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Zusammenfassung

Ziel dieser Arbeit war es, die Interaktionen zwischen der Apfelrostmilbe [Aculus

schlechtendali (Nalepa)] und dem Apfelbaum {Malus Domestica Borkh.) zu untersuchen, um

eine solide Basis zu etablieren, die der Entwicklung einer nachhaltigen Strategie dienen soll.

In der vorliegenden Arbeit wurde einerseits der Saugvorgang der Apfelrostmilbe auf dem

Blatt, als auch der dadurch entstandene Blattschaden untersucht. Gleichzeitig wurden die

Auswirkungen dieses Blattschadens auf den Stoffwechsel und die damit verbundenen

Parameter wie Fruchtqualität, Blütenbildung und Baumwachstum untersucht.

Die Versuche wurden während drei Jahren an Apfelbäumen der Sorte 'Golden Delicious'

und 'Jonagold' (M9) im Freiland durchgeführt. Die Bäume wurden im Oktober 1994 in 24 I

Containern gepflanzt, die anschliessend im Boden versenkt wurden. Im Frühjahr 1995 wurden

die Bäume künstlich mit Rostmilben infiziert, die Kontrollbäume wurden mit einem Akarizid

behandelt. Auf den nicht behandelten Bäumen wurde der Populationsentwicklung freien Lauf

gelassen.

Die Rostmilbendichten wurden während der Feldsaison direkt auf Einzelblättern

ausgezählt. Der Saugvorgang der Rostmilbe auf dem Blatt und der dadurch verursachte

Schaden wurde mittels Rasterelektronen- und Hellfeldlicht-Mikroskopie untersucht. Der

Blattschaden, der als Verbräunung auf der Blattunterseite sichtbar war, wurde mit einem

Farbmessgerät quantifiziert. Die Auswirkungen des Blattschadens auf den Stoffwechsel

wurden anhand des Einzelblattgaswechsel und des Xylemsaftstromes untersucht. Mit einer

Thermographiekamera wurde die Temperatur des Blattwerkes visualisiert. Die Auswirkungen

eines Rostmilbenbefalles auf die Fruchtqualität wurde anhand der Parameter Fruchtausfärbung,

Trockengewicht pro Einzelfrucht und dem löslichen Zuckergehalt quantifiziert. Langzeiteffekte

auf den ganzen Baum wurden erfasst, indem die Anzahl Blütenknospen, der

Stammdurchmesser und das Trieblängenwachstum jährlich erhoben wurden. Zusätzlich wurde

nach drei Jahren Rostmilbenbefall die Trockensubstanz von Trieben, Stamm, Unterlage und

Wurzel von nicht befallenen und befallenen Bäumen ermittelt.

Die Daten zeigen, dass Rostmilben durch das Anstechen von Epidermiszellen einen

Blattschaden verursachen können. Es wurde zusätzlich gezeigt, dass Zellen des Schwamm- und

des Palisadenparenchym geschädigt waren, obwohl Rostmilben nur Epidermiszellen anstechen

können.

Der Blattschaden hatte zur Folge, dass die Einzelblatt CC>2-Austausch- und

Transpirationsrate reduziert wurde. Die Reduktion des Gasaustausches von stark infizierten

Blättern erreichte Werte von 65%. Die Xylemsaftflussmessungen zeigten, dass es möglich ist,

die Einzelblattgaswechsel Daten auf den ganzen Baum zu übertragen. Die Reduktion des
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Saftstromes hängt jedoch von zusätzlichen Faktoren, wie zum Beispiel der Witterung ab. Die

reduzierte Transpiration von befallenen Blättern ist assoziiert mit einer höheren Blattemperatur.

Offensichtlich ist die Energiebilanz von befallenen Blättern und des ganzen Blattwerkes gestört

durch eine verminderte Transpiration. Es ist deshalb ein zusätzlicher Stress durch einen

reduzierten Kühleffekt zu erwarten vor allem bei trockener und heisser Witterung.

Der durch die Rostmilbe reduzierte Stoffumsatz und Stress äussert sich in einer

reduzierten Fruchtqualität und Blütenbildung als auch in einem verminderten

Pflanzenwachstum.

So wurde an Früchten von befallenen Bäumen eine schlechtere Ausfärbung, weniger

Trockensubstanz und ein tieferer Zuckergehalt als an Früchten von nicht befallenen Bäumen

festgestellt. Jedoch waren die Auswirkungen der Rostmilben auf die untersuchten

Fruchtparameter sehr unterschiedlich, weil diese zusätzlich stark von anderen Faktoren, wie

zum Beispiel dem Blatt zu Frucht Verhältnis, dem Zeitpunkt des Befalls, dem physiologische

Zustand des Baumes und der Sorte abhängen. Die Blütenbildung an befallenen Bäumen war im

Vergleich zu den unbefallenen Bäumen tiefer.

Nach dem ersten Befallsjahr führte der Befall durch Rostmilben tendenzmässig zu einer

Reduktion der Blütenbildung. Nach dem zweiten Befallsjahr war die Reduktion der

Blütenbildung signifikant und erreichte 12%.

Die Trockensubstanzakkumulation in den Wurzeln von 'Golden Delicious' war

signifikant reduziert (30%) nach drei Rostmilben Befallsjahren. Das relative Wurzelwachstum

bezogen zur Wurzeltrockensubstanz im Frühjahr 1995 betrug 900% auf unbefallenen und 633%

auf befallenen Bäumen über die drei Versuchsjahren. Es wurde kein Einfluss der Rostmilbe auf

die Trockensubstanzakkumulation in Stamm, Trieben und Unterlage festgestellt. Die

Tockensubstanzakkumulation in den 'Jonagold' Bäumen nach drei Befallsjahren war sowohl im

Stamm als auch in der Unterlage und der Wurzel reduziert, nämlich 49%, 47% und 44%. Die

relative Zunahme des Stamm Trockengewichtes betrug in dieser Zeit 200% auf nicht befallenen

und 100% auf befallenen Bäumen. Ähnliche Beziehungen wurden für die Unterlage (187% zu

100%) und die Wurzel (833% zu 467%) ermittelt.

Die Auswirkungen der Rostmilbe auf die untersuchten Parameter waren einerseits

sortenspezifisch, andererseits spielte das Blatt zu Frucht Verhältnis eine entscheidende Rolle,

vor allem bezüglich des Einflusses auf die Fruchtqualitätsparameter. Ein weiterer wichtiger

Faktor war das Wetter. Es wurde festgestellt, dass sich die Blattschäden gravierender bei

heissem/trockenen Wetter auswirken als bei kühl/feuchter Witterung.

Bei einer allfälligen Etablierung einer Schadschwelle müssten folglich nicht nur die

Rostmilbendichte miteinbezogen werden, sondern auch die Apfelsorte, das Blatt zu Frucht

Verhältnis und zusätzliche Stressfaktoren wie z.B. das Wetter.
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Summary

The objective of this work was to investigate the interactions between the apple rust mite

[Aculus schlechtendali (Nalepa)] and the apple tree {Malus Domestica Borkh.) in order to

establish a robust basis for sustainable management strategies.

We studied the apple rust mite leaf feeding processes and quantified the resulting leaf

damage. Furthermore, we investigated the effects of this leaf damage on CO2 exchange and

transpiration rates and the related parameters such as fruit quality, flower formation and tree

growth.

The experimental system consisted of field grown 'Jonagold' and 'Golden Delicious'

trees (rootstock M9) planted in 1994 in buried pots. The experiments were carried out between

1995 and 1997. In spring 1995, the trees were artificially infested with rust mites. No

measures were taken to influence the population development on these infested trees
.
The

control trees were treated with an acaricide.

The rust mite densities were counted directly on the leaves to monitor the mite population

development during the season. Cryo-scanning electron and brightfield light microscopy were

used to investigate rust mite feeding and the resulting leaf damage. The leaf damage, visible as

browness on the lower leaf surface, was quantified using a chromameter. The effects of the leaf

damage on the plant metabolism were determined by measuring Single leaf gas exchange and

xylem sap flow. A thermo image system was used to visualise the canopy temperature of

infested and non-infested trees. The investigated fruit quality parameters were fruit skin colour,

dry weight and soluble sugar content. Long term effects were recorded by counting the flower

buds and measuring stem diameter increase and shoot elongation after each year of infestation.

In addition, dry matter accumulation in shoots, stem, rootstock and root of infested and non-

infested trees was determined after three years of infestation.

The data demonstrate that rust mites are able to cause leaf damage by penetrating

epidermal cells. Damaged cells were also found within the spongy and the palisade

parenchyma although rust mites are able to penetrate epidermal cells only. The leaf damage

results in a redueed CO2 exchange and transpiration rate on Single leaves. The gas exchange

rate of heavily infested leaves was redueed up to 65%. The xylem sap flow measurements

showed that it is possible to extrapolate the single leaf data on the whole tree. However, the

reduetion of the xylem sap flow caused by the rust mite depends on additional factors such as

weather conditions. The redueed transpiration on leaves of infested trees is associated with

higher leaf temperature. Obviously, the energy balance of infested leaves and of the entire

canopy is disturbed due to a redueed transpiration rate. Hence, an additional stress due to

failing energy balance oecurs particularly during dry and hot days.
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The reduced metaboiism and the stress caused by the apple rust mite negatively affected

fruit quality and flower formation and resulted in a reduced tree growth.

Consequently, on fruits of infested trees, a reduced fruit skin colorisation and a lower dry

weight and soluble sugar content was found. However, the effect of the rust mites on the

investigated fruit parameters was variable because they strongly depend on other factors such as

the leaf:fruit ratio, the time of attack after bloom, general physiological aspects and the variety.

The flower formation was negatively affected on infested trees. After the first year of

infestation, the flower buds tended to be affected by the rust mites. However in spring - after

the second year of infestation - the number of flower buds on infested trees was reduced

significantly by 12%.

Dry matter accumulation in the roots of 'Golden Delicious' was significantly reduced

(30%) after three years of rust mite infestation. The relative increase during these three years

amounted to 900% on non-infested and 633% on infested trees. No influence of rust mites was

found in stem, shoots and rootstock of the 'Golden Delicious' trees.

In contrast, dry matter accumulation was negatively affected in root, rootstock and stem

of 'Jonagold' trees after three years of rust mite infestation. A reduction of 49%, 47% and 44%

was found for stem, rootstock and root respectively. During three years of investigations the

relative increase of stem dry matter was 200% on non-infested and 100% on infested trees.

Similar relationships were established for rootstock (i.e. 187% to 100%) and root ( i. e. 833% to

467%).

The impact of the apple rust mite on the investigated parameters depended on several

factors. The effects of rust mite foliar feeding were different between the two investigated

varieties 'Golden Delicious' and 'Jonagold'. The leaf:fruit ratio was also a crucial factor,

especially with respect to the fruit quality parameters. Another important factor influencing the

effects was the weather. It was found that the transpiration rate was more reduced on days with

hot and dry weather than on cool and humid days.

Consequently, to establish an action threshold in pesticide spray programs the variety, the

leaf:fruit ratio and other stress factors should be included in addition to mite density or leaf

damage.

c
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1. General Introduction

The apple rust mite. The apple rust mite [Aculus schlechtendali (Nalepa)] is assigned to

the family of the Eriophyndae, the order of Acarina, the class of Arachnida and to the phylum

of Arthropoda

As the name says the apple rust mite A schlechtendali lives mainly on apple trees (Malus

Domestica Borkh) Sometimes it was also observed on pear The apple rust mite is a leaf

vagrant enophyoid that is found on flowers, fruit and leaves (Fig 1)

Fig 1 Apple rust mite on an apple leaf co\ ered b) two leat hairs

General Introduction
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The apple rust mite is a very small species in comparison to many other mite species.

The yellowish-brown body of the summer form measures about 170 um in length and 50 um in

width (Jeppson et al. 1975; Schliesske 1985).

Apple rust mites can only feed on the uppermost layer of epidermal cells because their

stylets are very short (about 13 um). While the thickness of cells in the apple fruit epidermis

layer in May is about 23 um (Easterbrook and Füller 1986).

A. schlechtendali hibernate as deutogynes behind buds and under loose bark. They move

into fruit buds between bud burst and pink bud stages and into vegetative buds as the buds

begin to swell (Easterbrook 1979; Herbert 1974). Egg-laying begins at the mouse-ear stage,

some days later the first nymphs can be seen. By petal fall first protogynes and males of the

season are appearing. Deutogynes begin moving to hibernation sites in July/August depending

on leaf condition (Easterbrook 1984). Several studies demonstrated that apple rust mite

populations can build up very rapidly and to very high levels because of their short generation

time and high fecundity (Easterbrook 1978, 1984; Funayama and Takahashi 1992). Schliesske

(1989) demonstrated that eriophyoid mites are highly mobile with respect to long ränge

dispersal by air drift and within the tree by migration.

Pest Status of apple rust mite. Since the late 1960s the pest Status ofA. schlechtendali

has increased in many countries (Easterbrook 1984; Herbert 1974; Schliesske 1985; Solhoy et

al. 1991). In several studies it was suggested that a combination of factors may be responsible

for this fact; 1) the use of fungicides without side effects on Acari, 2) the more intensive

management, 3) the use of insecticides with side effects that eliminate beneficials arthropods

(Easterbrook 1996; Schliesske 1985), and 4) the replacement of broad-spectrum acaricides by

selective miticides directed against Tetranychidae.

Apple rust mite/apple tree System. First studies concerning cytological changes in leaf

cells and in biochemistry due to apple rust mite feeding were performed by Kozlowski and

Zielinska (1996) and Kozlowski and Kozlowska (1996). The fruit russeting caused by rust

mites was investigated in some studies (Easterbrook and Füller 1986; Solhoy et al. 1991).

Easterbrook and Palmer (1996) investigated the effects of rust mites on fruit set and

photosynthesis. Longitudinal leaf rolling and brownness of the lower leaf surface are

Symptoms that are caused by apple rust mites (Höhn and Höpli 1990; Jeppson et al. 1975).

Although several studies suggested that the apple rust mite cause damage on apple trees and

fruits, the impact ofA. schlechtendali on tree physiology is poorly understood. Therefore the

study presented here characterizes the feeding of the of apple rust mite feeding and the resulting

effects on tree ecophysiology, growth, development and yield.

