flowering

0 2 58 1 79 b 660 559 a 245 b

3x20 2 63 197 a 750 811b 320 a

3x40 2 61 2 10 a 781 898 c 584 a

LSD (P< 0 05) ns 0 16 ns 150 98

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test).

4.3.3. Generative crop development

4.3.3.1. Flower number

Progressive N fertilization rates had little effect on the formation of flowers of cv. Petrina

in 1994/95 and 1995/96 (Table 20, additional data in Annex Table A. 18). Only in

1994/95, N fertilization tended to decrease the average number of flowers of cv. Petrina in

the ground cover treatments. According to simple linear correlation analyses, the

formation of runners and flowers correlated inversely on bare ground (r = -0.60, 3 N

fertilization rates x 4 replications, n = 12).

Flowering of cv. Mars was also quite unresponsive to N fertilization (Table 20). In the

experiment with five progressive N fertilization rates on bare ground the flower number of

cv. Mars was increased significantly from about 40 to 50 flowers per plant at the rate of

3 x 10 kg N ha"1 in 1995/96; a higher rate of N fertilization decreased the level to 40

flowers per plant again (data not shown).

4.3.3.2. Average fruit yield

Fruit yields of cv. Petrina and cv. Mars were for the most part unresponsive to N

fertilization (Tables 20, A. 18 and A. 19); the yield of cv. Petrina showed a slight decrease

under fertilization in 1995 (Table 20). In 1996/97, cv. Mars exhibited a significant yield

decrease of 11.5 % at the highest N fertilization rate of 3 x 40 kg N ha"1 compared to zero

N fertilization (data not shown).

4.3.3.3. Average fruit weight

The highest N fertilization rate significantly increased the average fruit weight of cv.

Petrina compared to the zero N fertilization rate in 1995 only (Table 20). In the following

season, neither cv. Petrina nor cv. Mars showed a clear response to N fertilization with

regard to the average fruit weight (Table 20, additional supportive data in Annex Tables

A.18,A.19,andA.21).
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Table 20: Generative crop development of strawberry cvs. Petrina and Mars, in 1994/95 and 1995/96, at

different N fertilization rates. Values are averages from ground cover plots with bare ground (1994/95,
1995/96), black Mypex film (1994/95, 1995/96), straw mulch (1994/95, 1995/96) and white clover mulch

C1995/96).

N fertilization Flower number per plant Fruit yield per plant (g fresh Average fruit fresh weight (g)
treatment weight)

(kgNha1)

Petrina Petrina Mars Petrina Petrina Mars Petrina Petrina Mars

1995 1996 1996 1995 1996 1996 1995 1996 1996

0 89 5 66 2 42 2 506 532 686 15 7 b 19 9 20 2

3x20 814 66 8 42 7 471 547 662 16 5 ab 20 0 20 6

3x40 812 67 0 411 463 555 689 17 0 a 19 0 20 8

LSD ns ns ns ns ns ns 10 ns ns

(P < 0 05)

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

4.3.4. Fruit quality

4.3.4.1. Soluble solids and titratable fruit acid

The concentration of soluble solids and of titratable fruit acid significantly decreased under

the highest N fertilization rate in 1994/95 (Fig. 19A, B). Significant interactions between

ground cover management and N fertilization with respect to titratable fruit acid of cv.

Petrina were found on the second sampling date.

N fertilization rates had no significant effect on the concentration of fruit acid except in the

black Mypex film treatment where the 3 x 40 kg N ha"1 rate significantly decreased

titratable fruit acid (annex Table A.22).

In the following in season 1996, concentrations of soluble solids and titratable fruit acid of

cv. Petrina were scarcely affected by N fertilization (data not shown).

Significant interactions between ground cover management systems and N fertilization

were found with regard to soluble solids. On black Mypex film, N fertilization decreased

soluble solids on the first sampling date (Fig. 20). In contrast, soluble solids increased at

the moderate rate of 3 x 20 kg N ha"1 on straw mulch. At the highest level of 3 x 40 kg N

ha"1, soluble solids decreased again (Fig. 20).
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Fig. 19: Average concentrations of A.) soluble solids andB.) titratable fruit acidity

of strawberry cv. Petrina, in 1995, at different N fertilization rates. Values are avera¬

ges from ground cover plots with bare ground, black Mypex film and straw mulch.

Values in the same group with the same letter are not significantly different at P < 0.05

(LSD-test).
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sampling date in 1996, at different N fertilization rates on black Mypex film

and on straw mulch. Values with the same letter are not significantly different at

P < 0.05 (LSD-test).
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4.3.4.2. Firmness and shelf life of the fruits

The highest N fertilization rate made fruits of cv. Petrina softer compared to the zero N

treatment and to the moderate rate ofN fertilization on the second sampling date in 1995

(Fig. 21). The shelf life of fruits declined at all rates ofN fertilization on this date (Fig.

22). In the succeeding season of 1996, no effects of N fertilization on the firmness and

shelf life of cv. Petrina fruits were found (data not shown).
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Fig. 21: Fruit firmness of strawberry cv. Petrina, on the second sampling date in 1995,

at different N fertilization rates. Values are averages from ground cover plots with

bare ground, black Mypex film, and straw mulch. Values with the same letter are not

significantly different at P < 0.05 (LSD-test).

Fig. 22: Shelf life score of strawberry cv. Petrina, on the second sampling date in

1995, at different N fertilization rates. Values are averages from ground cover

plots with bare ground, black Mypex film, and straw mulch. The score for 1000 g

fresh berries stored during 2 days at 12 °C was 5, that for rotten berries 1.

Values with the same letter are not significantly different at P < 0.05 (LSD-test).



68

4.3.3.5. Relationships between soil N availability and vegetative and generative

crop development and fruit quality

In the late autumn of 1995 no relationship was found between soil Nmin measured in late

summer or late autumn and total N and nitrate in the leaf blades (data not shown).

However, total leaf area assessed in late autumn was positively correlated with the

availability of soil N in late summer (r = +0.49) and late autumn (r = +0.47).

In the harvest year, concentrations of nitrate in the leaf blades measured shortly before and

after flowering, increased with increasing Nmm concentrations in the rows during this

period (Table 21). A similar correlation existed between the total leaf N and shoot dry

matter, measured at the end ofthe harvest, and Nmm in the rows, assessed shortly before or

after flowering.

The flower number, fruit yield and average fruit size of cv. Petrina did not respond

significantly to Nmin values in the rows between planting and the end of the harvest in

1995/96 (data not shown). In the previous experimental period 1994/95, a significant

negative correlation (r = -0.42, n = 36) between average flower number per plant and N

availability in late summer after planting was proven in the experiment with different

ground cover management systems.

The average concentration of soluble solids decreased with increasing Nmin concentrations,

measured shortly before or after flowering (Table 21). In contrast, the average

concentration of titratable fruit acid was significantly and positively related to an

increasing N availability, measured at the end of flowering.

Table 21 : Correlation coefficients (r) between Nmin in the rows in the cropping season 1995/96 and crop

parameters on bare ground (5 N fertilization rates x 4 replications, n = 20).

Concentration Concentration Concentration Shoot dry Average Average

of nitrate in of nitrate in of total N in matter per concentration concentation

leaf blades at leaf blades at leaf blades at plant at the of soluble of titratable

the beginning the end of the end of the end ofthe solids fruit acidity

of flowering flowering harvest harvest

Nmln shortly +0 55* +0 45* +0 72* +0 60* -0 44* +0 15

before

flowering

Nra,„ shortly . +0 30 +0 77* +0 54* -0 56* +0 47*

after

flowering

r-values with *
are significant at P < 0 05
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4.4. Discussion

4.4.1. Vegetative plant development

The total leaf area per plant of cv. Petrina increased under N fertilization in 1994/95.

