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THESIS ABSTRACT 

 

Grapevine scale (Parthenolecanium persicae Fabricius) and frosted scale 

(Parthenolecanium pruinosum Cocquillet) (Hemiptera: Coccidae) are significant economic 

pests of several deciduous fruit trees and ornamentals worldwide, including grapevines in 

Australia. Management using biological control and pesticides can control these scale 

insects however sporadic outbreaks can still occur across wine zones and districts. This 

thesis addressed aspects of the biology and ecology of these scales and examined possible 

responses of Vitis vinifera L. varieties to scale feeding activity. 

 

A non-hierarchical cluster analysis of morphological characteristics identified three cluster 

groups that corresponded to first instars, second instars and adults in frosted scale. Four 

cluster groups were identified in grapevine scale; first instars, second instars, third instars 

and adults. Only female scales were present in the populations, and the second and third 

instars of frosted and grapevine scales respectively were the overwintering stages.  

Increased growth of appendages did not match total body development, so that the legs, 

antennae and stylets were relatively shorter as scales matured. Stylet lengths for frosted 

scale suggested that feeding site did not vary, although location of feeding changed from 

leaf for first instars to woody branches for later life stages. 

 

Females of grapevine scale had a similarly high fecundity on both Chardonnay and Riesling 

grapevine varieties.  Females of frosted scale had reduced fecundity when present on V. 

vinifera Sauvignon Blanc compared with individuals present on V. vinifera Chardonnay 
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and Riesling varieties. The differences in fecundity of frosted scale were not a result of 

reduced body size, although smaller individuals were present on Sauvignon Blanc and 

Riesling. Fertility was at least 94% for both species and was not affected by grape variety. 

 

The pest status of grapevine and frosted scales across the wine zones does not appear to be 

associated with warm and cold climates. Vineyard size and monoculture and/or mixed 

cropping of grapevine varieties differed with locale in the pest status of scales, as more 

small vineyards in the Hunter Valley had infestations, but mixed cropping reduced the 

incidence of scale in northeastern Victoria. More scales were apparent on white wine grape 

varieties compared to red wine grape varieties across the regions.  

 

Field and glasshouse studies identified that grapevine and frosted scales exhibit different 

responses on grapevine varieties. In field studies, population growth of grapevine and 

frosted scales were much higher on established vines of Riesling and Chardonnay 

compared to vines of Pinot Noir and Sauvignon Blanc. In greenhouse studies on the 

response of rootlings of Pinot Noir, Riesling and Sauvignon Blanc, the presence of frosted 

scale insects reduced chlorophyll content and internode, but only the number of internodes 

per branch was further reduced as the number of scale insects increased.  

 

This thesis provided several findings that can be used in future studies to address further 

questions on pest persistence, outbreaks, monitoring and management. Future research on 

grapevine and frosted scales pest population response and grapevine damage may need to 

consider the interaction between grapevine nutrition and secondary metabolites, and the 

differences that are present among grapevine varieties.  
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1. 0 Historical Background 

 

Wine grape production is an economically important product in Australia. However, as 

with any agricultural crop, insect pests can be a problem for maintaining production, and 

the future of the role of pests becomes difficult to predict with any potential change in 

environment (Risch 1987, Tscharntke et al. 2002, Tscharntke et al. 2005, Bianchi et al. 

2006, Médiène et al. 2011, Jonsson et al. 2012, Segoli and Rosenheim 2012, Tscharntke et 

al. 2012, Scopel et al. 2013).  

 

Currently, there are several species of insects within the soft scales (Coccidae) that are 

known to feed on grapevines in Australia: Parthenolecanium persicae (Fabricius), 

Parthenolecanium pruinosum (Cocquillett), Coccus hesperidum (Linnaeus), Coccus 

longulus (Douglas), Parasaissetia. Nigra (Nietner) and Saissetia species (Rakimov 2010, 

Rakimov et al. 2013). Grapevine scale (Parthenolecanium persicae) and frosted scale 