Comparable foliar pest/perennial plant Systems. As there are only few studies

investigating the apple rust mite/apple tree System, analogies with other well investigated and

General Introduction
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comparable Systems are useful to discuss the present study. The spider mite/apple system is

well investigated and comparable because spider mites are another foliar pest of apple trees.

Most studies were concerned with the impact of spider mites on yield, fruit quality, bloom or

vegetative growth of apple (Arnes et al. 1984; Beers and Hüll 1987; Beers et al. 1987; Briggs

and Avery 1967; Francesconi et al. 1996a, 1996b; Hüll and Beers 1990; Lakso et al. 1996;

Lienk et al. 1956; Marini et al. 1994; Redl et al. 1991; Zwick et al. 1976).

The influence of spider mite feeding on ecophysiological processes such as gas exchange

in apple was investigated in several studies (Hall and Ferree 1975; Campbell et al. 1990a;

Mobley and Marini 1990; Lakso et al. 1996; Francesconi et al. 1996a, 1996b). The

fundamental difference between spider mite and rust mite feeding is that spider mites are

mesophyll feeders whereas rust mites are epidermis feeders. Therefore, spider mites are able to

influence the photosynthesis directly by feeding on the photosynthetic active leaf tissue,

whereas rust mites may influence the photosynthesis at most indirectly by feeding on the

epidermis.

A well investigated rust mite/perennial plant System is the citrus rust mite

{Phyllocoptruta oleivorä) on citrus trees. Feeding injury by citrus rust mites were investigated

on leaves (Achor et al. 1991; McCoy 1976) and on fruit (McCoy and Albrigo 1975). Yang et

al. (1995a, 1995b) investigated the relationship between the citrus rust mite and fruit damage.

The effects of fruit damage caused by the citrus rust mite on fruit growth and drop was also

studied (Yang et al. 1994). Because both rust mite species are epidermis feeder pattern of

injury by the apple rust mite may be similar to that found in the citrus rust mite. However, as

both plants are very different, different reactions of the apple trees have to be expected.

This present study. The objective of the present study was to investigate mechanisms of

apple rust mite feeding and the resulting effects on tree ecophysiology, growth, development

and yield. To explain the relationship between leaf damage and single leaf and whole tree

metabolism the mechanism and development of leaf injury and damage caused by the apple rust

mite was investigated. To quantify the influence of leaf damage on leaf and whole tree

metabolism Single leaf gas exchange and xylem sap flow was measured. The effects of apple

rust mite feeding on the metabolism may affect fruit quality, yield and tree growth. Therefore,

short term parameters such as fruit quality as well as long term parameters like flower

formation and tree growth were recorded.

The present study will demonstrate that apple rust mites are able to disrupt leaf and tree

metabolism by penetrating epidermal cells of leaves. The disrupted metabolism results in a

reduced fruit quality, yield and tree growth. The results of this study represent a solid basis for

the development of sustainable strategies against apple rust mite damage in apple orchards.

General Introduction
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2. Impact of Apple Rust Mite (Acari: Eriophyiidae) Feeding 011 Apple

Leaf Gas Exchange and Leaf Color Associated with Changes in

Leaf Tissue

ABSTRACT The impact of the apple rust mite [Acutus schlechtendali (Nalepa)] on net CO2

exchange, transpiration rate, and leaf color of field-grown 'Jonagold' and 'Golden Delicious'

{Malus domestica Borkh.) apples was investigated. Apple rust mite feeding causes leaf

browning. Changes in leaf color were measured to assess the cumulative leaf damage.

Significant negative relationships were found between cumulative leaf damage and single-leaf

net CO2 exchange as well as transpiration rate. The same trends were observed on both

varieties, but the effect of apple rust mite feeding was more severe on 'Jonagold' than on

'Golden Delicious'. Leaf tissue injury was analyzed by cryo-scanning electron microscopy and

light microscopy. The pictures show that apple rust mites penetrate epidermal cells with their

stylets, causing multiple puncture wounds. On heavily infested leaves, apple rust mite feeding

causes desiccation of the epidermis and the spongy parenchyma. The resulting malfunction of

the stomata and problems in gas exchange within the spongy parenchyma are likely to be the

main reason for the reduction of gas exchange.

KEY WORDS Acutus schlechtendali, apple, photosynthesis, transpiration, leaf injury,

Eriophyiidae

The effects of the apple rust mite feeding on plant ecophysiology are not well understood.

Another acarine apple system that is more intensively studied is the spider mite (Tetranychidae)

apple complex where various studies have been done on the impact of spider mite feeding on

ecophysiological processes such as gas exchange (Campbell et al. 1990a; Francesconi et al.

1996a; Hall and Ferree 1975; Lakso et al. 1996; Mobley and Marini 1990). However, in

contrast to spider mites which are mesophyll feeders, rust mites (Eriophyiidae) can penetrate

only epidermal cells with their small mouthparts (Andersen and Mizell 1987; Easterbrook and

Leaf feeding and effects
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Fuller 1986; McCoy 1976; McCoy and Albrigo 1975; Royalty and Peering 1988). Therefore,

tissue injury and plant reactions caused by rust mites and spider mites are expected to be

different.

Rust mites can be -found on a wide ränge of host plants such as apple, pear, tomato,

peach, plum, and citrus. Although the species are different, the Symptoms on the host plants are

quite similar. Most rust mite studies investigated the interactions between citrus and the citrus

rust mite (Achor et al. 1991; McCoy 1976; McCoy and Albrigo 1975; Yang et al. 1994; Yang et

al. 1995a, b). Some studies focused on the impact of tomato russet mite Aculops lycopersici

(Massee) on tomatoes (Royalty and Peering 1988, 1989; Stout et al. 1994; Zalom et al. 1986).

However, not much work has been done on the apple rust mite apple system.

Apple rust mite is a leaf vagrant eriophyoid and feeds on flowers, fruits and, leaves of

apple. It is a typical epidermis feeder with stylets of about 13 um that penetrate just the

outermost cell layer. Apple rust mite causes various Symptoms on apple: leaves roll up

longitudinally and become rusty brown on the lower side (Höhn and Höpli 1990; Jeppson et al.

1975). Another damage is fruit russeting caused by mite feeding on flower receptacles and

fruitlets, resulting in epidermal cell damage (Easterbrook and Füller 1986).

Since the late 1960s, the pest Status of apple rust mite has increased in many countries.

This is probably because of a combination of factors including an increased use of

nonacaricidal fungicides, intensive management in modern apple orchards, and the use of

pesticides toxic to predators (Easterbrook 1996). A thorough understanding of apple rust mite -

apple tree interactions is a prerequisite for sustainable management strategies in commercial

orchards. In this study the mechanisms of apple rust mite feeding and its effect on gas

exchange and leaf injury were investigated.

Materials and Methods

Trees. The experiments were carried out with plants grown under field conditions and

artificially infested with apple rust mites. The experimental plot was situated on the premises of

the Swiss Federal Research Station Wädenswil. In October 1994, 300 one-year-old apple trees

Leaf feeding and effects
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- 150 'Jonagold' and 150 'Golden Delicious' - on rootstock M9 were planted in 2 rows in

buried 24-liter pots. Three plots containing 15 trees within each row were chosen as control

and were kept free of mites. In summer, the trees were irrigated by drip irrigation to ensure

water was not a limiting factor for growth. A slow-release fertiiizer (Osmocot, 13% nitrogen) at

a rate of 10-12 g per tree was applied in spring 1995 and 1996. The number of flowers and

fruits per tree were equalized manually each spring to provide more homogeneous apple trees.

Overview of Measurements. On Single leaves, the rust mite densities were counted,

the changes in leaf color as indicator for damage, and the physiological parameters net CO2

exchange and transpiration were measured. All these parameters were recorded on the same

leaf. In addition, cryoscanning electron and brightfield light microscopy were used to

investigate changes in leaf tissue.

Mite Management and Sampling. The objective of the mite management treatments

was to produce a population as high as possible on infested trees (some thousands of mites per

leaf) and a population on non-infested trees (as low as possible) to measure differences in gas

exchange, leaf color, and leaf tissue. Before bud break in spring 1995, apple rust mite

populations were established on all trees by means of infested shoots from a neighboring

orchard. One randomly chosen plot per block was treated with brompropylate 250g/liter EC on

16 May and 9 July 1996 to obtain non-infested trees. The plant protection spray program

contained 9 appiications of fungicides (copper, dithianon, captan, pyrifenox, bupirimate) and 3

applications of insecticides (pirimicarb, fenoxycarb, tebufenozide) between May and July 1996.

The apple rust mite populations were sampled 8 times on 'Jonagold' and three times on

'Golden Delicious' between 6 June and 19 July 1996. On every sampling day, 1 leaf per tree

from about 20 infested and 10 non-infested trees were chosen. The 5th leaf from the top of a

growing shoot was selected to standardize the sample. Apple rust mite populations were

estimated on detached leaves using a stereo microscope at 40x magnification. A grid was

placed on the lower side of the leaf and the apple rust mites were counted in every Square (16-

mm2) in a row perpendicular from the midrib to the edge of the leaf, at the same place where

the gas exchange rate was measured. Six to 10 Squares per leaf were sampled depending on the

Leaf feeding and effects
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width of the leaf. The average of all counts was used for further calculations.

Indicator of Leaf Damage. One visible symptom of apple rust mite infestations is a

rusty brown color on the lower surface of the leaf (Höhn and Höpli 1990; Jeppson et al. 1975).

This brownness is caused by cell damage and oxidation processes within the cell (Elstner 1990).

The color of the lower leaf surface was measured 8 times on 'Jonagold' and 3 times on 'Golden

Delicious' between 14 June and 21 July 1996 using a Minolta chromameter (CR-300, Dgs).

The colors are described in the L*a*b* color system. L* is the lightness variable, and a* and b*

are the chromaticity co-ordinates and describe the green-red and the blue-yellow axes,

respectively. Color measurements were repeated 6 times on the same leaf area where the gas

exchange parameters and the rust mite densities were recorded. The average of the 6 a*values

(green-red) was used as an indicator of leaf damage. For a better understanding, the a*values

were scaled in damage units from 0 (no damage) to 10 (severe damage). The scaling key

between a*values and damage units is shown in Table 1.

Table 1. Scaling key between a*values (green-red axis) and damage units

Healthy leaf Damaged leaf

Green Brown

Damageunit 0 1 2 3 4 5 6 7 8 9 10

a*values -14.0 -12.8 -11.6 -10.4 -9.2 -8.0 -6.8 -5.6 -4.4 -3.2 -2.0

Gas Exchange Measurements. Apple rust mites might change leaf tissue by feeding

on it. Therefore, an impact on gas exchange can be expected. For single-leaf gas exchange

measurements, a portable LCA-4 infrared gas analyzer system with a portable Hght unit

(Analytical Development, Hoddesdon, England) was used. The 5th leaf from the top of a

growing shoot exposed to the sun was selected to measure gas exchange. The leaves were

detached for measurement and gas exchange was recorded within <2 minutes. For

standardization, all measurements were made between 1000 and 1200 hours. During

measurement, the leaf was exposed to saturated and constant Hght from an artificial Hght

Leaf feeding and effects
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source, which allowed the measurements to be taken in the shade and hence to prevent strong

temperature fluctuations within the leaf cuvette. After gas exchange measurement, the leaf was

stored in a thermal isolated box for recording leaf color and assessing apple rust mite density.

The gas exchange measurements were carried out 7 times on 'Jonagold' and 3 times on 'Golden

Delicious' between 14 June and 19 July 1996. On each sampling day, 14-32 infested and 8 -

11 non-infested leaves were chosen.

An additional experiment was carried out to check whether gas exchange measurements

were affected by leaf detachment. The selection of the leaves and the measurement method

were similar to those mentioned above. On August 18 and on September 18, the measurements

were carried out in the field on 16 and 15 non-infested 'Jonagold' trees, respectively. The gas

exchange was measured on the nondetached leaf first. After taking the leaf out of the cuvette

and waiting for 5 min to prevent a cuvette influence, the measurement was repeated on the

detached leaves. Neither net CO2 exchange rate nor transpiration rate showed any significant

differences between detached and nondetached leaves {t = 0.306, df = 30, P < 0.05).

We also tested whether the acaricide (brompropylate) used to control apple rust mite

density influences gas exchange parameters. The selection of the leaves and the measurement

method were similar to those mentioned above. In July 1996, measurements were carried out in

the field on 35 non-infested 'Jonagold' trees. On July 12, gas exchange was recorded the Ist

time. Afterward on the same day, 17 trees were treated with brompropylate. On July 16, the

gas exchange measurements were repeated on the same leaves. We measured no significant

difference in gas exchange parameters between treated and untreated leaves (F= 1.0, df = 1, 33,

P<0.05).

Cryoscanning Electron Microscopy. It is likely that apple rust mites leave behind

traces of their feeding activity on leaf surfaces. Therefore, mechanical damage was analyzed by

means of cryoscanning electron and light microscopy. For electron microscopy, leaf samples

were punched out with an ophtalmological punch and frozen in liquid nitrogen. Frozen samples

were mounted on a GATAN cryoholder and cryosputter-coated with 7 nm of platinum at a

temperature of 140 K in a MED 020 (Bal-Tec, Liechtenstein). The samples were

Leaf feeding and effects



- 13-

cryotransferred in liquid nitrogen to a Hitachi S-900 in-lens field emission scanning electron

microscope. Images of the frozen hydrated samples were recorded digitally at a temperature of

140K and an accelerating voltage of 10 kV using the backscattered electron signal as described

by Walther and Müller (1997).

Brightfield Light Microscopy. Leaves were fixed chemically overnight with 3%

glutaraldehyde in cacodylate buffer and for 2 h in 2% osmium tetroxide in cacodylate buffer.

Samples were then dehydrated in a graded series of ethanol and embedded stepwise in epon-

araldyte (Fluka, Buchs, Switzerland). Sections of 1 um were cut with a Reichert ultracut E

(Leica) and a Histo diamond knife (Diatome, Biel, Switzerland). Sections were stained with

methylene blue.