Moreover, runner number was significantly enhanced by N fertilization after planting.

Promoting effects of N fertilization on the leaf growth of strawberries are reported by
McArthur and Eaton (1987), Cannell et al. (1961), Rom and Dana (1962), Breen and

Martin (1981), and Abbott (1968). According to Cannell et al. (1961) and Ibrahim and

Mohamed (1993), N fertilization also increases runner formation of strawberry plants.

Zhen and Leigh (1990) found that the growth response of wheat to N fertilization was

most pronounced before total leafN reached the threshold value at which internal nitrate

began to accumulate. Experiments with potted strawberry plants conducted by Gilliam et

al. (1983) indicated that the response of the plant growth was more distinct as N

fertilization increased from low to moderate levels than from moderate to high levels.

Similar results were found in our experiments. N requirements of cv. Petrina were met for

the formation of a maximum canopy at the moderate rate of 3 x 20 kg N ha"1 until

flowering. Further increases in N fertilization (to 3 x 40 kg N ha"1) failed to stimulate

additional leaf growth before the beginning of fruit development. In contrast, during the

period between flowering and the end of the harvest, leaf growth was particularly

responsive to N fertilization. The 3 x 40 kg N ha"1 rate led to additional increases in total

leaf area and shoot dry matter compared to the moderate rate. Olsen et al. (1985) also

found an exponential vegetative growth rate of strawberry plants in the period between

flowering and the end of the harvest. Schmid (1993) reports that the shoots of strawberry

plants accumulate about two thirds of total N and, hence, are important sinks for nitrogen.

Therefore, the stage of fruit development is characterised by elevated N accumulation

(Albregts and Howard, 1980) and greater N requirements of strawberry plants (Hochmuth

et al, 1996).

In contrast to 1994/95, the vegetative plant development of cvs. Petrina and Mars was

usually unresponsive to progressive N fertilization treatments in 1995/96, while after

planting the formation of runners of cv. Petrina even decreased significantly as a result of

N fertilization. The moderate rate of N fertilization (3 x 20 kg N ha"1) had a significant

positive effect on leaf growth in the harvest year. This indistinct response of canopy and

runner formation to N fertilization may be due in part to a decreasing responsiveness of

strawberries to increasing rates ofN fertilization when a certain concentration of Nmin is

exceeded in the soil. Nmin values, regardless ofN fertilization, were highest in 1995/96.

Experiments by Breen and Martin (1981) indicated that exceptionally high rates of N

fertilization resulted in significantly fewer leaves and a lower number of runners.

According to their investigations, plant growth was promoted by a low to moderate input

of N, but was inhibited at high rates of N fertilization. For celery seedlings an inverse

response of root and shoot dry weight to N fertilization was found, with the root:shoot

ratio decreasing with increasing N fertilization (Tremblay and Gosselin, 1989). A modified

pattern ofthe spread of strawberry roots due to high rates ofN fertilization, applied to the

rows, may have led to alterations in shoot growth.

The higher percentage of weak plants with reddish foliage found after planting in 1995,
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when nitrogen fertilizer was applied at a rate of 40 kg N ha"1, indicates that large amounts

of fertilizer N, applied to the rows, may have detrimental effects on the root development

of strawberries. Locascio and Martin (1985) report that soluble salts reached a near toxic

level for strawberries when nitrogen fertilizer was applied at high rates before planting.

However, the application of N as urea and ammonium may have inhibitory effects on

strawberry plants as well (Quast, 1996; Kreusel and Lenz, 1996). This is partly ascribed to

a greater demand for carbohydrates, necessary for the uptake and the internal

detoxification of ammonium.

Based on the findings of these experiments, it is concluded that N fertilization may

promote the growth of strawberry shoots. On the other hand, strawberry growers should

be aware that high N fertilization to the rows after planting may have negative effects,

presumably on the spatial spreading of roots, resulting in an inhibition of crop

development. This suggests that temporal splitting of total N fertilizer is fundamental. At

sites with a low natural availability of N in the soil, moderate rates of N fertilization,

applied in the harvest year, best meet the temporal course of N requirements of

Junebearing strawberries. The period of flowering and fruiting is marked by the most

intensive leaf growth (Olsen et al. 1985; Arney, 1953). In particular, with strawberry plants

that bear a large number of fruits, which inhibit leaf and root growth (Lenz and

Buenemann, 1969), balanced rates of N, applied during flowering and the formation of

fruits, may be necessary to promote the growth of foliage.

4.4.2. Leaf analyses

4.4.2.1. Total N in leaf blades

Albregts and Howard (1980) report that leaf blades of strawberies accumulate most of the

nitrogen. Hence, the concentration of total N in the leaf blades may be a potential

indicator of the uptake and accumulation of N. During both experimental periods, no

effects ofN fertilization on total leafN were found after planting. N availability in the soil,

regardless of the rate of applied N, was low in the autumn of 1994. In the following

autumn of 1995, Nmin concentrations in the rows still reflected different rates of N

fertilization applied after planting. Therefore, the lack of a response of leaf N to N

fertilization must be due to environmental factors other than N availability, which can

control N accumulation. The uptake and accumulation of nitrogen certainly are affected

by the physiological stage ofthe strawberry plants, which is regulated by photoperiod and

other physical parameters (Dijkstra, 1990; Durner et al., 1984). Decreases in temperature

and photoperiod occur at the beginning of winter when the growth of strawberries stops

(Friedrich et al., 1986), thus resulting in a lack of response of total leafN to N availability

in the soil.

However, N fertilization led to a higher concentration of total N in the leaf blades after the

harvest in 1995 and 1996. Promoting effects ofN fertilization on leafN are reported by

Breen and Martin (1981) for potted strawberry plants and by Wirth and Alt (1979) for

strawberry plants in the field. Archbold and MacKown (1997) found that increased

concentrations of Nmin stimulated the accumulation ofN by strawberry plants. Rom and

Dana (1962) point out that irrigation controls the response of strawberries to N fertilizer

treatments. Moreover, there are differences in the responsiveness of leaf N to N
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fertilization among varieties (Breen and Martin (1981).
Total leafN, measured at the end of the harvest, showed a clear response to N fertilization

at a rate of 3x10 kg N ha"1 in 1996, while higher rates ofN fertilization led to unimportant

additional increases in total leafN. Similar findings were reported in 1995. Experiments

by Voth et al. (1967), Breen and Martin (1981), Locascio et al. (1977), and Vang (1998)
indicate that the response of total leafN to N fertilization is controlled to a certain extent

by the nutritional status of the strawberry plants. Increases in total leaf N were more

pronounced going from low to moderate rates ofN application than from moderate to high

rates ofN application (Voth et al., 1967).

Discrepancies between samplings in late autumn and after the harvest may be due to

seasonal changes in the response ofN accumulation to N availability in the soil (Cannell

et al., 1961; Way and White, 1968; Stanisavljevic et al., 1997). Locascio and Martin

(1985) and Hochmuth et al. (1996) found that effects ofN fertilization on leafN depended

on the sampling date during the fruiting period. The most important accumulation ofN

occurs after the strawberry plant begins to bear fruit (Albregts and Howard, 1980). These

findings were substantiated by investigations conducted by Bould (1964), which revealed

that leaf N of strawberry plants changed little between flowering and the beginning oft

ripening, but fell rapidly toward the end of the harvest. Gagnon and Bédard (1990)

detected that N accumulation by strawberry roots decreased as the number of fruits

increased. This finding indicates that the number of fruits may control the partitioning of

N to the different plant organs.

Based on our findings and those of the authors reported above, it is concluded that the

response of total leafN to N fertilization is controlled by the changing N requirements of

the strawberries. Leaf N seems to be more responsive to N fertilization when the N

requirements of the strawberry plants are high, for example during fruit development.