(Parthenolecanium pruinosum) are reported to be the dominant and most widespread 

species in vineyards. Both insects can be found either as single species or in mixed 

infestations (Rakimov 2010). Feeding activity of these sap feeders results in the production 

of copious amounts of sugary faeces for sooty mould fungus growth. Sooty mould fungus 

produces unsightly effects on grapevines and tainting of grape fruits resulting in reduced 

photosynthesis and market quality of fruits (Miller and Kosztarab 1979, Gill and Kosztarab 

1997), as well as potentially affecting wine quality (Bordeu et al., 2012). Plant viruses may 

be vectored by scales (Cretazzo et al. 2010, Tsai et al. 2010), and direct effects of feeding 

within the plant vascular tissues leads to plant tissue damage and depletion of plant 

nutrients.  
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Grapevine and Frosted scales are polyphagous and can cause significant damage on a wide 

range of economic crops and ornamentals in temperate and sub-tropical climate worldwide 

(Hely et al. 1982, Ben-Dov and Hodgson 1997, Pellizzari 1997, Pfeiffer 1997, Swirski et al. 

1997) including grapes in Europe and Australia (Hely et al. 1982, Nash et al. 2010, 

Rakimov 2010, Rakimov et al. 2013). Infestations of both scales can be found in most 

grape growing zones of Australia. But, the degree of field infestation and damage may vary 

between geographic zones, individual vineyards and between the grapevine varieties (Vitis 

vinifera L) (Rakimov 2010). In vineyards with high prevalence of scale, infested vines may 

gradually lose vigour and yield (Figure 1). Keeping the scales below the minimum injury 

level (MIL) is necessary for maintaining grape production and is part of agricultural pest 

management (Tang and Cheke 2008).  

 

1.1 Ecology 

 

Grapevine and frosted scales are cosmopolitan scale species, distributed mainly in 

temperate and sub-tropical climatic zones. Grapevine scale was first reported in Australia in 

1901 in vineyards in Western Australia, whereas P. pruinosum was first found on plum in 

NSW in 1928 (Hely et al. 1982, Rakimov 2010). Recent surveys showed that grapevine 

scale infestation is extended to hosts in sub-tropical and temperate regions of Australia, 

while P. pruinosum is restricted to plants growing in the temperate regions (Rakimov 

2010).   

 

Grapevine and frosted scales have univoltine life cycles in most habitats around the world 
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Figure 1.  Presence of grapevine scale and frosted scale on grapevine leads to retarded 

growth (red Arrow). 
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 (Pfeiffer 1997). Young and mature adults of frosted scale produce frosty wax secretion 

over the sclerotised dorsal surface (Gill 1988, Rakimov 2010), but frosty wax production is 

absent in grapevine scale.  Grapevine scale was reported to be larger in body size than 

frosted scale on grapevines (Figures 2 and 3) (Rakimov 2010), but body size in scale 

insects can be influenced by many parameters, including environment and nutrition 

(Speight 1994, Wardhaugh and Didham 2005). The overwintering stage of grapevine and 

frosted scales may differ in body size and appearance (Figures 4 and 5), but as the life cycle 

of P. pruinosum is relatively unknown, the stage at which overwintering occurs may differ 

between the two species. Although P. persicae is known to have three nymphal instars and 

the adult form (Brittin 1940, Rakimov 2010), the number of life stages of P. pruinosum has 

not been examined in southern hemisphere populations.  Further work is necessary to 

clarify both the number of juvenile instars and the instar that overwinters in this species. 

 

1.2 General Biology of P. persicae and P. pruinosum  

 

General aspects of reproduction have been reported for several species of soft scales 

(Brittin 1940, Michelbacher and Hitchcock 1956, Boratynski 1970, Hely et al. 1982, Gill 

1988, Pfeiffer 1997). Rakimov (2010) reports on the number of eggs and fecundity of P. 

persicae and P. pruinosum in Australian vineyards. There is considerable variation in the 

fecundity of P. persicae and P. pruinosum, presumably as the fecundity depends on 

climate, host plants, female feeding site and presence of egg parasites (Rakimov, 2010). On 

Australian grapevines, P. persicae were reported to produce 2352 nymphs per female 

(range 110 – 4343) (Rakimov 2010). P. pruinosum produced 1529 nymphs per female  
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Figure 2. Mature Female Adult of grapevine scale P. persicae.    