Results

Population Development. The development of populations on the 2 apple varieties

was similar (Fig. 2). A small initial population of apple rust mites occurred on the untreated

trees at the beginning of June 1996 (<1 mite per 16 mm2 leaf area; <400 mites per leaf). On

mid-June, the population reached a level of about 10 apple rust mites per 16 mm2 (i.e., 4,000-

5,000

Fig. 2. Population development of apple rust mite on the

2 apple varieties 'Jonagold' (füll symbols) and 'Golden

Delicious' (open symbols): Squares show samples of

trees that were treated with an acaricide; circles show

samples of untreated trees. Medians with interquartile

ranges were used because this statistic is not as sensitive

to extreme values and therefore describes more robust

center values of parameters with higher variability than
3 13 23 3 13 23

June June June July July July
^ . .1 . * ,\~n^ means.
Calenderdate (1996)
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mites per leaf) within only a few days. Until mid-July the population was at a very high but

more or less constant level. On mid-July about 2 wk after the completion of shoot growth, the

population decreased quickly. On trees that were treated with brompropylate, some apple rust

mites were found at the beginning of June. However, no outbreak was observed in mid-June

and the population remained at a low level.

Browning of Leaves. Leaves that were infested with apple rust mites turn brownish,

whereas non-infested leaves hardly changed color (Fig. 3). The color changes on infested

leaves occurred simultaneously with the apple rust mite population increase - light brown turned

to intensive brown from early June to early July. Unlike the apple rust mite populations, the

brownness did not disappear at the end of July.

Fig. 3. Development of a*value (left scale) and leaf

8

damage (right scale) on the 2 apple varieties 'Jonagold'

g1= (füll Symbols) and 'Golden Delicious' (open Symbols):
3

CD

5 §* Squares show samples of trees that were treated with an

E

y. acaricide; circles show samples of untreated trees.

CO

33
Medians with interquartile ranges were used because this

2

statistic is not as sensitive to extreme values and

3

ly therefore describes more robust center values of

Parameters with higher variability than means.

Single Leaf Gas Exchange. The data show that the relationship between gas exchange

and leaf damage might be nonlinear. However, for reasons of simplicity a linear model was

chosen to describe this relationship. We found a significant correlation between leaf brownness

and single leaf net CO2 exchange; the browner the lower leaf surface, the lower the net CO2

exchange. This negative relationship was observed in both varieties but obviously stronger for

leaves of 'Jonagold' (Fig. 4). Similarly, there was a significant correlation between leaf

brownness and leaf transpiration rate - the browner the lower leaf surface, the lower the

3 13 23 3 13 2:
June June June July July Ju

Calenderdate (1996)
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transpiration rate. This correlation was again stronger for 'Jonagold' than for 'Golden

Delicious' leaves (Fig. 4).

16

2.^ 12

"Ö E

Jonagold Golden Delicious

CD "5

O §.
O
—

'S

'5 E

5°

s i
ca £,

\ '•' A B

c D

2468 02468 10

leaf damage unit leaf damage unit

Fig. 4. Effect of leaf damage caused by apple rust mites

on net C02 exchange (A and B) and transpiration rate (C

and D) on 'Jonagold' (A; C) and 'Golden Delicious' (B;

D). The figures show 95% CIs on the linear regression

lines. The equations for the linear regression are as

follows:

(A) y=14.998-1.531x, «=219, r2=0.63, <0 001

(B) y=3.861-0.359x, «=219, r2=0.39, «1001

(C) y=l 1.174-0 924x, «=94; r2=0 56. <0.001

(D) y=3.044-0.188x, «=94, r2=0.29, O.001

Fig. 5. Lower apple leaf surfaces (a) Without apple rust mite infestation (b) with infestation
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Figs 6 and 7 6 General view ol an infested lower apple leaf surface (a) Containmg punctured wounds (b) Detail

of content of white rectangle in Fig 6a showing puncture wounds 7 (a) Apple rust mite on lower apple leaf surface

penetrating epidermis with its stylet (b) Detail of content of white rectangle in Fig 7a showing stylet piercing leaf

tissue

Changes in Leaf Tissue. The abaxial (lower) epidermis of uninfested leaves showed a

smooth and nondisrupted surface The stomata were closed and the guard cells turgescent (Fig

5a) In contrast, the abaxial surface of infested leaves was uneven The stomata were partially

open and the guard cells had lost turgor (Fig 5b) With the cryoscannmg microscopy, we

observed that the punctured wounds on the abaxial surface of infested leaves (Fig 6a and b)
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were caused by apple rust mite feeding. An apple rust mite was captured during feeding by

cryofixation; the mite's stylet was just penetrating the leaf surface (Fig. 7a). The diameter of the

apple rust mite stylet is about 0.5 um, similar to that of the feeding holes (Fig. 7b). The feeding

holes were distributed in patches, suggesting that apple rust mites penetrate the same cell more

than once.

Cross sections of infested (leaf damage level of 6 - 7) and non-infested leaves (Fig. 8a

and b) demonstrated the effect of apple rust mite feeding on the abaxial epidermis and spongy

parenchyma. The epidermal cells, including the guard cells, of damaged leaves were

2 x-1 ^ fv^-sr-. ^^>J^

V

»
v

sf ^o ^
1, _P*V
hs<w

-.(Vi a^;-"^v* J v*~* * ->* C-'

'>i^'v-* '•'^i'-

r /;

k4U^'Ww^. CD o 0 i.

!' ^ : ^ An "*
'

.
'
~

*-' ¥ -* V *• is. i

Fig. 8. Ciosi, sections of a non-inlested (a) and an intested apple leaf (b) E, lowet epidermis, SP, spongy

parenchyma In contrast to non-mfested leaves. the epidermis (black arrows) with stomata (white arrows) of infested

leaves is completely desiccated Symptoms of desiccation in the spongy parenchyma of infested leaves are visible
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desiccated. Compared with an uninfested leaf, the epidermis layer of an infested leaf is only a

thin remnant of epidermis and guard cells. Such damaged epidermis and guard cells are likely

unable to fulfill their functions.

The photomicrographs showed also a visible difference in the spongy parenchyma of

infested and non-infested leaves. Apple rust mite feeding caused the desiccation of the spongy

parenchyma cells. There were no cell organelles visible and the cells lost turgor.

Consequently, apple rust mites seem to have an influence on spongy parenchyma cells as well,

even though they cannot reach deeper cell layers with their stylets. Therefore, reduction of gas

exchange might be caused by a malfunction of the stomata (direct effect) but also because of

Problems of gas exchange within the spongy parenchyma (indirect effect).

Discussion

Rust Mite Populations. In this study, the apple rust mite populations on untreated

trees reached very high levels (some thousands) compared with other studies (some hundreds)

(Easterbrook 1996; Solhoy et al. 1991; Hengstberger 1993;) and with common populations in

commercial apple orchards (Gottwald and Krüger 1996; Herbert 1974). However, the pattern

of development of apple rust mite populations on the experimental trees in 1996 is typical for

eriophyoids. Apple rust mites may build up populations very rapidly because of a short

generation time and a high fecundity (Easterbrook 1979, 1984; Schliesske 1985). The

population declined rapidly after the completion of shoot growth; a phenomenon that has

already been reported (Hengstberger 1993).

Browning of Leaves. High growth rates, mobility of apple rust mites withinplants, and

drift through the air (Schliesske 1989) may cause rapid population changes on a Single leaf.

Therefore, the mite population present on a leaf at any one moment gives only an imprecise

assessment of the effective impact history and the influence on ecophysiological processes of

the investigated leaf. There are 2 possibilities to integrate the historical impact of mite feeding

on a leaf. One is to calculate the cumulative mite days by using several counts of mite densities

on the same leaf. Another possibility is to measure once the cumulative leaf damage directly.
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Unfortunately, the mite counting method used in this study did not allow us to calculate the

cumulative mite days on the single leaf level because a new different leaf was used for each set

of measurements. However, our results confirmed that apple rust mite feeding results in

irreversible browning of the leaf (Fig. 2 and 3). Hence, the brownness of infested leaves is a

measure of cumulative leaf damage and it was used as a very rapid method to assess the impact

of apple rust mite feeding on leaf Performance.

Gas Exchange Associated with Changes in Leaf Tissue. Studies with tetranychid

mites and greenhouse-grown apple have demonstrated that gas exchange parameters are

reduced by mite feeding (Campbell et al. 1990a; Hall and Ferree 1975; Mobley and Marini

1990). There are studies that show similar results for European red mite, Panonychus ulmi

(Koch), and field-grown apple trees (Francesconi et al. 1996a; Lakso et al. 1996). Spider mites

pierce the leaf epidermis with needlelike mouthparts and feed primarily on mesophyll and

palisade layers of leaf (Avery and Briggs 1968; Campbell et al. 1990b; Tanigoshi and Davis

1978). Thus, photosynthesis is influenced directly. Because rust mites have shorter stylet

lengths, they are not capable of feeding on the photosynthetically active mesophyll and palisade

layers (Easterbrook and Füller 1986; Jeppson et al. 1975; Royalty and Peering 1988). Another

important difference between spider mites and rust mites is the potential density per leaf.

Populations of rust mites may reach levels several times higher than those reached by spider

mite populations. Therefore, the amount and distribution of penetration damage is expected to

be different.

Easterbrook and Palmer (1996) investigated the relationship between early-season leaf

feeding by apple rust mites and photosynthesis of field-grown apple. They found no effect of

apple rust mite feeding on photosynthesis. However, the apple rust mite density (<100 apple

rust mites per leaf) was probably too low to cause any significant effect on photosynthesis.

Royalty and Peering (1989) and Andersen and Mizell (1987) investigated the effect of other

eriophyoids on gas exchange rate on tomato and peach and postulated reductions in gas

exchange as high as 50 and 44%, respectively.

In this study, very strong relationships were found between gas exchange rates of apple
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leaves and brownness of leaves caused by apple rust mite feeding (Fig. 4). The gas exchange

rate of heavily infested leaves was reduced up to 65%. The reduction of net CO2 exchange rate

caused by apple rust mite feeding recorded by the described method might even be

underestimated. For measurements, leaves were spread out in the cuvette and were fully

expanded and exposed to the Iight. However, in nature, infested leaves are rolled up

longitudinally, and therefore intercept less light than healthy leaves..

Apple rust mites produce multiple punctured wounds by the penetration of stylets into

epidermis cells (Fig. 7a and b). Similar punctured wounds were found forAceria cladophthirus

(Nalepa) on Solanum dulcamare L. (Westphal and Manson 1996) and for citrus rust mite on

citrus (Achor at al. 1991; McCoy and Albrigo 1975). The penetration and partial evacuation of

epidermal cells by apple rust mites causes desiccation of the epidermis. Probably, undamaged

cells (e.g., guard cells) may be affected indirectly by reduction in water or nutrient transport.

This damage to the epidermis caused by apple rust mites is similar to that caused byAculops

lycopersici (Massee) (another free-living gall mite) feeding on tomato (Royalty and Peering

1988). The desiccation of the epidermis leads to malfunction of the stomata. Royalty and

Peering (1988) and Andersen and Mizell (1987) observed a similar mechanism in tomato and

peach leaves, respectively. They suggested that epidermal feeding by tomato russet mites and

peach silver mites may permanentiy impair stomatal functions. In the apple rust mite-apple

System, epidermis damage is particularly dramatic because apple rust mites feed on the abaxial

leaf surface where the stomata are located. REM-pictures of infested leaves show some

damaged stomata that are open and some that are closed (Fig. 5a and b). Consequently,

transpiration and net CO2 exchange might be reduced but it would be difficult to quantify the

extent of reduction.

Cross sections of heavily infested apple leaves show that spongy parenchyma cells are

desiccated. Cells lost turgor and cell organelles were destroyed (Fig. 8a and b). A similar

effect was observed on citrus, where feeding by the citrus rust mite caused mesophyll collapse

and defoliation (McCoy 1976). We also observed that heavily infested leaves dry up on the

tree, although water supply was not limited. Hence, we infer there is resistance to water
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transport within the leaf. The damaged spongy parenchyma might cause this resistance. It is

also possible that there is resistance to water transport in the midrib and that the damage of the

spongy parenchyma is a consequence of water deficiency.

Apple rust mites may influence photosynthetic activity indirectly without feeding on the

mesophyll or palisade tissue. In addition to the mechanical damage of the epidermis, apple rust

mites or the plant itself might trigger a defence mechanism against apple rust mites, water loss,

or secondary infections (fungus, herbivores). Stout et al. (1994) investigated induced enzyme

activity by A. lycopersici on tomato and demonstrated that tomato responded to rust mite

feeding with elevated activity of peroxidase and lipoxygenase. Another explanation for the

change in spongy parenchyma is the collapse of the internal water and ion transport caused by

the damaged epidermis. Saliva of apple rust mites may be another explanation for cell damage

in the spongy parenchyma. Based on morphological examinations of tomato leaves, Royalty

and Peering (1988) excluded the involvement of Phytotoxins in the A. lycopersici - tomato

interactions. Yang et al. (1995b) speculated that citrus rust mites inject digestive enzymes into

cells while feeding. Westphal and Manson (1996) demonstrated with histochemical methods

that chitin fragments or chitosan are introduced by the rust mite Thamnacus solani (Boczek &

Michalska) into the epidermal cells ofSolanum dulcamare L.

Although the damage mechanisms and their triggers (e.g., mechanical damage or saliva)

are not fully understood, our study has demonstrated that on heavily infested apple trees, apple

rust mite feeding causes epidermial and spongy parenchyma damage and reduces gas exchange.
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3. Analysis of Leaf Damage caused by the

Apple Rust Mite (Acari: Eriophyiidae)

ABSTRACT The development of the relationship between apple rust mites [Aculus

schlechtendali (Nalepa)] and leaf brownness was investigated during the period of infestation.

Leaf damage and brownness within the leaf were localized using brightfield microscopy. It was

shown that rust mites are responsable for the leaf brownness but due to irreversibility of the

damage no stable density dependence was found. It could be demonstrated with cross sections

of non-infested and infested leaves that rust mite infestations can induce the complete

destruction of the epidermal cell layer. Furthermore spongy and palisade parenchyma cells

including their chloroplasts, small vein and mid vein turned brownish. This color change could

clearly be associated with rust mite infestations, the mechanisms, however, could not be

elucidated.