The relevance of leaf analyses of total N to assess the N requirements of strawberries are

restricted by a number of environmental factors that affect N accumulation in strawberry

leaves. We cannot draw conclusions, for leaf samples only were collected in late autumn

after planting and at the end of the harvest. Newenhouse and Dana (1989) point out that,

despite a low level of tissue N, found in the previous autumn, yield was not affected

adversely by the presumedN deficiency. Therefore leafanalyses performed in the planting

year are not very informative. In contrast, leaf analyses for total N may reflect the N

requirement of strawberry plantations in the harvest year to some extent.

4.4.2.2. Nitrate in leaf blades

The concentration of nitrate in leaf blades was usually responsive to N fertilization during

flowering. Positive correlations were found between soil Nmin, measured shortly before

flowering and leaf nitrate, measured at the beginning or end of flowering. Moreover, at the

end ofthe harvest, total leafN was positively related to leaf nitrate, as assessed at the end

of flowering.
A positive relationship between the concentrations of total N and nitrate is reported for

wheat plants (Zhen and Leigh, 1990). At low levels of total N in the plants no nitrate was

detected in the shoots, but once a certain concentration of N was exceeded, nitrate

accumulation was found to be a linear function of the concentration of total N. According
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to Hochmuth et al. (1996), nitrate in the sap of the leaf petiole of strawberry plants

increased linearly with increasing N fertilization. Raynal-Lacroix and Cousin (1997)

suggest that petiolar sap nitrate indicates the nutritional status and the physiological N

requirements of strawberry plants. Their investigation was conducted with everbearing

strawberry varieties and revealed strong relationships between concentrations of soil Nmm
and nitrate in the petiolar sap, but only when the availability of N in the soil varied

considerably.

Leaf nitrate of cv. Petrina was not affected by N fertilization in the late autumn of 1994

and 1995, in contrast to the harvest year. As discussed above regarding total leaf N, the

uptake and accumulation of nitrate may be controlled by the physiological status of the

strawberry plants, which is regulated by a number of environmental factors (Dijkstra,

1990; Durner et al., 1984). Due to greater N requirements as a result of the number of

fruits (Albregts and Howard, 1980), the concentration of leaf nitrate showed a stronger

response to N fertilization in the harvest year than in late autumn of the planting year.

From our experiments, it is concluded that leaf nitrate tests may be used as indicators of

the N requirements of strawberries with caution. Leaf nitrate of cv. Mars did not respond

to N fertilization in contrast to cv. Petrina. Voth et al. (1961) point out that the

responsiveness of leaf nitrate to N fertilization differs between varieties. Leaf nitrate

concentrations in strawberries are subjected to considerable changes during crop

development (Voth et al., 1961). Kubota et al. (1996) and Cannell et al. (1961) found that

desirable levels of nitrate in cauliflower leaves depended on the growth stage. To develop

a leaf nitrate test, which could be used together with soil Nmin analyses by strawberry

growers to obtain information about the N requirements of their plantations, critical

thresholds and target values must be determined for common varieties at different stages

of development of the strawberry plants.

The leaf nitrate test seems to be a suitable tool for strawberries during flowering and when

the plants bear fruit, while it is of limited use in the planting year. In the first period after

planting, it is difficult to find representative leaf samples because of a very sparse canopy.

Furthermore, climatic factors such as decreasing temperature and irradiation may affect the

accumulation of leaf nitrate to a large extent in autumn. As soon as light intensity limits

net photosynthesis, the accumulation of nitrate may occur (Czihak et al., 1984), which may

be mistakenly ascribed to a high availability ofN in the soil.

4.4.3. Generative crop development

4.4.3.1. Flower number

The formation of flowers of cvs. Petrina and Mars was slightly affected by N fertilization.

The 3 x 40 kg N ha"1 rate slightly decreased the flower number of cv. Petrina compared to

the zero N treatment in 1994/95. A clear inverse relationship between Nmin values in late

summer after planting and flower number was corroborated. Furthermore, an inverse

relationship between runner formation after planting and flowering was proven with cv.

Petrina.

With regard to flower formation, most authors report no or even negative effects of high

N fertilization rates, which evidently promote vegetative plant growth to the disadvantage
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of the reproductive development. Wahdan and Waister (1984) found that runner number

was inversely related to the number of inflorescences. Zurawicz and Stushnoff (1977)

report that nitrogen stimulated vegetative growth but suppressed flower formation.

Investigations conducted by Rom and Dana (1962) and Newenhouse and Dana (1989)

showed that flower number was not affected by the N treatments. In contrast to the

authors cited above, Jahn and Dana (1970) found a positive relationship between initial

vegetative plant development and flower number. Experiments by Fear and Nonnecke

(1989) and Breen and Martin (1981) demonstrated that the number of inflorescences of

potted plants increased when moderate amounts ofN were applied. At higher levels ofN

no additional increases in flower number were found or a decrease in flower number was

the case.

Abbott (1968) points out that possible negative effects ofN deficiency on the fruit yield

may occur as a result of the inhibition of the branch crown proliferation. Crowns are

potential sites of flower bud initiation. According to these investigations, there was no

direct effect of N availability on flower buds initiated in the apical meristems of each

crown. It is concluded that in our experiments, even at zero N, the concentration of soil

Nmin was usually sufficient to enable the optimum formation of leaves and axillary buds,

which are sites for the formation of lateral crowns or which can develop into runners

(Naumann and Seipp, 1989). In 1994/95, the 3 x 40 kg N ha"1 rate led to an average

increase of one leaf per plant compared to the zero N treatment; this means either to one

additional site for a lateral crown or for one runner per plant. Therefore, the effect ofN

fertilization on the number of potential sites for inflorescence formation was negative,

because increasing rates of N fertilization favoured the formation of runners to the

disadvantage ofthe formation ofcrowns. It is evident that excessive concentrations ofNmm

prolong the vegetative plant growth on the one hand and delay the reproductive

development on the other.

Thompson and Guttridge (1960) point out that mature leaves inhibit the development of

flower buds. Porlingis and Boynton (1961) found gibberelline-like compounds in the

runners of strawberry plants, which resulted in an increase in stolon elongation. Repeated

spraying of gibberellines resulted in a suppression of flowering. From their investigations,

gibberellines are supposed to promote vegetative growth on the one hand and to inhibit

flowering on the other. Gibberellines mainly occur in the tissue of shoot tips and young

leaves (Schumacher 1989). These reports give an additional explanation about the inverse

relationship between the vegetative plant development and the formation of flowers, as

observed in our experiments.

4.4.3.2 The yield and average size of the fruits

The yield and average weight of the fruit of cvs. Petrina and Mars showed little response

to N fertilization. Schmitz (1987) did not find a significant correlation between total leaf

N and fruit yield. The fact that fruit yield did not respond to N fertilization in our

experiments was certainly due to the fact that the development of flowers was, for the most

part, not affected by N fertilization either. A clear relationship between flowernumberandfruityieldisreportedbyHancocketal.(1983)andRenquistetal.(1982).Incontrasttothefindingsmadeinthepreviousseason,the3x40kgNha"1rateresultedinaloweryieldthanthezeroNtreatmentwithcv.Marsin1996/97.Lowerfruityields,asaconsequenceofmorethanoptimumNsupply,arereportedbyScharpf(1982)and
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Ibrahim and Mohamed (1993). Wirth and Alt (1979) found that the concentration of total

N in the leaves was inversely correlated with the fruit yield.