 

 

 

Figure 3. Mature Female Adult of frosted scale P. pruinosum. The dorsal cuticle is 

secreted with frosty wax. 

8 mm 

6 mm 
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Figure 4. Overwintering juvenile stage of grapevine scale P. persicae. The dorsal 

cuticle has tessellate black markings and raised medial ridge.    
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Figure 5.  Overwintering juvenile stage of frosted scale P. pruinosum. The dorsal 

cuticle is purplish brown with raised medial ridge. 
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(range 106-3252) (Rakimov 2010). The emergence of first instars (crawlers) of P. persicae 

occurred in October to December (Austral summer) (Rakimov 2010). Crawlers disperse to 

feeding sites, moving from the stem/branch where adult females were located, to the leaves 

and soft succulent shoots (Rakimov 2010). Before leaves of deciduous hosts fall (end of 

summer and/or early autumn), nymphs of P. persicae moved from the leaves to the 

branches or other woody parts (Greathead, 1997, Rakimov 2010). During the cold months 

(Autumn and Winter), the remaining nymphs (mostly third instars) overwinter under the 

bark of the vines (Brittin 1940, Rakimov 2010). In Spring, the scales will moult into adults 

and rapidly develop eggs. P. persicae lay eggs in Austral Spring (October and November) 

(Brittin 1940, Rakimov 2010). 

  

P. persicae develop from egg to adult in approximately 12 months in Australia, with three 

nymphal instars occurring between December and September of the following year; third 

instars are the overwintering stage (Rakimov 2010) (Figure 6). There is little information 

on the biology and morphological features of P. pruinosum under the Australian climate, 

although it has univoltine biology in temperate climate of Northern Hemisphere; either the 

second or third instar has been reported as the overwintering stage (Michelbacher and 

Hitchcock 1956, Gill 1988, Pfeiffer 1997) (Figure 7).  Although, sexual reproduction does 

occur in the genus Parthenolecanium (Coccidae), males were only found in the Hunter 

Valley (2 individuals) and possibly Western Australia in the Margaret River region in an 

extensive survey of grapevines (Rakimov 2010).  As a result of the rarity of males, 

reproduction is considered to be parthenogenetic in P. persicae in Australia. 
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Figure 6. Life stage development of grapevine scale P. persicae in a typical Australian 

vineyard 
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Figure 7. Life stage development of frosted scale P. pruinosum in a typical Australian 

vineyard 
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With the asexual (parthenogenesis) reproduction inherent in scale insects, population 

growth can increase as a result of a single insect, with rapid adaptation to plant chemical 

traits (Hoffmann et al. 2008, Ross et al. 2013). Although grapevine and frosted scales may 

feed on several grapevine varieties, prolonged feeding and adaptation on certain varieties 

may increase population more than others, potentially leading to economic effects if scales 

seriously affect those varieties’ yield or health. 

 

2.0 Feeding Behaviour of Grapevine and Frosted scales 

 

Evolution of sedentary life mode results from prolonged adaptation to specific food 

environment that has varied over space and time (Gullan and Kosztarab 1997, Bernays 

1998). With the sedentary life mode, larval stages and adults may feed on the same food 

sources resulting in local adaptation (Alstad and Edmunds Jr 1983, Hanks and Denno 1994, 

Hanks and Denno 1998, Spitzer 2004, Spitzer 2006). Potential for self-selection of food is 

limited in sedentary insects and takes whatever the environment offers. Food selection 

therefore occurs at finer scale and is driven in part by plant chemistry (nutrition and toxins) 

(Dethier 1954, Barrett and Heil 2012, Mithöfer and Boland 2012). Declining food quality 

affect sedentary insects profoundly since dispersal is restricted, thus population growth rate 

is reduced on poor host plants (Washburn et al. 1985). Severe effect of plant sap feeders are 

observed in less defended and/or highly nutritious plants (Cates 1980), especially with 

increased number of insects.  