KEY WORDS Apple rust mite, Aculus schlechtendali, apple, leaf, damage, Eriophyiidae

In a previous study (chapter 2) it was shown that apple rust mites [Aculus schlechtendali

(Nalepa)] are responsible for leave color changes from green to brown, and that this brownness

is correlated with a reduction of gas exchange. Consequently, the brownness is a reliable

parameter to estimate the leaf damage caused by rust mites. The relationship between rast mite

density and brownness is important to understand for extrapolating from mite density to the

extent of reduction in leaf Performance. In addition, in the same study it was suggested that

there has to be a damage within the leaf i. e. within spongy parenchyma or vascular bundles.

The objective of this study was to describe the relationship between mite density and leaf

brownness and to locate potential damage Symptoms in deeper cell layers.
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Material and Methods

Trees. The leaf damage was investigated on four-year old 'Jonagold' trees (rootstock

M9) grown under field conditions. The trees were planted in buried 24 1 pots in October 1994.

During summer, the trees were irrigated with a drip-irrigation plant. A slow release fertilizer

(Osmocot, 13% nitrogen) was applied in spring at a rate of 10-12 g per tree. The objective of

the rust mite management was a very low population level (control) on non-infested trees and a

very high level on infested trees. The non-infested trees were treated with an acaricide

(brompropylate 250 g/1 EG). Otherwise the plant protection spray programme was identical

including applications of fungicides (copper, dithianon, captan, pyrifenox, bupirimate, dodine,

folpet) and insecticides (pirimicarb, fenoxycarb, tebufenozide).

'

Mite Monitoring and LeafDamage. The apple rust mite density was estimated directly

on detached leaves according to the method described in chapter 2. Apple rust mite feeding

causes the lower leaf surface to change from green to brown (Höhn and Höpli 1990; Jeppson et

al. 1975). The color of the lower leaf surface was measured using a Minolta chromameter (CR-

300, D65). The colors are described in the L*a*b* color System. As demonstrated in chapter 2

the a*-value indicates the brownness.

Light Microscopy. The fifth leaf from the top of a shoot was chosen on non-infested

and infested trees. For transport the detached leaves were stored in a plexiglas box that was

upholstered with wet paper tissue. Cross sections were carried out with a hand microtome on

fresh leaves without any staining. During the cutting process the leaf material was always

sprinkled with a NaCl Solution (0.5%) to prevent an artificial oxidation (Macheix et al. 1990).

For the same reason the cross sections were put into a vacuum desiccator. The sections were

extracted from the desiccator and immediately investigated and photographed using a Zeiss

photomicroscope III.
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Results

Brownness versus Mite Density. The relationship between brownness and apple rust

mite density is very important since the brownness is a parameter that describes the leaf

damage. Mid June the population on infested trees was on a very low level, less than 200

mites/leaf (assumed average leaf area 32 cm2). Obviously there was no leaf damage (Fig. 9;

Day 159). One week later, the population ranged from zero to four thousand mites per leaf. At

Day159
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Fig. 9. Development of the relationship

between apple rust mite density and leaf

brownness during the infestation period. The

füll Squares show samples of non-infested

trees that were treated with an acaricide. The

empty Symbols represent samples of rust

mite infested trees.
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this time, a distinct relationship occurred between mite density and leaf brownness - the more

mites the browner the leaves (Fig. 9; Day 166). About two weeks later a similar relationship

was found as before, but infested and non-infested leaves drifted apart as two distinct groups

both with a particular level of brownness (Fig. 9; Day 179). Twenty days later all infested

leaves showed the same brownness, despite different mite densities. Because it was the time

when the population began to break down (Fig. 9; Day 199). Rust mites disappeared but the

brownness of all infested leaves remained at the same level as three days before (Fig. 9; Day

Leafdamage



-25-

i* ?•

% %* 1
^

<L^

30 fjm

\ \

ygf *
-*

V\^

Fig. 10. Cioss sections of a non-infested leaf (above) and an infested leaf (below) On the infested leaf the

epidermis cells are collapsed and the cell content is brownish

Leaf damage



-26-

201) In general terms, the relationship brownness versus mites is not a steady relationship

during infestation time since population size changes dynamically whereas the brownness is

irreversible. Consequently, it is not possible to extrapolate from the counted mites to the

brownness and vice versa.

Light Microscopy, A leaf damage caused by apple rust mites was observed on the

lower epidermis (Fig. 10) The epidermis cells were completely collapsed and the remaining

. cell content turned brownish. In deeper cell layers like in spongy or palisade parenchyma

scattered brown cells and particularly brown chloroplasts were found (Figs. 11 and 12). In

addition a similar color change was observed within vascular bundles and leaf mid veins of

infested leaves (Figs. 13 and 14) Obviously, rust mites triggered processes and reactions

within the whole leaf causing the distortion of cells and color changes in chloroplasts, vascular

bundles and mid veins, although they can only penetrate epidermal tissue with their styletts

(Easterbrook and Füller 1986; Jeppson et al. 1975; Royalty and Peering 1988).

Fig. 11. Left side general view of a cross section of an infested leaf that shows spongy parenchyma cells

containing brownish chloroplasts Right side detail view of the content within the rectangle of the left picture

showing brownish chloroplasts
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Fig. 12. Gross section ot an mfested leaf that shows palisade cells contaming biownish chloroplasts
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Fig. 13. Cross sections of anon-infested (left) and an mfested leaf (right) that show transversal cuts of vascular

bundles Withm bundles of mfested leaves a brownish substance was visible
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Fig. 14. Cross sections of a non-infested (above) and an infested leaf (below) that show transversal cuts of mid

veins. Within mid veins of infested leaves a brownish substance was visible.
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Discussion

Brownness versus Mite Density. Several authors described the leaf brownness as a

symptom caused by apple rust mites. As shown in chapter 2 this brownness is a good

parameter to describe the physiological Performance of a leaf that was attacked by rust mites.

The relationship between rust mites and leaf damage is not constant over the period of

infestation. The relationship is determined by mainly three factors; 1) shoot growth rate and

therefore the emergence rate of new leaves 2) mite population growth rate (immigration,

emigration, natality, mortality) 3) dynamic of rust mite populations as opposed to the

irreversibility of leaf damage. The period of infestation can be divided into different phases.

During the first phase the mite population growth and shoot elongation rate is high. During this

time there is a stable relationship between rust mite density and brownness. During the second

phase - between population peak and crash - changes in population growth rate and a slower

shoot extension rate lead also to a monotone and continuous relationship, but it is different to

the relationship of phase one. Within phase two shoot extension was completed and the supply

with new leaves stopped. After shoot growth completion the base of rust mites nutrients gets

lost, the population begins to decrease and mites feed as long as possible on the same leaf.

Consequently, at this time the relationship between rust mite density and brownness begins to

disappear. It means that there were leaves with a low rust mite density and a strong brownness

because the brownness was caused by a previous higher rust mite density. The third phase is a

very short phase and Stands for the crash of the rust mite population on the leaves. At the end

of this phase the rust mites disappear and leave behind damaged leaves. In general terms, rust

mites are responsible for the leaf brownness but there is no constant relationship during the

season.

Light Microscopy. Most of the processes of browning are caused by enzymatic

oxidation of phenols and lead to quinones (Macheix et al. 1990; Stout et al. 1994). In several

studies it was suggested and demonstrated that quinones or brownness are correlated with

resistance to pathogens and/or insects (Callow 1984; Feiton et al. 1989; Hori 1973; Macheix et

al. 1990; Stout et al. 1994). Feiton et al. (1989) suggested that this kind of mechanism can be
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extrapolated to other plant-herbivore Systems.

Photomicrographs confirm the presumption that there might be damages within

mesophyll cells, bundles and mid rips. The damages or changes in all this apple leaf tissues are

visible as brownish substances. Apple rust mites are able to penetrate with their stylets the

epidermis cells only. Therefore, there had to be other mechanisms than mechanical penetration

that are responsible for the damage in deeper cell layers. There are mainly two explanations for

such a mechanism; 1) the rust mites bring actively or passively a substance into the cell that

diffuses in neighbouring cells and leads to cell damage 2) the plant reacts to the penetration

and/or injected substances by building up a defence or protection strategy. The injection of a

substance into the cell by rust mites is possible and some authors suggest this for different hosts

(Westphal and Manson 1996; Yang et al. 1995b). This would be plausible if the purpose of this

substance is to liquefy the cell content for a better uptake. The disadvantage of this strategy is

that the rust mites destroy their own base of nutrients. The reaction of the plant against the cell

penetration or attack is also possible. This reaction results in two advantages for the plant.

First the base of nutrients can be limited for the herbivore and the brownish leaf is no more

attractive. This would explain why the rust mite population crashes after shoot growth

completion (Hengstberger 1993). The other advantage of destroying cells and bundles results

in a interruption of water transport within the leaf. As shown in chapter 2 the destroyed

epidermis showed partly open stomata. Therefore, the stomata are no more able to control the

water loss. By interrupting the water transport within the leaf the plant can prevent an

uncontrolled high water loss. Nevertheless, this reaction seems not to be very adapted because

in this way the Performance of the canopy is reduced and the supply with nutrients - CO2 and

H2O uptake - of the plant is also limited. Hence we tend to explain the reaction of the plant

with a hypersensitive reaction as demonstrated for other Eriophyiidae (Bronner et al. 1991;

Westphal et al. 1980).
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4. The Effect of Apple Rust Mite (Acori: Eriophyiidae) Infestations

on Water Use and Canopy Temperature of Apple Trees

ABSTRACT The effect of the apple rust mite [Aculus schlechtendali (Nalepa)] on

xylem sap flow and canopy temperature of field grown 'Jonagold' trees (Malus domestica

Borkh.) was investigated. It has been shown earlier that apple rust mites are responsible for a

reduced Single leaf transpiration rate (chapter 2). Xylem sap flow rates of non-infested and

infested trees were measured using a heat balance method in order to study the impact on whole

canopy transpiration. A thermo image system was used to visualise the influence of an altered

transpiration on leaf temperature.

A reduction of the sap flow rate was found on infested trees depending on leaf damage as

well as weather conditions. The thermo image confirmed disturbed energy balance on infested

leaves associated with a reduced transpiration. The consequences of the sap flow reduction are

a reduced uptake of water and nutrients from the soil on the one hand and a reinforced stress by

a disturbed leaf temperature regulation on the other.

KEY WORDS Apple rust mite, Aculus schlechtendali, apple, xylem sap flow, leaf

temperature, Eriophyiidae

Several studies investigated the effect of rust mites on single leaf gas exchange of

different hosts such as tomato, peach, citrus and apple. Most of these studies found a reduction

in single leaf gas exchange depending on the infestation level (Andersen and Mizell 1987;

Easterbrook and Palmer 1996; Royalty and Peering 1989). However, focusing on the single

leaf level this studies did not allow conclusions on the effects of rust mites on the whole plant

metabolism. In addition, the effect of natural variability in weather conditions over longer

periods of time are not taken into account. Therefore, the present study used xylem sap flow

measurements on infested and non-infested field grown apple trees in order to investigate the

impact of apple rust mites on the whole tree transpiration and to create a link between single
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leaf gas exchange and canopy transpiration rate. The heat balance method enabled continuous

measurements and the investigation of the transpiration rate on the whole tree during two

months under variable weather conditions. Disturbed transpiration is likely to impair leaf and

canopy energy balance. Therefore, thermo image analysis was applied to visualise this

potential indirect impact of apple rust mite infestations on canopy temperature in a parallel

experiment.

Materials and Methods

Trees. Xylem sap flow was measured on six 'Jonagold' trees that were selected out of

an experimental orchard planted in October 1994. The trees were grown on rootstock M9 in

buried 24 litre pots in the field. During summer the trees were irrigated by drip-irrigation. A

slow release fertilizer (Osmocot, 13% nitrogen) was applied in spring at a rate of 10-12 g per

tree.

The xylem sap flow experiments were carried out during August and September 1997

with two infested and four non-infested trees. The criteria for selecting the trees were a smooth

stem and no branches within the first 50 cm above soil, a similar stem diameter, leaf area and

number of fruits. In addition, the infested trees had to show first Symptoms of leaf brownness

caused by rust mite feeding. 1997 was the third year in continuation during which the infested

trees were attacked by rust mites. The non-infested trees were treated with an acaricide

(brompropylate 250 g/1 EC) to prevent an infestation with rust mites. Otherwise the plant

protection spray programme was identical including twelve applications of fungicides (copper,

dithianon, captan, pyrifenox, bupirimate, dodine, folpet) and two applications of insecticides

(fenoxycarb, tebufenozide) between March and September.

Rust Mite Population and Leaf Damage. The apple rust mite population development

within the experimental orchard was estimated on six days between 4 June and 27 August 1997

using the method described in chapter 2

A visible symptom of apple rust mite infestations is a rusty brown color on the lower leaf
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surface (Höhn and Höpli 1990; Jeppson et al. 1975). As shown in a previous study (chapter 2)

this brownness is not reversible and therefore well suited to quantify the cumulative leaf

damage and to estimate the impact of the rust mites on the tree. The color of the lower leaf

surface was measured using a Minolta chromameter (CR-300, D^s). The colors are described

in the L*a*b* color space. As demonstrated in chapter 2 the a*-value indicates the brownness

and is scaled to a damage level from zero (no damage) to ten (severe damage). At the end of

the experiment, all leaves of the trees on which the sap flow was measured were harvested to

examine and quantify the leaf damage on the whole tree
.

Xylem Sap Flow Rate. The design of the heat balance System was a variable power one

based on Sakuratani (1981), Weibel and Vos (1994) and Weibel and Boersma (1995). Since

the .selected trees were only four years old (stem diameter 14 to 18 mm) and a distinct

heartwood was not existing, the energy exchange with the inner parts of the stem or stored heat

component was not considered. The thermocouples were wired according to Weibel and Vos

(1994), and Weibel and Boersma-(1995) who present a complete and detailed description of the

operating principle and all calculations needed. In contrast to the description of Weibel and

Boersma (1995), a teflon coated constantan heater wire was glued directly into a very flexible

tube-shaped foam insulation as used commercially for insulating household heating pipes. This

ensured a very good contact between heater and the quite irregulär stem while totally avoiding

any obstruction to growth of the stem. Heater height was set 1.5 times the diameter of the stem.