The yield depression of cv. Mars caused by the increasing N supply, cannot be ascribed to

a lower flower set because N fertilization treatments did not result in a different number of

flowers. Furthermore, the average fruit weight was not particularly affected by N

fertilization. This yield decrease is ascribed to the abortion of flowers and flower buds, as

reported by Geisler and Ritz (1981) for wheat. Similar processes are described by Stang

and Denisen (1970) for strawberries, who detected an arrested development of late-

blooming flowers. Waister (1979) reports that only some flowers develop into marketable

fruits. Winter et al. (1992) point out that excessive N fertilization is related to an increased

flower drop on currant bushes. They ascribed this to an abundant stimulation of the

vegetative plant growth. Cannell et al. (1961) report that fruit size, too, may be decreased

by N fertilization due to a shift in the strawberry plants from sexual to asexual

reproduction. Developing runners may have negative effects on yield formation (Albregts

and Howards, 1986).

The effect of N fertilization on the fruit yield is controlled by the current level of N

availability. Voth et al. (1961), Cannell et al. (1961), and Vang (1998) found no response

of fruit yield to N fertilization as the amount of applied N increased from moderate to

high levels. Hochmuth et al. (1996) suggest the use of a linear plateau equation, that shows

yield increases only at low rates ofN fertilization and a stagnation at higher levels, for the

prediction of maximum strawberry yield as a function ofN fertilization. Moreover, their

investigations revealed that N fertilization had no discernible effects on the fruit yield of

everbearing varieties during periods of a low production of fruits. In contrast, strawberries

were quite responsive to N fertilization during the most productive period. It is assumed

that the response of strawberry plants to N fertilization is controlled to some extent by the

number of fruits.

In 1994/95, the 3 x 40 kg N ha"1 rate was related to a slightly reduced flower set and a

slight decrease in yield. The average fruit weight increased significantly with increasing

rates ofN fertilization. This increase in fruit size was certainly not due to direct promoting

effects ofN fertilization on the fruit growth. The enhanced fruit size depended more on

the slight decrease in the flower number of strawberry plants which were supplied with N

fertilizers. Inverse relationships between fruit number and fruit size are reported by Ferrée

and Stang (1988), Webb and White (1971), and Lenz and Buenemann (1967).

Based on our experiments and the comments of the authors cited above, it is concluded

that moderate rates ofN fertilization in the rows are necessary only at locations with a low

natural availability ofN in the soil. It is evident that the N requirements of strawberry

plantations are often lower than currently recommended rates of fertilization (Neuweiler,

1998). Our investigations, which revealed no positive but sometimes detrimental effects of

N fertilization on the generative crop development, demonstrate that especially

applications ofN fertilizers after planting usually are of no benefit. Moderate rates ofN

fertilization should be applied in the harvest year, particularly during flowering and the

bearing of fruits,
tostrawberrycropswhichbearahighnumberoffruits.Ahighnumberoffruitsinhibitsthedevelopmentofthecanopy(SruamsiriandLenz1985)andthespreadingofroots(LenzandBuenemann,1969).LocascioandMartin(1985)foundyield-
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promoting effects of a continuous supply ofN applied by trickle irrigation, while preplant

applications usually failed to increase fruit yield.

4.4.4. Fruit quality

4.4.4.1. Soluble solids and titratable fruit acid

The concentration of soluble solids of cv. Petrina was affected negatively by N fertilization

in 1994/95. In the following season, the effects ofN fertilization on the concentration of

soluble solids were unimportant.

The comments regarding the response of quality and chemical composition of fruit species

to N fertilization differ among authors. Vang (1998) found no effects ofN fertilization on

the sensorily assessed quality of strawberries grown on raised beds. Smaller accumulation

of sugar due to N fertilization is reported by Hansen (1997) for sour cherries. He attributes

this to severe competition for carbohydrates arising from the excessively promoted

vegetative growth. Schaffer et al. (1985) and Buchter (1990) point out that leaf growth

results in competition for photosynthates with the developing strawberry fruits.

In our experiments, the leaf growth of cv. Petrina increased significantly after N

fertilization during the harvest year of 1995. The leaf area index certainly increased

beyond the optimum level with increasing rates of N fertilization. If the leaf area index

exceeds a certain level, then no additional increases in photosynthesis per plant will occur,

while total respiration increases proportionally to the increasing leaf area (Czihak et al.,

1984). Hence, the excessive canopy certainly resulted in a lower rate of net photosynthesis

(Sruamsiri and Lenz 1985) and, as a result, in a decreased partitioning of photosynthates

to the fruits. Experiments by Luedders and Lenz (1971), revealed that the total rate of net

photosynthesis was increased by higher rates of N applications to plants bearing fruits,

while it decreased in high N fertilization regimes when plants were not bearing fruits. They

ascribed this differing response to N fertilization to the inhibitory effects of fruit

development on the development of the foliage. Due to a lack of fruits, plants that were

not producing fruits exhibited more intensive leaf growth compared to plants producing

fruits, regardless ofthe N treatment.

Clark et al. (1992) report that N fertilization increased concentrations of aminoacids in

kiwi fruits. An increased share of photosynthates, partitioned to the strawberry fruits, may

have been used for the development of aminoacids in a high N fertilization regime in our

experiments, with the result that the accumulation of sugar compounds decreased.

The concentration of titratable fruit acid was also negatively affected by N fertilization in

1995. In the following season, a positive relationship between titratable fruit acid and N

availability at flowering was found, while soluble solids decreased with increasing Nmin

concentrations. Similar findings were reported by Hansen (1997), who reports that

increasing N rates augmented the concentration of titratable fruit acid in sour cherries,

while the concentration of soluble solids clearly decreased when large amounts of N

fertilizer were applied. A positive relationship between N fertilization and the

concentration of organic fruit acids was found by Luedders and Lenz (1971) and Grab et

al. (1993) for strawberry fruits.

Reasons for the discrepancy between soluble solids and titratable fruit acid with regard to

their responsiveness to N fertilization may be due to different temporal patterns of the

partitioning and the accumulation ofthe different organic compounds in developing fruits.
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In vineyards, the concentation oftitratable acids increases during the early stages offruit

development until the beginning of ripening of the berries. In the following phase, the

concentration of titratable acids decreases, while the concentration of sugars increases

(Vogt and Goetz, 1987). Similar changes in the chemical composition in the course of the

development of strawberries are described by Montera et al. (1996) and Friedrich et al.

(1986). As discussed above, the total leaf area increased markedly during later stages of

the fruit development when N was applied in our experiments. Therefore, it may be argued

that the accumulation oforganic fruit acids, which mainly takes place at early stages ofthe

fruit development, was not affected as negatively by the increasing competition, arising

from the vegetative plant growth, promoted by N fertilization especially at later stages in

the harvest year.

4.4.4.2. Firmness and shelf life of the fruits

The highest rate ofN fertilization led to a significant decrease in the firmness of the flesh

of Petrina fruits compared to those grown in untreated plots in 1995. Moreover, the shelf

life was decreased as a result of N fertilization. In the succeeding experimental period in

1996, no differences were found between different N treatments with regard to these

quality attributes. The literature gives few and even contradictory reports with regard to

the response of fruit firmness of various fruit species to N supply. Hochmuth et al. (1996)

did not find an effect of N fertilization on the firmness of strawberries grown on sandy

soils. In contrast, Schumacher (1989) points out that a surplus ofN may result in a coarse

tissue structure of apples, which is related to a decrease in fruit firmness. Saxena and

Locascio (1968) observed that the shear resistance of strawberry fruits increased with

increasing rates of applied N. Investigations of strawberries by Grab et al. (1993)

demonstrated that the response of fruit firmness to increasing N rates was determined by

the current level ofN availability. LowN rates improved fruit firmness compared to the

zero N treatment, while higher rates decreased it.

Fruit firmness depends on tissue stability, which, among other things, is determined by Ca

cations linking pectin lamellas of individual cells (Friedrich et al., 1986). Ca cations are

immobile in the phloem. Therefore, partitioning of calcium to the developing fruits

predominantly occurs via the transpiration stream in the xylem during the early stages of

fruit development (Schumacher, 1989). It is assumed that increases in leaf area, stimulated

by N fertilization, were concomitant with an increased transpiration rate of the canopy.