 

2.1 Feeding Structure in Scale Insects 
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Morphology of stylets in relation to food source has been studied for zoophagous, 

phytophagous and zoophytophagous hemipterans as these insects can be pests and 

transmission vectors of diseases of plants and animals (Boyd Jr et al. 2002, Douglas 2006, 

Powell et al. 2006).  Sap-feeding insects are predominantly from the subclasses 

Cicadomorpha, Fulgoromorpha, Sternorhyncha and some Heteroptera (Hemiptera). They 

have highly specialized stylet structures and sensory organs for isolating host plants and 

plant tissues. Improved knowledge of the stylet morphology and feeding behaviour have 

been made possible through various techniques of histology and electrical penetration 

graph (Tjallingii and Esch 1993, Annan et al. 2000, Tjallingii, 2001, Leopold et al. 2003, 

Backus et al. 2005, Jin and Baoyu 2007, Backus et al. 2009, Xue et al. 2009, Boquel et al. 

2011).  These studies have led to a better understanding of insect-plant relationships, 

resistance/tolerance and co-evolution that have been utilised for pest management.   

 

Scale insects (Hemiptera; Sternorrhyncha:Coccoidea) inhabit various organs of plants from 

the roots up to the leaves. Two phase evolutionary history of scale insects were: a primary 

phase of soil dwellers feeding by sucking roots, rotten plants and fungal hyphae and a 

secondary phase of aboveground dwelling on leaves and stems (Gullan and Kosztarab 

1997). Aerial-dwelling families evolved recently, with the largest groups in Diaspididae 

(armored scales, about 2400 species), Pseudococcidae (mealybugs, about 2200 species) and 

Coccidae (soft scales, about 1150 species) (Ben-Dov and Hodgson 1997).  

 

Coccoidea (synonym coccoid) is closely related to sister group of aphids (Aphidoidea), 

jumping lice (Psylloidea) and white flies (Alleyrodoidea) (Hemiptera: Sternorhycha) 

(Gullan and Kosztarab 1997).  The majority of the coccoids have functional legs amongst 
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the first instar stages (Ben-Dov and Hodgson 1997, Gullan and Kosztarab 1997). As a 

consequence, many species exhibit restricted mobility between various organs of the host 

plant, thus utilising first instar stages for selection of feeding sites (Greathead 1997).  The 

coccoids are effective colonisers simply by adjusting their biology (adaptation) to the host 

plant phenology.  

 

2.2 Relationship Between Feeding Structure and Feeding Behaviour  

 

There is considerable variability in stylet shape and size among hemipterans (Goodchild 

1966). Stylet length and width have been used to identify feeding location within plant cells 

of several sap-sucking insects (Ben-Dov and Hodgson 1997, Freeman et al. 2001, Cid and 

Fereres 2010, Garzo et al. 2012, Zhao et al. 2012, Sandanayaka et al. 2013, Zhao et al. 

2013). In rice brown plant hopper Nilapavarta lugens Stal (Delphacidae), stylet length 

ranged between 650 and 700 µm which enable feeding in the xylem tissue of rice plants 

(Foster et al. 1983). Hemipterans feeding in the phloem cells of the leaves may have stylet 

lengths ranging between 110 and 200 µm (Freeman et al. 2001). Freeman et al. (2001), 

observed stylet length of Bemisia argentifolii Bellows and Perring (Aleyrodidae) increased 

with each moult to maintain the feeding location in the phloem cells as leaf cells became 

thicker. 

 

Scale insects feed extensively in the vascular tissues of host plant. Small insects may obtain 

plant fluid from just a few cells below the leaf epidermis (or even within leaf epidermis) in 

the mesophyll and parenchyma cells, while larger insects may utilise cells of the vascular 

bundle such as phloem and xylem cells. Studies have shown that stylet sizes are 
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proportional to body size depending on each development stage, thus the stylet structure 

may represent how plant sap feeders obtain their nutrients from plants (Fold, 1990, Foldi 

1997, Cid and Fereres 2010, Zhao et al. 2013). For example male nymphs of Chinese white 

wax scale insect (CWWS), Ericerus pela (Chavannes) (Coccidae) frequently feed on 

parenchyma cells by lodging on the adaxial side of leaves (lower surface of leave) while 

female nymphs feed in the phloem cells by lodging in the abaxial side of leaves (upper 

leave surface) (Zhao et al. 2013). Mealybugs (Pseudococcidae) feed mostly on phloem 

cells, however they occasionally feed on xylem cells if reduced humidity (or moisture) is 

detected within vascular tissues (Cid and Fereres 2010, Sandanayaka et al. 2013).  