A flux meter for measuring radial heat loss was made out of 3 layers of 2 mm thick rubber foam

plates with a size equal to the heater height times the outer circumference of the heater tube +

15 mm overlap. A thermopile with 8 pairs of thermocouples was constructed on one sheet and

one sheet was glued onto each side. This three-layer design was mechanically robust while

being flexible enough to be fastened around the outside of the heater tube. The stem was

isolated with flexible tube-shaped foam insulation about 10 cm below and above the heater to

avoid temperature disturbance from the outside. The heater and the adjacent insulation was

enclosed by three layers of aluminium coated air bubble insulating material according to Weibel

and Vos (1994). Heater control and data reading were automatically executed by a data logger
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system (CR10, Campbell Scientific, UK) every 4 seconds. The mean value of all readings

during a 15 minute interval was calculated and stored.

In order to compare the measurements of different trees the xylem sap flow rates were

expressed per unit leaf area. Therefore, the total leaf area of the investigated trees was

determined twice: once, at shoot growth completion (beg. July) it was estimated non

destructively by measuring the length of each leaf and applying a non linear regression equation

describing the relationship between leaf length and leaf area. The regression equation was

derived from leaf length and area measurements on separate 'Jonagold' trees of the same age

and size (area = 0.593 * length + 0.34 * length2; R2 = 0.961; N = 361).The leaf area was

measured using a LI-3100 area meter (LI-COR Inc., Lincoln, Nebraska, USA). At the end of

the experiment, all leaves were detached and the leaf area per tree was measured again with a

LI-3100 area meter. The mean value of these two area estimates per tree was used to calculate

the xylem sap flow rates per unit leaf area.

Thermography. A reduction in sap flow and transpiration rates, respectively, is likely to

cause a failure of the energy balance of the leaves. Therefore, damaged leaves should be

warmer than the non-infested ones. A digital thermography camera (NEC TH 3101 thermo-

image-system, Japan) was used to visualise this effect. Four trees, two infested and two non-

infested were selected out of the experimental plot. The infested trees showed Symptoms of

leaf damage such as leaf browning and leaf rolling. The trees were brought into a glass house

because it was necessary to record the picture under conditions of no wind. A big canvas was

installed behind the trees and sprayed with cold water to get a distinct contrast between the

background and the trees. The pictures were taken on 13 July - a very hot and sunny summer

day - from 07:00 h am to 13:00 h pm each 30 min. The fruits on the image were covered with

black spots because the fruits were warmer than the other parts of the tree. In this way we

prevented a falsification of the impression given by the temperature of leaves.

Air Humidity and Radiation. The weather parameters such as air humidity and solar

radiation were measured as background information for a better understanding of the xylem sap

flow data. The relative air humidity and temperature were measured using a MP110A probe
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(Rotronic AG, Switzerland). The solar radiation was measured with a SP1110 pyranometer

sensor (Campbell Scientific, UK). Both probes were installed under the hailnet, within the tree

row and approximately one meter above soil level. The data reading was executed by a data

logger system (CR10, Campbell Scientific, UK) every 4 seconds. The displayed values are

mean values calculated frorn the measurements between 6:00 am and 6:00 pm.

Results

Population Development and Leaf Damage. There was a small initial population of

apple rust mites on the infested trees at the beginning of June 1997 (less than 0.5 mites per 16

mm2 leaf area or less than 100 mites per leaf). At the beginning of July the population began to

grow and reached a level of about 3-4 mites per 16 mm2 (i.e. 600-800 mites per leaf) towards

the end of July before a rapid population decrease. On acaricide treated (non-infested) trees the

population density never passed 0.5 mites per 16 mm2 (i.e. less than 100 mites per leaf).

Leaves, that were infested with apple rust mites, turned brownish while non-infested

leaves hardly changed color. The color changes on infested leaves occurred simultaneously

with the apple rust mite population increase: green turned to brown from early June to late July.

In contrast to the apple rust mite populations, the brownish leaf color did not disappear at the

end of July and the leaf damage reached a level of four (on a scale from zero to ten) on both

infested trees as estimated by color analysis. The leaves of the four non-infested trees did not

show any Symptoms of brownness on the lower leaf surface.

Xylem Sap Flow. The onset in the morning and the general daily pattern of the xylem

sap flow rate were similar on non-infested and infested trees (Fig. 15). However, the sap flow

rate did not reach the same level on infested as on non-infested trees.

The transpiration rate of healthy trees depends mainly on the weather conditions. The

transpiration rate increases with decreasing relative air humidity and increasing solar radiation

(Figs. 16a-c). The comparison of the daily water uptake demonstrates that differences between

infested and non-infested trees are particularly high on hot and dry days when transpiration is
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on a high level. On the other hand, there are only small differences on cold and humid days

when transpiration is low. On a sunny day with low relative air humidity sap flow of infested

trees is reduced by approximately 50%.
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Fig. 15. Pattern of the daily xylem sap flow per hour and unit leaf area on two infested trees (füll Symbols) and four

non-infested trees (open Symbols).

Obviously, the infested trees lose the capacity to raise the sap flow rate like non-infested

trees particularly under conditions of low rel. air humidity and/or high solar radiation.

Consequently, the rust mites cause the highest differences between sap flow rates of infested

and non infestedtrees when dry and sunny weather conditions predominate.

The cumulative water consumption per unit leaf area over the time from end of July to

September summarises different weather conditions and demonstrates the effect of apple rust

mites during an extended period (Fig. 16d). By these means we could show that
,
even

moderate populations of 600-800 mites per leaf reduced the water mass uptake on average by

approximately 35% (Fig. 16d).
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Fig. 16. Relative air humidity and solar radiation during

August and September 1997 (a and b). The figures

display the mean values of air humidity and radiation

from 6:00 am and 6:00 pm for each day. The measured

sap flow per day and the cumulative values are shown for

non-infested (open symbols) and infested (füll Symbols)

trees (c and d). The two graphs present the mean of four

non-infested and two infested trees, respectively.

Date (1997)

Thermography. In the early morning no difference between non-infested and infested

canopy temperature was visible. At 11:00 am the differences appeared and parts of infested

trees were warmer than of non-infested trees. At this time the air temperature was 28 °C. The

average canopy temperature of non-infested trees was roughly 23 °C. The thermo image (Fig.

17) shows that parts with high infestations are on a level of about 29 °C. This high temperature

was not found on non-infested trees. Therefore, the thermo picture demonstrates that the

cooling effect by transpiration on non-infested trees is working. In contrast, parts of the

infested trees had a distinctively higher leaf temperature since the effect of transpirational

cooling was reduced.
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Fig. 17. The selected trees to carry out the experiment concerning the leaf temperature (above) The first and third

tree from left are infested The second and the fourth from the left are non-infested Leaf temperatures of the whole

tree visuahsed with the thermo image System (below)
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Discussion

Rust Mite Population and Leaf Damage. In this study the apple rust mite populations

on untreated trees reached high levels compared with other studies (Easterbrook 1996; Solhoy

et al. 1991; Hengstberger 1993) and with natural populations in commercial apple orchards

(Gottwald and Krüger 1996; Herbert 1974). On the other side the rust mite populations on non-

infested trees were to low to cause an evident damage (Easterbrook 1996; chapter 2).

According to a previous study (chapter 2), we used the leaf damage to assess the impact

of apple rust mite feeding. In 1997, the maximal leaf damage level on the infested trees is

reached at the end of July when the xylem sap flow measurements began. The average leaf

damage of the infested trees on which the sap flow rate was recorded was at a damage level of

four as assessed by leaf color analysis.

Xylem Sap Flow and Thermography. The data demonstrate a reduced xylem sap flow

rate on infested trees. This corresponds to a previous study (chapter 2) that demonstrating a

reduction of single leaf transpiration of about 25% with a similar leaf damage. However, the

average reduction in xylem sap flow of infested trees was around 35% during two months in

summer under varying weather conditions (Fig. 16d). As demonstrated, the cumulated xylem

sap flow data integrated the diurnal pattern of water uptake and the different weather conditions

on the whole tree whereas the single leaf data are only single point (leave and time)

measurements under controlled conditions. Therefore a quantitative comparison and

Interpretation between the single leaf transpiration and the xylem sap flow is not very

meaningful. Nevertheless, the single leaf data in chapter 2 is within the ränge observed here

with whole tree sap flow measurements.

The present study shows that the potential of whole tree transpiration is reduced on

infested trees. We explain this reduction by a partly blocked water transport System. Rust mite

feeding and the subsequent destruction of epidermal cells may affect the functioning of the

stomata (chapter 2). Another explanation may be the damage or collapse of spongy

parenchyma cells by which the water transport from cell to cell or from cell to sub-stomatal

cavity is affected (chapter 2; chapter 3). Brownish substances within bundles and midribs of
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infested leaves have been observed in leaf cross sections. This observations are a reference to a

direct disruption of the water Transport path (chapter 3). Also, a reduced growth of roots was

observed as a long-term effect after three years of infestation (chapter 6). Such a reduction will

reduce the potential for water and, consequently, nutrients uptake. Although this effect is

expected to be negligible for the experiments presented here (trees were planted in Containers

and irrigated with drip irrigation), it can be expected to influence the water balance in the field

greatly.

The differences in .xylem sap flow rates between infested and non-infested trees were

especially high when xylem sap flow rates of non-infested trees were on a very high level.

Obviously, the maximal transpiration level of the whole tree is reached if the air humidity is low

and.the radiation is high (Figs. 16a-c). Therefore, the effect of the rust mites on apple trees is

especially strong under dry and sunny weather conditions.

The thermo image System images support the results of the xylem sap flow rates and

indicate an influence on the enefgy balance by a reduced transpiration. The image demonstrate

that the cooling effect through transpiration was negligible for the infested leaves under

conditions of high evaporational demand and high solar radiation to warm up the leaves.

Therefore, the damaged leaves are warmer than non-infested leaves (Fig. 17). It is not clear

whether the leaf rolling - a further Symptom of an infection with rust mites - was due to the

increased energy load or due to cell collapse and the alternation in the mechanical relations

between different cells in the leaf. Nevertheless, leaf rolling reduce the energy interception by

radiation and may be a reaction of the plant to prevent over heating. However, the leaf rolling

leads to an additional reduction in photosynthesis and thus reinforces the direct stress caused by

apple rust mites.

Consequently, the worst case for the tree would be if the leaf injury takes place early in

the season and the weather conditions are dry and sunny after the leaf damage occurs.Generally,

we can say that apple rust mites are able to reduce sap flow and thus whole tree transpiration.

This reduction depends on the level of leaf damage and on the weather conditions. The

consequences of the reduction in sap flow are expected to be a reduced photosynthesis, a
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reduced uptake of water and nutrients from the soil and an increased level of stress by a

disturbed leaf energy balance. This may thus cause a slow down of metabolism, tree growth

and yield.
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5. Effects of the apple rust mite (Acori: Eriophyiidae) infestations

on fruit quality

ABSTRACT The effects of apple rust mite [Aculus schlechtendali (Nalepa)] infestations

and the resulting leaf damage on fruit dry weight, soluble sugar content and fruit skin

colorisation were investigated in 1996 and 1997. The experiments were carried out on field

grown 'Golden Delicious' and 'Jonagold' {Malus domestica Borkh.) trees (rootstock M9)

planted 1994 in buried pots. In 1996 the trees were thinned to a light crop load of

approximately five apples per tree. In 1997 no measures were taken to thin the fruits to get a

heavy crop load. All fruit quality parameters were negatively affected by apple rust mite

feeding. The effects in both years were similar although there was a higher rust mite population

in 1996 (2000-3000 mites/leaf) than in 1997 (600-800 mites/leaf). These results are explained

with a lower leaffruit ratio in 1997 and hence a reduced potential to compensate leaf damage.

In 1996 the effects on 'Jonagold' fruits were stronger than on 'Golden Delicious' and vice versa

in 1997. The soluble sugar content decreases with increasing leaf damage the pattern being

comparable to an exponential decay. In general terms, rust mites influence the apple fruit

quality but the extent depends on additional factors such as leaffruit ratio and variety.

KEY WORDS Malus domestica, Aculus schlechtendali, fruits, carbon balance, Eriophyiidae

The effects of spider mites on fruit quality parameters are well investigated (Arnes et al.

1984; Beers et al. 1987; Francesconi et al. 1996a, 1996b; Hüll and Beers 1990; Lakso et al.

1996; Marini et al. 1994; Redl et al. 1991). The reported results ränge from negative effects to

no effect. The contradictory results of the cited studies might be contributed to different

experimental conditions such as: mite species, population size, time of attack, type of leaf

injury, cultivation method, growing conditions, varieties and crop load. Francesconi et al.

(1996a) postulated that carbohydrate supply/demand is a good integrator of the
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environment/plant/mite complex and may be the main mechanism of apple tree responses to

foliar pest stresses.

For apple rust mites, it was shown in previous studies that the single leaf (chapter 2) and

the whole tree metabolism (chapter 3) are considerably affected by rust mite feeding. Since rust

mites infestations usually culminate during a critical time of fruit development (e.g. end of June

to end of July) fruit quality is likely to be affected. Hüll et al. (1985) already demonstrated the

influence of the infestation period on fruit size. In the present study we investigate the effects

of leaf damage caused by rust mites on dry weight, soluble sugar content and fruit skin color

with variable crop loads.

Materials and Methods

Trees. The experiments were carried out with plants grown under field conditions and

artificially infested with apple rust mites. In October 1994, one-year old apple trees - 150

'Jonagold' and 150 'Golden Delicious' - on rootstock M9 were planted in buried 24 1 pots. In

summer, the trees were irrigated with a drip-irrigation System. A slow release fertilizer

(Osmocot, 13% nitrogen) was applied in spring at a rate of 10-12 g per tree. The number of

flowers and fruits per tree were equalized manually to maximum five fruits per tree in spring

1995 and 96 in order to provide more homogeneous apple trees. In spring 1997, no measures

were taken to regulate the number of flowers and fruits, respectively.