Transpiring leaves attract a greater amount of calcium, which is transported by the water

stream, to the disadvantage of the young fruits (Schumacher, 1989). Increases in the size

ofthe fruits under the highest N fertilization rate may be related to the further dilution of

calcium in the strawberry fruits.

The shelf life of harvested fruits depends to a large extent on the intactness ofthe fruit peel

and tissue, which, among other things is determined by the resistance of fruits to

manipulations at harvesting. Firmer fruits, grown under low N regimes, with a stable fruit

peel and cell structure were certainly less susceptible to injury when harvested.

Based on our present
investigationsitisconcludedthatpositiveeffectsofNfertilizationonfruitqualityarefewandonlyoccurifmoderateratesofNareapplied,whileNavailabilityinthesoilislowordecreasedartificiallybytheappliedmulchingtreatment.Ontheotherhand,onsoilswithacertainrateofnaturalmineralizationofnitrogen,
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negative effects of additional applications of fertilizer N on fruit quality may occur.

Abundant N fertilization is related to excessive vegetative plant growth, which competes

with fruits for photosynthates and nutrients.

4.5. Summary

Excessive N fertilization may cause nitrate leaching. Many experiments have been

conducted in the past on sandy soils or with potted plants to determine the N requirements

of strawberry plants. However, little is known about the response of strawberry plants to

N fertilization on loamy soils. Strip applications of mineral N fertilizers may contribute to

reduced nitrate leaching in row crops. The objective ofthese investigations was to develop

a minimum N fertilization strategy for strawberry plants on a loamy soil under temperate

climatic conditions that is demand-driven and allows for high fruit yields and optimum

quality.
Green plugged plants of cvs. Petrina and Mars were established in early August. In a bare

ground treatment, 0, 10, 20, 30 and 40 kg N/ha were applied three times to the planting

row strips, two weeks after planting, at the beginning of growth in early spring and at the

beginning of flowering in 1995/96 and 1996/97. Applications ofN (0, 3 x 20 and 3 x 40

kg N/ha) were also compared in treatments with black Mypex film (1994/95 and 1995/96),

straw mulch (1994/95 and 1995/96), and white clover mulch (1995/96). Vegetative crop

development parameters, fruit yield and fruit quality were studied.

In the experiment with different mulches the interactions between N fertilization and

ground cover management systems were usually not significant. In 1994/95, N fertilization

enhanced leaf growth and runner formation after planting with cv. Petrina. In 1995/96,

Nmin values were higher than in the previous year after planting. The increased rates ofN

fertilization decreased runner formation and increased the percentage of strawberry plants

that were not fully developed. It appears that, while N availability in the soil is high,

elevated strip applications ofmineral N are unfavourable for the rooting system, resulting

in the inhibition of plant development. It is concluded that N strip applications, that are

based on the demand of the plants, are very effective and, therefore, allow for reduced

rates ofN fertilizations with strawberries.

Total N and nitrate in the leaf blades did not exhibit a clear response to N fertilization of

cv. Petrina in the late autumn of the planting years. However, a positive relationship

between total leafN at the end of harvest and Nmm values, as detected in the rows in late

April and late May was found in 1995 and 1996. Leaf nitrate shortly before and after

flowering was increased with increasing rates ofN fertilization. Leaf nitrate checks used

in stages of high N requirements of the strawberry plant, i.e. during flowering and fruiting,

in addition to soil Nmm analyses, may be an aid to determine instant N requirements of

strawberry plantations. Before this type of quick field check can be used for diagnostic

purposes, however, target values must be determined for the most important cultivars.

Flower formation of cv. Petrina exhibited a slightly negative response to N fertilization in

the experimental period 1994/95. This may be due to competition with vegetative growth,

which was stimulated by N fertilization. Crop development and fruit size in general were

quite unresponsive to N fertilization. In 1996/97, fruit yield of cv. Mars was negatively
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affected by highN fertilization.

High N fertilization rates (3 x 40 kg N/ha) decreased soluble solids (cv. Petrina, 1995).

Fruit firmness was also negatively affected. In the succeeding growth period, experiments

revealed no significant effects of N fertilization on fruit quality attributes. It can be

concluded that on soils exhibiting little natural N mineralization, moderate (3 x 20 kg

N/ha) strip N applications are fully adequate for strawberries both with regard to the fruit

yield and fruit quality.
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5. Conclusions

The ground cover management and nitrogen fertilization experiments (1994-1997) with

two strawberry cultivars conducted under temperate conditions on loamy soils led to the

following conclusions:

Straw and white plastic mulch is not recommended on loamy soils under high

precipitation

Both straw mulch and white Mypex films delayed soil warming in spring. Low soil

temperatures increase the risk of infection by root and crown diseases. Loamy soils and

high precipitation favour root diseases. Under such conditions, the use both of straw mulch

and white plastic mulch is not recommended.

Straw mulch is effective in decreasing Nmin in winter

Ground cover management systems changed the concentration of Nmin in the soil to some

extent. Systems with straw and living white clover mulch between the rows decreased

Nmin concentrations in the interrow area after planting.

While straw mulch led to N fixation both in the late autumn ofthe planting year and in the

spring of the harvest year, the white clover mulch treatment reduced Nrain concentrations

only in the planting year. The decomposition of the dead white clover stands was rapid,

and consequently the amount of fixed N was partially remobilized during the winter.

Therefore, straw mulch is more suitable for reducing nitrate leaching during the winter

than a living mulch of a slow-growing, non winterhardy white clover accession.

With black Mypex films, the Nmin values in the rows were higher after N fertilization in

spring than in the control treatment with bare ground; in particular the availability of

fertilizer N seemed to improve. This was also reported by other authors and must be kept

in mind when partitioning N fertilizer to strawberry plantations mulched with black

plastic films.

Straw and white clover mulch reduce flower bud formation in flat strawberry

cultivation systems

Strawberries had a smaller number of flowers in the systems with straw and white clover

mulch. Shading by straw stalks blown by the wind onto the rows and by the living white

clover stands between the rows had detrimental effects on the formation of flower buds of

strawberry plants after planting.
In consequence, fruit yield was reduced by these types of ground cover management.

Therefore, it is concluded that both straw and living cover crop mulches between the rows

after strawberry planting are not recommended for flat strawberry cultivation systems

because ofthe risk oflower yields. It is assumed that the problem ofplant shading may be

minor in raised bed strawberry cultivation systems.
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White plastic Mypex mulch may positively influence the formation of flower buds

and fruit size

The use of white rather than black plastic mulches sometimes increased the number of

flowers. In contrast, runner formation was decreased by the white sheets. It is concluded

that lower temperatures caused by the white film may contribute to a faster change from

the vegetative to generative crop development.

Fruit size increased on white Mypex films in some seasons, possibly due to a lower heat

stress during the period of fruit development. Due to these advantages with regard to crop

development and fruit size, the use of white plastic mulches is recommended for late-

ripening varieties and for the production of strawberries in summer from cold stored

plants, which bear fruits when the temperature is high.

Growth is promoted by N fertilization in periods when the availability ofN is low to

moderate and the demand for N is high

The response of vegetative plant development to increasing rates of N fertilization was

controlled to a large extent by the ready availability ofN in the rooting zone. IfNmm values

were low to moderate, moderate rates ofN application promoted leaf growth.

The response of vegetative plant development to an increased availability ofN was usually

positive when the N requirements of the strawberry plants were high. This occurs between

the beginning of flowering and the end of the harvest.

On the other hand, these experiments demonstrated that banded applications of mineral N

fertilizers after planting, i.e. when N requirements are low, may have detrimental effects

on the initial development of strawberry plantations. Nitrogen fertilization has to be

carefully adjusted to the low demand of the young plants during this period.