Mite monitoring and management. According to the method described in chapter 2 the

apple rust mite densities were counted directly on detached leaves to monitor the populations.

The objective ofthe apple rust mite management was a very high population on infested and a

low population on non-infested trees (as low as possible) in order to demonstrate presumable

differences in the investigated parameters. The non-infested trees were treated with

brompropylate. Otherwise the plant protection spray programme was identical including

applications of fungicides (cooper, dithianon, captan, pyrifenox, bupirimate, dodine, folpet) and

insecticides (pirimicarb, fenoxycarb, tebufenozide).
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insecticides (pirimicarb, fenoxycarb, tebufenozide).

Leaf damage. One visible symptom of apple rust mite infestations is the rusty brown

color on the lower surface of the leaf (Höhn and Höpli 1990; Jeppson et al. 1975). As shown in

a previous study (chapter 2) this change of color from green to brown is not reversible and

therefore a reliable parameter to quantify the cumulative leaf damage caused by apple rust

mites. The leaf color was measured after the population decreased to estimate the previous

impact level of the rust mite on the tree. The color of the lower leaf surface was measured mid

July in 1996 and at the end of August in 1997 using a Minolta chromameter (CR-300, Dös).

The colors are described in the L*a*b* color System. As demonstrated in chapter 2 the a*-

value represents the change of leaf color from green to brown. The a*-values were scaled to a

leaf damage level from zero (no damage) to ten (severe damage) as shown in chapter 2.

Fruit parameters. The fresh-, the dry-weight, the soluble sugar content and the skin

color, each were recorded to investigate effects of rust mites on yield and fruit quality. The

fruits were harvested per tree in October 1996 and 97 when picking maturity was reached on

non-infested trees. After harvest fruits were stored at 1 °C and 92% relative air humidity. In

February of the following year fresh weight, dry weight, soluble sugar content and skin color

were determined. All parameters were measured on each fruit that was harvested in 1996. In

1997, a sample of five fruits per tree was chosen to measure the soluble sugar content and the

dry weight because of the high number of harvested fruits. The sample per tree was selected by

taking the five fruits whose fresh weight was dosest to the median of the respective tree.

The fruit skin color was measured with a video and image analysis System (AWETA,

Netherlands). Four color classes were used for 'Jonagold' and three for 'Golden Delicious',

respectively. The Classification criteria was the percentage of skin color per fruit. The classes

were defined as 0-20, 21-40, 41-60 and 61-100 percent red skin color on 'Jonagold' and 0-32,

33-65 and 66-100 percent green skin color on 'Golden Delicious'.

The soluble sugar content was quantified using a PR-1 Digital Refraktometer (ATAGO

CO., LTD, Japan) in Brix-%. One sample was taken on the sun exposed side of each single
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average of all values per tree was used for further calculations. Afterwards, the fruits were

weighted and cut into small pieces for drying at 60 °C in a kiln. The apple pieces were dried

until stable weight. The dry weight was measured shortly after extraction from the kiln. The

average fruit dry weight per tree was used for further calculations.

Results

Mite densities and leaf damage. Mid June 1996, the rust mite infestation reached a

level of 2000 -3000 mites per leaf on infested trees. The leaf color turned from light brown to

intensive brown corresponding to a leaf damage level six to seven on a scale from zero to ten.

In 1997, the infested leaves turned brownish to a leaf damage level four at the end of July. This

Golden Delicious
Fig 18. Dry weight of non-infested and infested 'Golden

Delicious' and 'Jonagold' fruit in 1996 and 1997. The

box displays the interquartile ränge. If the notches

around two medians did not overlap, there is a

probability at a 95% level that the two medians are

different (McGill et al. 1978). The sample size (number

oftrees)isgivenasn.

non-infested infested non-infested infested

1996 1997
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Fig. 19. Soluble sugar content of non-infested and

infested 'Golden Delicious' and 'Jonagold' fruit in 1996

and 1997. The box displays the interquartile ränge. If

the notches around two medians did not overlap, there is

a probability at a 95% level that the two medians are

different (McGill et al., 1978). The sample size (number

oftrees)isgivenasn.

non-infested infested non-infested infested

1996 1997

brownness was caused by a rust mite population of about 600-800 mites per leaf at mid July.

On non-infested trees the mite population was below 200 per leaf and the lower leaf surface

hardly changed color in 1996 and 1997.

Fruit parameters. In 1996, the fruit dry weight of infested 'Golden Delicious' and

'Jonagold' trees was significantly reduced by high rust mite populations (Fig. 18). The

comparison of non-infested with infested trees shows a reduction of fruit dry weight of 22% and

27% on 'Golden Delicious' and 'Jonagold', respectively. Fruits of infested trees have a

significantly lower soluble sugar content than fruits of non-infested trees (Fig. 19). The

reduction in soluble sugar content on 'Golden Delicious' and 'Jonagold' fruit was 8% and 15%,

respectively.

On 'Golden Delicious', fruit skin color did not differ appreciably between infested and

non-infested trees. On infested 'Jonagold' trees, however, color intensity of fruit skin was
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reduced. 70% of the apples of non-infested trees feil into class one (more than 60% of the fruit

skin covered with red color). In comparison, the percentage of infested fruits in class one

amounted to only 3%. (Tab.2).

Tab. 2. 'Golden Delicious' and 'Jonagold' fruits classified in fruit skin color classes The classes 1 to 3 on

'Golden Delicious' and 1 to 4 on 'Jonagold' are defined as follows 0-32, 33-65 and 66-100 percent

green skin color, 0-20, 21-40, 41-60 and 61-100 percent red skin color The sample size (number of

trees) is displayed as n

1996 1997

Non-mf Inf Non-inf Inf

n=ll

'Golden Delicious' class 1 0

class 2 99

class 3 1

'Jonagold' n=37

class 1 70

class 2 22

class 3 6

class 4 1

In 1997, again the relative dry weight per fruit was significantly reduced on both

varieties, namely 40% on 'Golden Delicious' and 24% on 'Jonagold' (Fig. 18). The soluble

sugar content was also reduced on both varieties, i. e. by 18% on 'Golden Delicious' and 7% on

'Jonagold' (Fig. 19). The fruit skin color was influenced on both varieties. On non-infested

'Golden Delicious' trees substantially more yellow-green apples (95%) were harvested than on

infested trees (35%). On 'Jonagold' 40% of the apples of non-infested trees were in class one,

n=43 n=13
'

n=41

0 0 0

90 96 33

10 4 67

n=62 n=91 n=41

3 41 21

23 26 21

37 19 26

38 14 32
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while the percentage of infested fruits in class one amounted to only 20% (Tab. 2).

The growing conditions for the trees differed from 1996 to 1997 when the fruits were not

thinned. In 1997 the crop load was only determined by the tree and the environmental

conditions. As shown in Tab. 3 the number of fruits per tree in 1997 was about 4.5 and 8 times

higher than in 1996 on 'Jonagold' and 'Golden Delicious', respectively. In general terms, the

trees produced more but smaller apples with a lower soluble sugar content and dry weight in

1997 than in 1996. Since the vegetative growth was different in the two years (chapter 6) the

leaffruit ratio was lower in 1997 than in 1996. Additionally, the leaf:fruit ratio in 1997 was

lower on 'Golden Delicious' than on 'Jonagold'.

In both years the fruit quality was affected by rust mites on both varieties. However,

1996, the impact of rust mites was stronger on 'Jonagold' than on 'Golden Delicious' fruit. In

1997 a stronger effect was observed on 'Golden Delicious' than on 'Jonagold'.

Tab. 3. Medians of yield, number of fruits, dry weight soluble sugar content per tree in 1996 and 1997 on

non-infested and infested trees. The sample size (number of trees) is given as n.

variety n mites year yield fruits dry weight soluble sugar

per tree [kg] per [g] [%-Brix]

tree

'Golden Delicious' 11 non-inf. 1996 1.00 3 37 16.88

13 1997 3.93 22 30 13.44

43 inf. 1996 0.91 3 29 15.08

41 1997 3.33 25 18 11.00

'Jonagold' 37 non-inf. 1996 1.03 5 37 17.16

91 1997 3.68 20.5 25 11.47

62 inf. 1996 0.90 4 27 14.62

41 1997 3.33 21.5 19 10.67
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In addition, a lower leaf:fruit ratio in 1997 resulted in a lower soluble sugar content per

fruit. The relative changes per year of soluble sugar content was calculated to compare the data

of 1996 and 1997. The relative change in soluble sugar content was used to describe the leaf

damage dependend pattern of fruit quality .
As demonstrated in Fig. 20, a more or less

exponential decay was found in the relationship between leaf damage and relative change in

soluble sugar content, i. e. a decreasing rate with increasing damage.

Fig. 20. Relative soluble sugar content of apple fruit

versus the leaf damage. The fitted curve displays the

pattern of the relationship between this two parameters.

The sample size (number of tree) is n=84.
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Discussion

Mite densities and leaf damage. Mite densities, leaf damage level and damage period

were different in 1996 and 1997. In 1996 on infested trees the rust mite populations were about

three times higher than in 1997. It might be that the lower populations in 1997 were a indirect

result of a high crop load causing a reduced vigour of vegetative growth. A reduced vegetative

tree growth represents bad conditions for population growth because of a reduced young and

fresh leaf production. In 1996, after the rust mites disappeared the leaf damage reached a level

of about six to seven. In 1997, the leaf damage reached only a level of four. In addition, the

period of the highest damage was reached one month earlier in 1996 than in 1997. As shown in

chapter 2 and 3 the Single leaf gas exchange and the xylem sap flow rates are negatively

correlated to the leaf damaged caused by apple rust mite feeding. Hull et al. (1985) showed a
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significant effect of the infestation period on the resulting damage: the earlier the peak of the

mite population occurs, the greater the reduction in fruit size. Consequently, a stronger effect

of rust mites on fruits could be expected in 1996 than in 1997.

Fruit parameters. There are severa! studies in which the effects of spider mites on yield

formation were investigated. The reported results ranged from negative effects to no effect on

fruit weight and size (Beers et al. 1987; Hüll and Beers 1990; Lakso et al. 1996;Marini et al.

1994; Redl et al. 1991). Beers and Hüll (1990) detected an effect if there was an attack in mid-

season (mid June to late July), but no effect if the attack was in early season (early May to mid

June).

Soluble sugar Contents in fruits were affected by spider mites in studies of Arnes et al.

(1984), Marini et al. (1994) and Francesconi et al. (1996b). Hüll and Beers (1990) and Lakso et

al. (1996) observed no effect on soluble sugar contents in fruit.

Effects of spider mites on red fruit colorisation were postulated in different studies (Arnes

et al. 1984; Marini et al. 1994; Redl et al. 1991). But several studies did not find any effects on

red fruit colorisation (Hüll and Beers 1990; Lakso et al. 1996; Marini et al. 1994).

The contradictory results of the cited studies might be attributed to different experimental

conditions such as: mite species, population size, time of attack, type of leaf injury, cultivation

method, growing conditions, varieties and crop load.

In the present study negative effects of rust mites on fruit weight, soluble sugar content

and fruit color were observed. The effects of apple rust mites on the fruit parameters were more

severe on 'Jonagold' than on 'Golden Delicious' in 1996 and vice versa in 1997 (Figs. 18 and

19; Tab. 3). In J996, the leaf damage occurred first in mid June and reached a level of six to

seven. In 1997 the leaf damage level occurred a month later and was on a lower level (4). As

reported in chapter 2 and 3, leaf brownness is correlated with a reduction of Single leaf gas

exchange and xylem sap flow rates. Consequently, there was a reduction of Single leaf gas

exchange and xylem sap flow rates during mid- and late-season in 1996 and 1997. Mid- and

late-season is important for fruit development because fruit are the major sinks for
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carbohydrates and leaves become net exporters of photosynthate to size the fruit at that time of

the season (Beers and Hüll 1990; Forshey and Elfving 1989; Francesconi et al. 1996a; Lakso

1992, 1994; Lakso and Corelli Grappadelli 1992; Lakso et al. 1995). This explains that in our

study fruit weight and soluble solids were reduced on infested trees. Particularly on 'Jonagold'

fruit color was much affected by apple rust mite infestations. This Observation is in agreement

with the fact that red fruit color is related with the soluble sugar content (Schumacher and

Stadler 1989). On 'Golden Delicious' the fruit color was affected only in 1997, although there

was a higher leaf damage in 1996.

There was a similar effect of the rust mites on the fruit quality parameters in both years,

although leaf damage was lower in 1997 than in 1996. Particularly two conditions were

different between this two years; 1) in 1997 the infested trees were weakened (i. e. lower tree

growth) due to the heavy rust mite impact in the previous years and 2) the leaf:fruit ratio was

lower in 1997 than in 1996. As reported in other studies (Beers et al. 1990; Hüll and Beers

1990) additional stress factors reinforce effects of foliage feeders. Several studies investigated

the effect of foliage feeders effects on fruits depending on different crop densities (Arnes et al.

1984; Francesconi et al. 1996a; Lakso et al. 1996; Marini et al. 1994). They report that the

effects are stronger on heavy crop trees than on light crop trees. Lakso et al. (1996) and

Francesconi et al. (1996a) used the carbohydrate supply/demand balance conception to explain

the interactions of foliage feeder and crop load and the effects on fruit development. They

found a relationship between whole canopy net CO2 exchange rates per fruit and the final fruit

fresh weight. With respect to our data this suggests that the net CO2 uptake per infested leaf

was less reduced in 1997 but was allocated to about 20 to 25 fruits compared to a highly

reduced CO2 uptake in 1996 that was allocated to only 3 to 5 fruits.

The comparison of dry weight and soluble sugar content between 1996 and 1997 confirm

that the fruit of both varieties were insufficiently supplied with carbohydrates (Tab. 2). In

general terms, the variable effect of rust mites on fruit in 1996 and 1997 can be explained by a

variable leaf:fruit ratio caused by different crop load in both years.