Demand-driven N fertilization corrected for soil N secures fruit yield and quality

As soon as N availability in the soil exceeded a critical level, an inverse relationship

between vegetative growth and fruit yield was evident. High rates ofN fertilization onto

the rows may inhibit flower induction in autumn, resulting in a reduced number of

flowers. Beyond the maximum N demand for optimal fruit yield, surplus N stimulates

extensive vegetative growth to the disadvantage of the generative crop development.

High rates ofN fertilization may impair the quality attributes of strawberries; these include

firmness, shelf life, and the concentration of soluble solids and titratable fruit acid. Leaf

growth may be stimulated excessively by high N availability and may compete with the

developing fruits resulting in an unfavourable partitioning of carbohydrates to the fruits.

It is concluded that in order to optimize the N supply to strawberry plantations as

determined by demand, N fertilization must be split into separate doses, which are based

on the availability ofN in the soil. In view of the moderate N demand of strawberries in

the planting year, N fertilization after planting is usually unnecessary on soils with a

moderate to high rate ofN mineralization, which are predominant in Swiss midlands.
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Leaf nitrate tests should be considered when growing strawberries

Nmin analysis is a useful diagnostic tool in the harvest year when the demand forN is most

pronounced. Soil samples collected shortly before the beginning of flowering enable the

determination ofthe optimal amount of fertilizer N required by the developing strawberry

plants.

Analyses for total N in leaf blades can be interpreted only with difficulty and, therefore,

seem not to be particularly useful for assessing the nutritional status of strawberry plants.

The concentration of leaf N is subjected to seasonal changes. Moreover, the present

experiments showed that the response of total leafN to Nmm concentrations in the soil was

often weak.

In contrast the nitrate concentration in leaf blades responded well to N availability in the

soil at flowering. It is therefore, worth developing leaf nitrate tests even further and

adapting them for strawberry plantations. Target values of leaf nitrate have to be

determined for the most important strawberry cultivars grown in the respective regions

before this technology can be made available to growers.
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Fig. A.7: Fruit firmness of strawberry cv. Petrina, on the first sampling date in 1996,

with different ground cover management systems (intermediate N fertilization rate at

3 x 20 kg N/ha). Values with the same letter are not significantly different at P < 0.05

(LSD-test).

Table A.l : Impact ofdifferent ground cover management systems on soil temperatures (° C) at a depth of 10

cm in the rows in 1996.

Ground cover March 28

management system 1996

Bare ground 6.1b

April 10 1996 April 19 1996

7.0 be 11.3 be 9.1 ab 13.6 be

May 8 1996

Afternoon Morning Afternoon Morning Afternoon Morning

13.3 be

Black Mypex film 6.1b 7.3 a 11.5b 9.2 a 14.1b 13.6 ab

White Mypex film 6.0 b 69c 11.1 c 8.5 c 13.0 c 13 0 cd

Straw mulch 6.0 b 6.7 d 10.5 d 8.3 c 13 6 be 12.8 d

White clover 65a 7 lb 12 5 a 9.0 b 156a 13.9 a

LSD (P < 0.05) 0.2 01 0.3 0.2 0.6 0.4

Morning = between 7.00 and 9.00, afternoon = between 13.00 and 15.00. Temperature readings by mobile handheld temperature

sensor at one week intervals. Means of 4 plots with 3 averaged point readings per plot. Values in the same column followed by the

same letter are not significantly different at P < 0.05 (LSD-test).
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Table A.2: Impact of different ground cover management systems on soil temperature (° C) at a depth of 10

cm in the rows in 1997.

a.) Temperature in the morning (7-9 a.m.) and in the afternoon (13-15 p.m.).

Ground March April

cover

manage- 11 17 25 1 8 26

ment

system Mor- After- Mor- After- Mor- After- Mor- After- Mor- After- Mor- After-

ning noon mng noon mng noon mng noon ning noon ning noon

Bare 53 be 81a 67c 10 1 be 59b 66c 60b 10 8b 43c 87b 115b 13 5b

ground

Black 57a 85a 72a 10 3 ab 63a 68b 63a 1Mb 50a 84b 119a 13 6b

Mypex
film

White 51c 75b 68 be 97c 58c 64d 55c 95c 45 be 77c 111c 12 0c

Mypex
film

Straw 51c 74b 70 ab 97c 60b 68b 60b 110b 52a 86b 113 be 13 6b

mulch

White 55b 85a 71a 10 8a 62a 72a 65a 12 1a 48 ab 10 0a 12 0a 15 4a

clover

LSD 02 04 05 05 01 02 02

(P<0 05)

10 04 04 0 2 0 7

b.) Difference between morning and afternoon measurement.

Ground cover March April

management

system 11 17 25 1 8 26

Bare ground 28 ab 34 ab 07 be 48 ab 44b 20b

Black Mypex 28 abc 31 ab 05c 48 ab 34c 17b

film

White Mypex 24 be 29 ab 06 be 40b 32c 09c

film

Straw mulch 23c 27b 08b 50a 34c 23b

White clover 30a 37a 10a 57a 52a 34a

LSD 05 07 02 09 06 06

(P < 0 05)

Temperature readings by handheld temperature sensor at one week intervals Means of 4 plots with 3 averaged point readings per plot

Values in the same column with the same letter are not significantly different at P < 0 05 (LSD-test)



91

Table A.3: Nmn concentration (micromol/1) in the rows (0-30 cm, 30-60 cm), in the planting year 1994, with

different ground cover management systems at different N fertilization rates of 0, 3x20, and 3x40 kg N/ha.

Ground cover 0 kg N/ha 3x20 kg N/ha 3x40 kg N/ha

management

system September 15 November 1 September 15 November 1 September 15 November 1

0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60

cm cm cm cm cm cm cm cm cm cm cm cm

93 173 923 850 130 231 1183 1081 174 372

94 157 1101 944 168 229 1265 1015 175 335

103 125 1441 952 132 213 1522 918 237 307

Bare 647 b 763

ground

Black 649 b 645

Mypex film

Straw 936 a 885

mulch

LSD 211
ns

(P < 0 05)

ns

ns

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table A.4: Nmin concentration (micromol/1) in the rows, in the harvest year 1995, with different ground

cover management systems at different N fertilization rates of 0, 3x20 ,
and 3x40 kg N/ha).

a.) Top soil layer (0-30 cm)

Ground cover 0 kg N/ha 3x20 kg N/ha 3x40 kg N/ha

management

system April 24 May 29 July 8 April 24 May 29 July 8 April 24 May 29 July 8

Bare ground 280 622 659 665 b 1296 756 1094 2019 ab 901

Black Mypex 260 662 775 1024 a 1619 859 1922 2530 a 1376

film

Strawmulch 234 628 624 655 b 1004 736 1196 1301b 778

LSD ns ns ns 193 ns ns ns 903 n s

(P < 0 05)

b.) Deeper soil layer (30-60 cm)

Ground cover 0 kg N/ha 3x20 kg N/ha 3x40 kg N/ha

management

system April 24 May 29 July 8 April 24 May 29 July 8 April 24 May 29 July)

Bare ground 103 220 309 201b 289 b 318 331 412 419

Black Mypex 149 296 390 300 a 432 a 413 492 614 590

film

Strawmulch 125 236 311 228 b 286 b 379 301 353 494

LSD ns ns ns 68 117 ns

(P < 0 05)

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)
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Table A.5: Nmin concentration (micromol/1) in the rows, in the planting year 1995, with different ground

cover management systems at different N fertilization rates of 0, 3x20 ,
and 3x40 kg N/ha.

Ground 0 kg N/ha 3x20 kg N/ha 3x40 kg N/ha

cover

management September 27 November 1 September 27 November 1 September 27 November 1

system
'

0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60

cm cm cm cm cm cm cm cm cm cm cm cm

Bare ground 339 b 516 b 456 b 395 b 1099 1003 541 795 ab 1905 1241 1452 a 1390 h

ground

Black Mypex 344 b 744 b 388 b 509 b 905 1034 715 875 a 1601 1558 1564 a 2090 a

film

Straw mulch 1332 a 1209 a 995 a 1046 a 1546 1267 905 1078 a 2322 1490 2028 a 1298 b

White clover 1515 a 1082 a 513 b 552 b 1389 1223 647 581b 1760 1332 521b 710 c

LSD 773 331 316 292 ns ns ns 278 ns ns 826 583

(P < 0 05)

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table A.6: Nmm concentration (micromol/1) in the rows, in the harvest year 1996, with different ground

cover management systems at N fertilization rates of 0, 3x20 ,
and 3x40 kg N/ha.

a.) Top soil layer (0-30 cm)

Ground cover 0 kg N/ha 3x20 kg N/ha 3x40 kg N/ha

management system
April
26

May
28

July
14

April
26

May
28

July
14

April
26

May
28

July
14

Bare ground 368 261 86 c 1238 a 805 ab 166 2261 1492 204

Black Mypex film 765 158 136 be 1317a 1003 a 165 2518 1410 826

Straw mulch 496 150 260 b 464 b 511b 583 905 772 1169

White clover 555 149 403 a 646 b 397 b 687 1713 1444 1233

LSD (P < 0 05)

b.) Deeper soil layer (30-60 cm)

Ground cover 0 kg N/ha 3x20 kg]M/ha 3x40 kg N/ha

management system
April
26

May
28

July
14

April
26

May
28

July
14

April
26

May
28

July
14

Bare ground 228 135 41 291 756 a 232 318b 856 284

Black Mypex film 265 82 102 429 54 b 281 684 a 1874 647

Straw mulch 274 80 206 236 302 b 234 266 b 919 402

White clover 302 119 152 441 299 b 369 320 b 572 473

LSD (P < 0 05) n s n s n s n s 418 ns 265 n s n s

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)
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Table A.7: Nrain concentration (micromol/1) at different locations relative to the row, in late summer ofthe

planting year, with different ground cover management systems (averages of plots with N fertilization rates

at 0, 3x20, and 3x40 kg N/ha).

Ground cover September 15 1994 September 27 1995

management

system Within rows Between rows Between rows Within rows Between rows

(25 cm apart) (50 cm apart) (25 cm apart)

0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60

cm cm cm cm cm cm cm cm cm cm

Bare ground 917 b 898 327 b 469 214 357 1114 be 920 b 506 b 852 a

Black Mypex 1004 b 868 612 a 512 249 324 950 c 1112 ab 825 a 923 a

film

Straw mulch 1300 a 918 343 b 428 271 329 1734 a 1322 a 450 b 688 b

White clover - - 1555 ab 1212 a 424 b 643 b

LSD 208 ns 252 ns ns ns 456 228 208 149

(p < 0 05)

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table A.8: Nmin concentration (micromol/1) at different locations relative to the row, in late autumn of the

planting year, with different ground cover management systems (averages ofplots with N fertilization rates

at 0, 3x20, and 3x40 kg N/ha).

Ground cover November 1 1994 November 1 1995

management

system Within rows Between Between Within rows Between Between

rows (25 cm rows rows rows

apart) (50 cm apart) (25 cm apart) (50 cm apart)

0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60

cm cm cm cm cm cm cm cm cm cm cm cm

Bare ground 132 259 126 b 187 147 195 817 be 860 b 534 b 668 b 482 b 545 b

Black Mypex 145 240 242 a 262 167 187 889 b 1158 a 736 a 825 a 621a 755 a

film

Straw mulch 157 215 136b 177 164 186 1309a 1141a 488b 688b 360c 439b

White clover - - - - - - 560 c 615 c 279 c 455 c 226 d 238 c

LSD ns ns 83 ns ns ns 208 199 143 125 120 138

(P < 0 05)

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test).
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Table A.9: Nmm concentration (micromol/1) in the rows, in early spring of the harvest year, with different

ground cover management systems (averages of plots with N fertilization rates at 0, 3x20, and 3x40 kg

N/ha).

Ground cover management system April 3 1996

Within rows

0 - 30 cm 30 - 60 cm

Bare ground 591 380

Black Mypex film 717 382

Straw mulch 584 270

White clover 600 325

LSD (P < 0 05) n s n s

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table A. 10: Nmin concentration (micromol/1) at different locations relative to the row, in late April of the

harvest year, with different ground cover management systems (averages of plots with N fertilization

rates at 0, 3x20, and 3x40 kg N/ha).

Ground April 241995 April 261996

cover

manage- Within rows Between rows Between rows Within rows Between rows Between rows

ment (25 cm apart) (50 cm apart) (25 cm apart) (50 cm apart)

system
0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60 0-30 30-60

cm cm cm cm cm cm cm cm cm cm cm cm

Bare 679 b 212 b 354 a 128 297 a 155 1289 ab 279 637 be 237 b 926 a 302 ab

ground

Black 1069 a 314 a 298 a 126 200 b 134 1533 a 459 800 b 209 b 581b 241b

Mypex
film

Straw 695 b 218 b 187 b 114 175 b 111 622 c 259 431c 173 b 370 b 121b

mulch

White - - - - - - 971 be 354 1248 a 501a 1066 a 512 a

clover

LSD 196 67 74 ns 73 ns 397 ns 232 156 284 218

(P<
0 05)

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)
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Table A. 11 : Nrain concentration (micromol/1) at different locations relative to the row, at flowering, with

different ground cover management systems (averages of plots with N fertilization rates at 0, 3x20, and

3x40kgN/ha).

Ground cover May 29 1995 May 28 1996

management

system Within rows Between rows

(25 cm apart)

Within rows Between rows

(25 cm apart)

0 -30 30 -60

cm cm

0 -30 30 - 60

cm cm

0-30 30-60

cm cm

0-30 30-60

cm cm

Bare ground 1313 a 307 b 617 307 853 582 348 190 b

Black Mypex
film

1604 a 447 a 721 356 857 670 182 365 ab

Straw mulch 978 b 292 b 385 200 478 434 187 603 a

White clover 663 330 317 638 a

LSD (P < 0 05) 296 80 337

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table A. 12: Nmn concentration (micromol/1) at different locations relative to the row, at the end of harvest,

with different ground cover management systems (averages ofN fertilization rates at 0, 3x20, and 3x40 kg

N/ha).

Ground cover

management

system

July 8 1995 July 14 1996

Within rows

0 - 30 cm

Between rows

( 25 cm apart)

Within rows

30 - 60 cm 0 - 30 cm 30 - 60 cm 0 - 30 cm 30 - 60 cm

Bare ground 772 b 348 374 ab 254 b 152 c 186

Black Mypex 1004 a

film

Straw mulch 712 b

464

395

488 a

257 b

361a

154 c

376 be

670 ab

343

281

White clover 774 a 331

LSD (P < 0 05) 142 119 61 338

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)
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Table A. 13: Concentrations of total N in leaf blade dry matter and nitrate in leaf blade fresh matter of

strawberry cvs. Petrina and Mars, in 1995/96 and 1996/97, with different ground cover management systems

(intermediate N fertilization rate at 3x20 kg N/ha).