We explain the phenomena that the effects of rust mites were stronger on 'Jonagold' than
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on 'Golden Delicious' in 1996 and vice versa in 1997 with a variety depended change of the

leaf:fruit ratio in this two years. The numbers of fruits per tree in 1997 was about 4.5 and 8

times higher than in 1996 on 'Jonagold' and 'Golden Delicious', respectively (Tab. 2).

However, the relative tree growth of 'Golden Delicious' and 'Jonagold' was more or less

similar (chapter 6).

As shown in Fig. 20 we found no threshold of response to leaf damage on soluble sugar

content. This corresponds to the study of Lakso et al. (1996) who found also no threshold of

response, though there was a clearly negative effect of cumulative mite-days on final fruit

weight. An other difficulty in establishing such an action threshold based only on mite-days or

final leaf damage results out of the variable effects of apple rust mites on fruit parameters due to

others influencing factors such as leaf:fruit ratio and weather conditions. Marini et al. (1994)

reported that European red mite (based on cumulative mite days) caused a decrease in soluble

solids but only on trees with high crop densities. And the used model explained only 16% of

the Variation in soluble solids. Lakso et al. (1996) demonstrated that the carbohydrate

supply/demand is a good integrator of the environment/plant/mite complex and may be the main

mechanism of apple tree responses to Single and multiple foliar pest stress. According to Lakso

et al. (1996), we suggest that in addition to leaf damage or cumulative mite-days the time of

attack after bloom, host plant physiological aspects such as crop load and different stress factors

should be considered to determine an action threshold for apple foliar pests such as apple rust

mites.
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6. Effects of apple rust mite (Acari: Eriophyiidae) infestations on

flower formation and tree growth

ABSTRACT Long term effects of apple rust mite [Aculus schlechtendali (Nalepa)]

infestations on flower formation and tree growth were investigated during three years. The

experimental system consisted of field grown 'Jonagold' and 'Golden Delicious' {Malus

domestica Borkh.) trees (rootstock M9) planted 1994 in buried pots. In 1995 and 1996 the

flower Clusters were hand-thinned to at most five Clusters per tree in order to get homogenous

apple trees. In spring 1997 no measures were taken to thin the Clusters. The flower buds of

'Jonagold' were counted per tree after one and two years of mite infestation. The investigated

tree growth parameters were dry weight of shoot, stem, rootstock and root recorded at the

beginning of the experiments and after three years of infestation. In addition, the shoot

elongation of 'Jonagold' and the stem diameter increase of both varieties were measured after

each season. After the first year of infestation
,
the number of flower buds on 'Jonagold'

tended to be just slightly affected by the rust mites. However, a significant reduction was found

after the second year of infestation. On 'Golden Delicious' only the root growth was

significantly reduced by rust mites. On 'Jonagold' all parts were negatively affected to the

same extent. This reduction of dry matter accumulation within perennial tree parts was

explained by a insufficient carbohydrate supply during mid and late season.

KEY WORDS Malus domestica, Aculus schlechtendali, flower formation, carbon balance,

tree growth, Eriophyiidae

With respect to the spider mite/apple system several studies have been done to investigate the

effects on flower formation (Beers and Hüll 1987; Francesconi et al. 1996a; Hüll and Beers

1990; Lakso et al. 1996; Lienk et al. 1956). The decreasing of number of flower buds with

increasing spider mite impact was explained by a tree stress in mid and late season disturbing
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the flower bud development for the following season (Beers and Hüll 1990; Lakso et al. 1996).

The impact of spider mites on tree growth influenced by spider mites has also been well

investigated (Avery and Briggs 1967; Beers and Hüll 1987; Briggs and Avery 1967; Zwick et

al. 1976). Most of these studies observed an influence of spider mites on different parts of the

plant. Tree growth and accumulation of reserves in perennial plant tissue is strongly connected

to the supply and demand of carbohydrates (Beers and Hüll 1990; Francesconi et al. 1996a;

Lakso 1992, 1994; Lakso and Corelli Grappadelli 1992; Oliveira and Priestley 1988). The

supply and the allocation of carbohydrates is closely related to the CO2 and H2O uptake.

In Chapter 2 and 3 was demonstrated that leaf damage caused by apple rust mite reduces

CO2 and H2O uptake during mid and late season. Since the reduced CO2 and H2O uptake

during mid and late season are likely to stress the tree, carry over and long term effects on

flower formation and tree growth can be expected. The objective of this study was to

determine the influence of apple rust mite infestations on flower formation, tree growth and dry

matter accumulation.

Material and Methods

Trees. The flower formation and tree growth was investigated on 'Golden Delicious'

and 'Jonagold' trees grown on rootstock M9 under field conditions. The trees were planted in

buried 24 1 pots in October 1994. During summer, the trees were irrigated with a drip-irrigation

plant. A slow release fertilizer (Osmocot, 13% nitrogen) was applied in spring at a rate of 10-

12 g per tree. In Order to provide more homogenous apple trees flowers were thinned manually

to at most five flower Clusters per tree in 1995 and 1996 After counting the flower buds. In

spring 1997, no measures were taken to regulate the fruit load. This led to a heavy crop of

about twenty apples per tree.

Management and mite monitoring. After planting, at the beginning of the experiment

the trees were infested artificially with shoots from heavily infested trees. The objective of the

rust mite management was a very high population level on infested trees and a low population
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on non-infested trees in order to get distinct differences in the investigated parameters. The

non-infested trees were treated with an acaricide (brompropylate). Otherwise the plant

protection spray programme was identical including applications of fungicides (cooper,

dithianon, captan, pyrifenox, bupirimate, dodine, folpet) and insecticides (pirimicarb,

fenoxycarb, tebufenozide). The apple rust mite density on leaves was counted directly

according to the method described in chapter 2.

Leaf damage. Apple rust mite feeding causes the lower leaf surface to change color

from green to brown (Höhn and Höpli 1990; Jeppson et al. 1975). As shown in a previous

study (chapter 2) this brownness is not reversible and therefore well suited to quantify the

cumulative leaf damage and to estimate the impact of the rust mites on the tree. The color of

the lower leaf surface was measured using a Minolta chromameter (CR-300, Dfä). The colors

are described in the L*a*b* color System. As demonstrated in chapter 2 the a*-value indicates

the brownness and is scaled to a damage level from zero (no damage) to ten (severe damage).

Flower formation. The flower buds were counted on the whole 'Jonagold' tree during

the flowering period to investigate effects of rust mites on the generative and yield potential in

spring 1996 and 1997 after the first and second year of infestation. The sleeping and the

vegetative buds were also counted to establish the relationship between vegetative and

generative potential.

Tree growth. The tree growth was observed during three years to investigate long term

effects of rust mite feeding on the whole tree. For a better understanding of tree growth

processes, the tree was divided into four parts: shoot, stem, rootstock and root.

The total shoot elongation per tree was measured each year non destructively on all shoots

longer than one centimetre on 'Jonagold' trees.

The stem diameter was recorded each spring from 1995 to 1998 non destructively on

'Golden Delicious' and 'Jonagold'. The point of measurements was fixed and marked with

varnish 30 cm above the grafting position. Measurements were taken twice, once parallel and

once perpendicular to the tree row. For further calculation the average of both values was used.
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In addition, the dry weight of 'Jonagold' and 'Golden Delicious' trees was measured

using a destructive method at the beginning of the experiments in spring 1995 for a starting-

point estimation and at the end in winter 1997/98 to record the growth during three years of rust

mite infestation. Trees were taken from the pots and divided into roots, rootstock without roots,

stem and shoots of different age. The roots were washed in cold water to remove the soil. The

different parts were cut into small pieces and dried at 60 °C in a kiln until stable weight. The

dry matter was determined shortly after extraction from the kiln. For starting-point estimation

in 1995 we took five trees, after three years of infestation in 1998 about 50 trees per variety and

used the means of stem, rootstock and root dry weight for further calculations.

Results

Mite densities and leaf damage. In 1995, the infested leaves (i. e. 1800 mites per leaf at

the beginning of July) turned brownish, while non-infested leaves ( < 200 mites per leaf) hardly

changed color. The highest brownness was reached at the beginning of July and amounted to a

leaf damage level of about six on a scale from zero to ten. In 1996, the infested leaves turned

brownish to a damage level six to seven at the end of July. This brownness was caused by a

rust mite population of about 2000 mites per leaf at mid July. Like in the first year non-infested

( < 200 mites per leaf at mid July) leaves hardly changed color. During the third year of

infestation the leaf damage reached a level of about four at the end of July. This leaf damage

was caused by a rust mite population of about 600 to 800 mites per leaf. Like in the two

previous years non-infested leaves did not show a damage.

Flower formation. The total number of buds was similar on infested and non-infested

trees in 1995. However, in 1997 after two years of rust mite infestation there were distinctly

more buds on infested trees than on non-infested. The generative to vegetative bud ratio was

about 1:10 in 1996 and changed to 10:1 in 1997. The percentage of sleeping buds was similar

in both years (Tab. 4). After the first year of infestation, the flower buds on 'Jonagold' trees

tended to be just slightly affected by the rust mites. However, in spring 1997 - after the second
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year of infestation - the number of flower buds was significantly reduced by 12% on infested

trees (Fig. 21).

Tree growth. On 'Golden Delicious' neither stem growth nor dry matter accumulation

in stem, shoot and rootstock differed between infested and non-infested trees (Figs. 22 - 25).

Hence rust mites did not affect these parameters even after three years of infestation. During

the experimental period stem and rootstock increased by 200% and 177% respectively on both

Table 4. The medians of total numbers of buds and the percentage of generative, vegetative and sleeping buds

per 'Jonagold' tree in spring 1996 and 1997.

1996 1997

Non-infested Infested Non-infested Infested

n=46 n=97 n=40 n=85

Total [absolute] 151 150 169 195

Generative [%] 4 2 48 42

Vegetative [%] 41 41 4 6

Sleeping [%] 53 54 48 51

Fig. 21. Percentage of flower buds from all buds per tree

of non-infested and infested 'Golden Delicious' and

'Jonagold' trees in 1996 and 1997. The box displays the

interquartile ränge. If the notches around two medians

did not overlap, there is a probability at a 95% level that

the two medians are different (McGill et al. 1978). The

non-infested Mested_'" non-inteSed^Wested samPle size was the same ^ in Tab- 4-
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Fig. 22. Relative stem diameter increase per year of 'Golden Delicious' (above) and 'Jonagold' (below). The notch

plots display data of non-infested (non-inf.) trees and trees after three years of infestation (inf). The sample size was

for; non-infested 'Golden Delicious' n=16, infested 'Golden Delicious' n=46, non-infested 'Jonagold' n=96 and

infested 'Jonagold' n=46. The box displays the interquartile ränge. If notches around two medians do not overlap,

there is a probability at a 95% level that the two medians are different (McGill et al. 1978).

infested and non-infested trees. However, root dry matter was reduced by 30% on infested

compared to non-infested trees (Fig. 26). The increase was 900% on non-infested and 633% on

infested trees.

On 'Jonagold' a negative effect of rust mite infestations on stem diameter was found in

the first and the second year. Nevertheless, the difference between infested and non-infested

trees (21%) was significant in the second year only. During the third year the stem increase
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Golden Delicious

3-year-okJ 2-year-otd 1-year-old
Shoots per age

Fig. 23. Dry weight of total shoots and divided into

three-, two- and one-year old shoot of 'Golden

Delicious' (above) and 'Jonagold' (below). The notch

plots displays the data of non-infested (shaded) trees and

trees after three years of infestation (empty). The sample

size was for; non-infested 'Golden Delicious' n=13,

infested 'Golden Delicious' n=34, non-infested

'Jonagold' n=15 and infested 'Jonagold' n=36. The box

displays the interquartile ränge. If notches around two

medians do not overlap, there is a probability at a 95%

level that the two medians are different (McGill et al.

1978).
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Fig. 24. Dry weight of stem and wood of the same age

of 'Golden Delicious' (left) and 'Jonagold' (right). The

notch plots displays the data of non-infested trees and

trees after three years of infestation. The starting-point

shows the dry weight in 1995. The sample size was for;

non-infested 'Golden Delicious' n=13, infested 'Golden

Delicious' n=34, non-infested 'Jonagold' n=15 and

infested 'Jonagold' n=36. The box displays the

interquartile ränge. If notches around two medians do not

overlap, there is a probability at a 95% level that the two

medians are different (McGill et al. 1978).
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Fig. 25. Dry weight of rootstock without roots of

'Golden Delicious' (left) and 'Jonagold' (right). The

notch plots displays the data of non-infested trees and

trees after three years of infestation. The starting-point

shows the dry weight in 1995. The sample size was for;

non-infested 'Golden Delicious' n=13, infested 'Golden

Delicious' n=34, non-infested 'Jonagold' n=15 and

infested 'Jonagold' n=36. The box displays the

interquartile ränge. If notches around two medians do not

overlap, there is a probability at a 95% level that the two

medians are different (McGill et al. 1978).

*e

Golden Delicious Jonagold

Fig. 26. Dry weight of roots of 'Golden Delicious' (left)

and 'Jonagold' (right). The notch plots displays the data

of non-infested trees and trees after three years of

infestation. The starting-point shows the dry weight in

1995. The sample size was for; non-infested 'Golden

Delicious' n=13, infested 'Golden Delicious' n=34, non-

infested 'Jonagold' n=15 and infested 'Jonagold' n=36.

The box displays the interquartile ränge. If notches

around two medians do not overlap, there is a probability

at a 95% level that the two medians are different (McGill

etal. 1978).

rate dropped on both infested and non-infested trees and no difference could be found (Fig. 22).

Shoot length did not seem to be influenced by apple rust mites during each of the three

years (data not shown). However, the shoot dry weight of the infested trees was negatively
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affected. The dry weight of the one- and the two-year old shoots was significantly lower on

infested than on non-infested trees, namely 42% and 73%. A trend to lower dry weight was

also found on three year old wood. The dry weight reduction of all shoots together amounted to

50%) on infested compared to non-infested trees (Fig. 23). Dry matter accumulation in stem,

rootstock and root differed significantly after three years of rust mite infestation (Figs.24 - 26).