Ground cover

management

Concentration of total N

in leaf blades (%)

Concentration of nitrate in leaf blades (mg kg"')

system
In late

autumn

1995

Petrina

At the end

of

harvest

1996

Petrina

in late

autumn

At the beginning of

flowering

At the end offlowering

Petrina

1995

Petrina

1996

Mars

1997

Petrina

1996

Mars

1997

Bare ground

Black Mypex

film

2 02 c

2 11 be

2 19

2 24

295

369

305 be

564 a

266

494

816

706

299 a

136 c

White Mypex 2 01c 2 33

film

381 317 be 350 542 174 be

Straw mulch 2 25 ab 2 28 479 260 c 285 490 162 be

White clover 2 26 a 2 17 298 499 ab 331 473 242 ab

LSD (P < 0 05) 0 14 203 93

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table A.14: Concentration of nitrate in leaf blade fresh matter of strawberry cv. Petrina, in 1995/96, with

different ground cover management systems at N fertilization rates at 0, 3x20, and 3x40 kg N/ha.

Ground cover

management

Concentration of nitrates in

autumn (mg kg1)

leaf blades in late Concentration of nitrate in

beginning of flowering (mg

eaf blades at the

kg1)

system
0

kg N/ ha

3x20

kgN/ha

3x40

kgN/ha

0

kgN/ha

3x20

kgN/ha

3x40

kg N/ ha

Bare ground 154 b 183 249 254 a 305b 458

Black Mypex
film

93 c 229 291 293 a 564a 605

Straw mulch 338 a 297 315 76 b 260 b 361

White clover 68 c 185 342 328 a 499 ab 629

LSD (P < 0 05) 44 115 233

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)
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Table A.15: Nmin concentration (micromol/1) in the 0-30 cm soil layer in the rows, in 1994/95, at different

N fertilization rates, (averages from ground cover plots with bare ground, black Mypex film and straw

mulch.

N fertilization

treatment

(kgNha1)

September 15

1994

November 1

1994

April 24

1995

May 29

1995

July 8

1995

0 744 b 96 b 258 e 637 c 686 b

3x20 1155 a 143 b 781b 1306 b 783 b

3x40 1323 a 195 a 1404 a 1950 a 1018 a

LSD (P < 0 05) 208 50 196 296 142

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table A.16: 'Nmm concentration (micromol/1) in the 0-30 cm soil layer in the rows, in 1995/96, at progressive

N fertilization rates on bare ground.

N fertilization September 27 November 1 April 3 April 26 May 28 July 14

treatment 1995 1995 1995 1995 1996 1996

(kgN ha1)

0 339 c 456 c 544 368 c 261c 86

3x10 592 c 397 c 580 706 c 349 c 236

3x20 1099 b 541 c 592 1238 b 805 b 166

3x30 1826 a 923 b 640 1380 b 1393 a 431

3x40 1905 a 1452 a 638 2261 a 1492 a 205

LSD(P <0 05) 463 319 ns 516 448 n s

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table A.17: Nmm concentration (micromol/1) in the 0-30 cm soil layer in the rows, in 1995/96, at different

N fertilization rates. Values are averages from ground cover plots with bare ground, black Mypex film,

straw mulch and white clover mulch.

N fertilization Sept 27 Nov 1 April 3 April 26 May 28 July 14

treatment 1995 1995 1996 1996 1996 1996

(kgN ha1)

0 883 b 588 b 528 546 c 180 c 222 b

3x20 1234 b 702 b 679 916 b 679 b 400 b

3x40 1896 a 1391a 662 1849 a 1279 a 858 a

LSD (P < 0 05) 395 244 ns 343 267 293

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)
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Table A. 18: Vegetative plant growth and generative crop development of strawberry cv. Petrina, in 1995/96,

at progressive N fertilization rates on bare ground.

N fertilization

treatment

(kgN ha'1)

Total leaf area

In late

autumn

per plant (cm2)

At flowering

Shoot

dry matter

-
(g per

plant) at the

end of

harvest

Flower

number per

plant

Fruit yield

per

plant

(g fresh

weight)

Average
fruit fresh

weight

(g)

0 939 2556 150 1 73 4 618 20 0

3x10 1018 2742 145 0 73 0 574 199

3x20 1097 2682 1582 77 7 636 18 9

3x30 1104 3076 168 5 76 1 627 19 7

3x40 1155 2751 172 0 64 8 559 19 5

LSD (P < 0 05) n s n s n s ns n s n s

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table A. 19: Vegetative plant growth and generative crop development of strawberry cv. Mars, in 1995/96,

at progressive N fertilization rates on bare ground.

N fertilization

treatment

(N ha'1)

Runner

number per plant

(planting year)

Total leaf area

per plant (cm2)
(late autumn)

Flower number

per plant

Fruit yield per

plant (g fresh

weight)

Average fruit

fresh weight

(g)

0 20 792 42 4 b 739 20 6

3x10 28 813 51 5 a 750 20 6

3x20 48 802 41 lb 668 20 3

3x30 1 9 843 417b 678 20 4

3x40 25 776 45 lb 743 20 7

LSD (P < 0 05) n s n s 67 n s n s

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table A.20: Concentrations of total N in leaf blade dry matter and nitrate in leaf blade fresh matter of

strawberry cv. Petrina, in 1995/96, at different N fertilization rates on bare ground.

N fertilization

treatment

Concentrations of total N in leaf

blades (%)

Concentrations of nitrate in

(mg/kg fresh matter)

leaf blades

(kgN ha1)
In late autumn At the end of

harvest

In late autumn At the beginning
of flowering

At the end of

flowering

0 211 193 d 154 254 248

3x10 2 14 2 08 c 248 296 597

3x20 2 02 2 19 be 183 305 816

3x30 2 12 2 27 ab 207 214 549

3x40 2 08 2 32 a 249 458 745

LSD (P < 0 05) ns 0 13 ns ns n s

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)
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Table A.21 : Concentration of nitrate in leaf blade fresh matter and generative crop development of

strawberry cv. Mars, in 1996/97, at different N fertilization rates on bare ground,

N fertilization

treatment

(kgN ha1)

Concentration of nitrate in leaf blades Flower number Fruit yield per Average fruit

(mg/kg fresh matter) per plant plant (g) weight (g)

At the beginning At the end of

offlowering flowering

237 112 38 4 686 a 30 5

3x10 383 189 37 4 650 a 31 0

3x20 333 258 32 0 608 ab 31 3

3x30 441 273 33 7 606 ab 31 5

3x40 376 260 34 1 521b 32 0

LSD (P < 0 05) n s 89

Values m the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table A.22: Concentrations of soluble solids and titrateable fruit acidity and shelf life of strawberry cv.

Petrina, in 1994/95, at different N fertilization rates on black Mypex film.

N fertilization Concentration ofsoluble solids

treatment (% refractometer)

(kgN ha1)

Concentration oftitrateable fruit acidity Shelf

(g/kg citric acid) life

Date 1 Date 2 Date 3 Average Date 1 Date 2 Date 3 Average Average

77a 7 1 76 86a 84a 84 3 52 a

3x20 79 75a 69 74 78b 79b 81 3 19b

3x40

LSD

(P < 0 05)

65b

09

61 69 78b

07

69c

04

78 75 3 17b

0 23

Shelf life The score for fresh berries was 5, that for rotten berries 1

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)

Table A.23: Concentration of soluble solids (% refractometer) of strawberry cv. Petrina, in 1995/96, at

different N fertilization rates with different ground cover management systems.

Black Mypex film Straw mulch White clover
N fertilization Bare ground
treatment

(kgN ha1) Date Date Ave- Date Date Ave- Date Date Ave- Date Date Ave-

1 rage 1 rage 1 rage 1 rage

78 72 75 7 8a 74 76 76 ab 68 72b 79 10 79

3x20 78 70 74 73c 71 72 81a 74 77a 74 76 75

3x40 72 68 70 76b 74 75 71b 71 71b 79 75 77

LSD

(P < 0 05)

ns ns ns 02 ns ns 06 05 ns ns ns

Values in the same column followed by the same letter are not significantly different at P < 0 05 (LSD-test)
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