A reduction of 49%, 47% and 44% was found for stem, rootstock and root respectively. During

the three years of investigations the relative increase of stem dry matter was 200% on non-

infested and 100% on infested trees. Similar relationships were established for rootstock (i. e.

187% to 100%) and root (i. e. 833% to 467%).

In general terms, rust mites reduced only the root growth on 'Golden Delicious', but

affected stem, shoot, rootstock and root on 'Jonagold'. The relative increase of dry matter

accumulation in non-infested 'Golden Delicious' and 'Jonagold' trees during three years was

similar.

Discussion

Mite densities and leaf damage. As shown in previous studies the Single leaf gas

exchange (chapter 2) and the xylem sap flow rates (chapter 3) are negatively correlated with the

leaf damage caused by apple rust mite feeding. Because of this leaf damage the CO2 and H2O

uptake were reduced during all three years especially during the mid and late season.

Flower formation. An influence of spider mite feeding on return bloom has been

suggested in several studies (Beers and Hüll 1987; Francesconi et al. 1996a; Hüll and Beers

1990; Lienk et al. 1956). Lakso et al. (1996), however, found no effect. Beers and Hüll (1990)

discriminated between leaf injury in early season, when no effect was reported, and mid and

late season (mid June through harvest), when significant damage occurred.

In this study in 1996 there were at most five apples per tree due to a low number of

flower buds and additional hand thinning. The consequence of this light crop load was a very

high percentage of flower buds per tree in the following year. The total number of buds in
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1997 was distinctly higher on infested trees than on non-infested, a fact we are not able to

explain. The percentage of flower buds was lower on infested trees compared to non-infested.

As reviewed in Forshey and Elfving (1989) flower bud induction in spurs occurs three to six

weeks after füll bloom. During this time no leaf damage was observed. Therefore, it is

unlikely that the reduced number of flower buds was a consequence of a disturbed flower bud

induction by rust mites in the previous season. Several authors (Beers and Hüll 1990; Lakso et

al. 1996) suggest that because the flower development continues until the next season there

might be a reduction in return bloom due to mid and late season stress. In agreement with other

authors (Beers and Hüll 1990; Francesconi et al. 1996a; Lakso et al. 1996) we rather explain

the reduced blossom in our study with a stress in mid and late season due to a reduced

carbohydrate and water supply and hence insufficient reserves for spring development.

Tree growth. Effects of spider mites on tree growth was investigated in several studies.

While Zwick et al. (1976) found no effect of spider mites on shoot growth, other authors

demonstrated an effect on shoot, stem and root (Avery and Briggs 1967; Beers and Hüll 1987;

Briggs and Avery 1967).

In the presented study different long term effects of apple rust mites on 'Golden

Delicious' and 'Jonagold' tree growth were found.

On 'Golden Delicious' the dry matter accumulation was similar on non-infested and

infested trees. Consequently, rust mites were not able to influence the tree growth of the above-

ground 'Golden Delicious' parts during three years of infestation.

In contrast, there was a reduction of about 30% of root growth. This corresponds with

Avery and Briggs (1967) who demonstrated that growth of the root System was influenced by

spider mites before that of the shoots. An explanation for this fact is that dry matter

accumulation in shoots takes place in early season while the root growth takes place mainly in

mid and late season (Forshey and Elfving 1989; Oliveira and Priestley 1988). This was the

time when the rust mite leaf damage caused a serious reduction in gas exchange.

On 'Jonagold' dry matter accumulation was negatively affected by apple rust mites in all
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tree parts. Oliveira and Priestley (1988) suggested that plants automaticaliy adjust their growth

pattern so that activities of shoot and root are in balance. This explains why the reduction of

growth on all parts of infested 'Jonagold' trees was more or less similar, namely 50%.

In previous studies (chapter 2 and 3) we demonstrated that leaf damage caused by apple

rust mite occurs during mid and late season and entails a reduction of CO2 and H2O uptake.

Consequently there was a serious reduction of tree metabolism during mid and late season. The

mid and late season is important for long term tree growth because after ending of shoot

elongation leaves become net exporters of photosynthate and principal accumulation of

reserves in the permanent structure begins (Beers and Hüll 1990; Francesconi et al. 1996a;

Lakso 1992, 1994; Lakso and Corelli Grappadelli 1992; Oliveira and Priestley 1988).

Obviously, during three years of rust mite infestation the reduction of carbohydrates supply on

'Jonagold' and partly on 'Golden Delicious' was reduced to such an extent that even the long

term tree growth was affected.

The discrepancy that shoot elongation on 'Jonagold' was not influenced and shoot dry

weight was influenced can be explained by the time and the duration when the leaf damage

becomes active related to the time of shoot elongation and accumulation of dry matter into the

shoot. The shoot elongation was not affected because leaf damage during early season was to

weak. However, leaf damage was at its peak during mid and late season to influence the dry

matter accumulation.

Corresponding to the dry matter data the stem diameter increase was only influenced on

'Jonagold' and not on 'Golden Delicious'. The interesting difference between the two varieties

was that the stem diameter increase of 'Golden Delicious' was more or less regulär over the

three years, whereas the stem diameter increase on 'Jonagold' decreased in the third year. As

suggested in chapter 5, this reduction of stem growth may be caused by an interaction of sink

competition between fruit and stem growth.

The differences in effects on 'Jonagold' and 'Golden Delicious' growth may be

explained by a variety specific reaction of gas exchange to leaf damage (chapter 2) and/or a
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different strategy of carbohydrate partitioning within the whole tree during short and a long

terms (chapter 5).

All this facts demonstrate that it is indispensable to comprise not only short term

parameters such as herbivore population, leaf damage, gas exchange but also long term and

whole tree parameters like fruit quality, flower intensity and tree growth to understand a

perennial herbivore-plant-system. This understanding again is a prerequisite in agriculture

Systems to develop sustainable management strategies.

Flower formation and tree growth



-65-

7. General Discussion

Overview. The results of our study demonstrate that the apple rust [Acutus schlechtendali

(Nalepa)] injure the leaves by penetrating epidermal cells with their stylets. Rust mite feeding

on the epidermis causes a reaction within the penetrated cell as well as in not penetrated leaf

tissue such as spongy and palisade parenchyma, leaf bundles and midribs. It was shown that

rust mites are responsible for a color change from green to brown in chloroplasts, cells and the

whole lower leaf surface. This reaction is not reversible. The leaf injury is responsible for a

reduced gas exchange on Single leaves. The xylem sap flow and thermography experiment

dem©nstrated that the results on the single leaf level are also valid for the whole tree.

Consequently, the rust mites are able ta reduce the uptake of CO2 and H2O and therefore

disrupt the metabolism of the whole tree. The reduction of the CO2 and H2O leads to an

insufficient supply of the plant with carbohydrates, water and nutrients. The consequences are

on the one hand a reinforcement of the stress by a disturbed leaf energy balance which is

expressed in leaf rolling. On the other hand the insufficient supply leads to a reduced

assimilation rate and therefore to a reduced tree growth and yield. This relationship may be

influenced by different factors such as variety, weather conditions, crop load and tree growth.

Corresponding to field observations, it was shown that the effects of the rust mites are

different on the two varieties 'Jonagold' and 'Golden Delicious'. The reasons that leading to

this difference are not explained yet. One possibility might be differences in biochemical

processes. An other might be different strategies in carbohydrate assimilation, allocations and

respiration.

As shown, the balance between vegetative growth, crop load and leaf area is a very

crucial factor which may cover the effects of rust mites on apple trees {Malus domestica

Borkh.). Similar results were found in previous studies concerning the spider mite/apple System

(chapter 5 and 6). With this respect, it is necessary to mention that the trees in our experiments

were young and in an intensive vegetative growth phase. It is likely that older trees in a more

stable growth phase would compensate for some of the damage and variety differences would

be less distinct.

The weather conditions further influence the effects of rust mite feeding on the trees. As

demonstrated, hot and dry weather reinforced the effects of rust mites on infested trees (e.g.,

transpiration see chapter 4). A similar assumption was suggested for the spider mite/apple

(Tomczyk and Kropczynska 1996) and the rust mite/citrus System (McCoy 1976).

The rust mite/apple tree interactions are obviously driven by various factors and involve

different processes. A simple approach using rust mite densities to quantify the damage is

therefore in most cases to simplistic. The supply/demand concept (Beers et al. 1987; Hansen
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1977) is an excellent tool to describe and understand the most of the involved processes of the

rust mite/apple System, especially since it is a perennial System. Foliar pests such as apple rust

mites or spider mites may be considered as a factor that reduce the source/sink ratio by

influencing the source potential.

The last part of this causal connection is not completely answered yet - the mechanism

how the cell and leaf damage is triggered. The main question would be if there is a substance

(saliva, toxin etc.) injected by the rust mite or if it is only a reaction of the tissue to mechanical

damage. Finding an answer to this questions would be very helpful to understand similar

processes in other rust mite/plant Systems.

The facts that cell damage occurs in neighbouring leaf tissue of penetrated cells, that

infested leaf tissue changes very fast form green to brown, led us to the hypothesis that the

reaction of the plant against the rust mite attack is hypersensitive and non-adapted. A similar

reaction was observed and described in the apple scab/apple system (MacHardy 1997). In the

rust mite/apple system as well as in the fungus/apple system oxidation of phenols and an

increase of chlorogenic acid seems to play an important role (MacHardy 1997). In the

fungus/plant system the hypersensitive reaction of the cells results in a inhibition of fungal

growth (MacHardy 1997). However, the difference between a fungus and a rust mite attack is

that the rust mite is very mobile on the leaf and the tree and therefore able to escape a defence

reaction of penetrated cells. This suggests that the reaction of the plant to the rust mite attack is

not well adapted because it is not a very efficient strategy against such a mobile invader.

Practica! implications to limit damage. As shown in chapter 5 it is not possible to

estabiish an all-embracing relationship between rust mite density and the effects on fruit quality

and yield. This relationship is covered by other effects such as leaf/fruit ratio, tree growth and

age, time of attack, leaf damage, variety and weather conditions. Therefore, an ideal action

threshold in pest control spray programs should include all this factors. However, the

translation into practice would be very difficult. A compromise would be a variety specific

model that is based on stem leaf:fruit ratio, leaf damage and time of damage occurrence.

An other.approach to limit the return damage is the choice of the variety. Some varieties

are less sensible to rust mite attack than others. The reasons for the difference are not very

clear yet. However, in a first step it would be very helpful to classify the varieties into sensible

and less sensible varieties. On this base, it should be possible to give recommendations

concerning the choice of varieties to prevent high damages.

A third approach is to make the feeding conditions less attractive for the rust mite on the

leave. One way could be influencing the amplification of the cuticle and/or epidermis cell walls

by plant breeding, choosing varieties or maybe using stone powder or chemicals. An other way

could be inducing resistance against rust mites. However, lot of research would be necessary
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to develop a strategy in this direction. But this approach is very useful because it might be

transferable to other rust mite/plant system such as citrus or peach.

Modern apple orchards are predestined that rust mites are able to cause problems. The

trees cultivated in an orchard is used to get a high productivity. The turn over of this trees in

the orchard is very fast. Therefore, the trees have no reserves left to compensate an additional

stress factor like an apple rust mite impact. Under these conditions the effect of rust mites on

fruit quality can reach to such an extend as shown in chapter 5. Consequently, a less intensive

management of an apple orchard could be an other approach to reduce the impact of rust mite

on yield and fruit quality.

Connections to other foliar pests. The results in the present study can partly be

extrapolated to other plant/mite Systems. According to Lakso et al. (1996), we conclude that the

carbohydrate supply/demand approach can explain a lot of foliar pest effects on host plants

although the kind of leaf injury is different. For example, spider mites are mesophyll feeders

and cause a direct reduction of gas exchange by feeding on photosynthetic active leaf tissue

(stylet length about 100 um). In contrast, rust mites can only penetrate the epidermis with their

stylets (length about 13 um) and reduce the gas exchange indirectly. However, both taxonomic

groups of mites cause similar effects on the whole apple tree.

Especially, the results about cell injury are also transferable to other rust mite/plant

Systems because all rust mites feeds with very short stylets only on the epidermis and cause

similar Symptoms (chapter 2). Several studies were done about interactions between citrus rust

mites and citrus (Achor et al. 1991; McCoy 1976; McCoy and Albrigo 1975). These studies

showed also the punctured wounds, mesophyll collapse and problems in the water use of fruit

and trees. Still, the principal lack of information in the rust mite/plant system consists in the

mechanisms of cell and plant tissue injury and the reaction of the cell. Therefore, it is very

important to get more information about this mechanisms.

Suggestions for future work. Among the remaining gaps of knowledge three topics

would have to be treated with first priority. First, the mechanism that is responsible for the

reaction in the cell and the plant tissue by rust mites plays a very important role and is not very

well known yet. The question is if there is a substance (saliva, toxin etc.) into the cell injected

by the rust mite or if it is only a reaction of the tissue to mechanical damage. Finding an answer

to this questions would be very helpful to understand similar processes in other rust mite/plant

Systems. Second, the estimation of dynamic action thresholds based on leaf damage and

including stem diameter/crop load ratio and time of damage occurrence would be helpful to

develop guidelines for the practice. Third, understanding the reason why some apple varieties

react more sensible to a rust mite attack than others could help to chose appropriate varieties

and would be useful in breeding programs.
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Conclusions

1. Apple rust mites penetrate epidermal cells with their stylets, causing multiple

punctured wounds and triggering a reaction within the plant tissue which leads to a visible color

change of the lower leaf surface.

2. The Single leaf gas exchange is decreasing with increasing leaf brownness. This

relationship is stronger on 'Jonagold' than on 'Golden Delicious'.

3. Depending on leaf damage and weather conditions the xylem sap flow rate is reduced

on rust mite infested trees and causes a negative effect on the energy balance on infested leaves

due to reduced transpiration.

4. Apple rust mites influence the apple fruit dry weight, soluble sugar content and fruit

skin color by feeding on the leaves. However, the extent of the effects depend also on other

factors such as crop load and variety.

5. Apple rust mite infestations caused a reduced flower formation on infested'Jonagold'

trees in the following year.

6. Dry matter accumulation is reduced within all parts of'Jonagold' and only in the root

of 'Golden Delicious' trees.
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