 

Although most appendages of Coccids decrease as body size increases, stylet bundle size 

may vary depending on feeding sites (Gullan and Kosztarab 1997). Stylet length may thus 

vary with insect size, the requirement for different nutrients and the location of plant sap or 

cells.  

 

3.0 Interactions between Grapevine and Grapevine and Frosted scales 

 

P. persicae and P. pruinosum on grapevines may develop rapidly in warmer regions than in 

cooler regions. For example P. persicae can develop a partial second generation in warmer 

climates but in cool temperate regions have one annual generation (Masten-Milek et al. 

2007, Rakimov 2010). Parthenolecanium corni Bouche has up to three generations in 

warmer areas and a single generation in cool climates (Danzig 1997). Further changes in 

temperature and effect on grapevine growth with climate change may affect seasonal 

development and voltinism of these scales (Kivelä et al. 2013).   
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Univoltine biology of P. persicae and P. pruinosum is closely associated with grapevine 

phenology. Overwintering stage of grape scales resume feeding when grapevine sap flow 

(active plant metabolism) commences in grapevine with warm spring temperatures (Mullins 

et al. 1992, Lebon et al. 2008, Holzapfel et al. 2010, Zufferey et al. 2012). Since plant 

nutrition is stored in parenchyma cells of vine trunks (Lebon et al. 2008, Zufferey et al. 

2012), overwintering stages on cordons and trunks may feed on these tissues. For target 

growth and reproduction, balanced nutrition may be obtained from the phloem and 

mesophyll cells. Crawler and juvenile stages emerge and feed during the advanced stage of 

maturity in fruit bunch, leaf and stem which are declining in nutritional and biomass 

composition (Greer and Sicard 2009). Adaptation for food resource which has low 

nutritional quality is widespread in polypahgous insects including scales. Shoot growth and 

leaf flush consist of relatively high nutrition and plant chemical defences and overtime 

declines to lower levels in matured leaves (Cizek 2005, Cizek et al. 2006, Blüthgen and 

Metzner 2007). P. persicae and P. pruinosum, although present together on single 

grapevines, may differ in development rate and population size, simply because of 

differences in feeding or phenology.  

 

4.0 Management of Grape scales 

 

Grapevine and frosted scales can be managed using natural enemies (parasites and 

predators) (Sands and Van Driesche 2004), pesticides (Hely et al. 1982), viticulture 

practices such as pruning and intercropping with different grapevine varieties and non-host 

plants. Cultivation of mixed crop varieties can affect insect population dynamics in 
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agricultural cropping system depending on the resistant traits of host plants (Utsumi et al. 

2011, Ratnadass et al. 2012, Yang et al. 2012, McArt and Thaler 2013). This aspect of pest 

management against grapevine and frosted scale has not been considered, although mixed 

grapevine varieties are cultivated.  

 

There are several predators and parasites of grape scales (Pellizzari 1997). These organisms 

can be present throughout late spring and summer months. Metaphycus maculipennis 

(Timberlake) (Hymenoptera: Chalcidoidea: Encyrtidae) is an endoparasite and highly host 

specific which attacks only P. persicae (Sands and Van Driesche 2004). M. maculipennis is 

released in vineyards for the control of P. persicae in Australia (Rakimov 2010). For 

biological control of P. pruinosum, an endoparasite Metaphycus californicus 

(Hymenoptera: Chalcidoidea: Encyrtidae) is an effective agent in California, USA 

(Michelbacher and Swift 1954, Michelbacher and Hitchcock 1956), but this wasp has not 

been imported and released in Australia. Both parasites have several generations in a year 

and parasitize (oviposits) juvenile stages. They may overwinter inside the scale and develop 

rapidly in spring. M. californicus emerge from adult scales by the end of spring 

(Michelbacher and Swift 1954). M. maculipennis also emerge from the adults by end of 

spring (Rakimov 2010), and parasitised females have a large reduction in their viable 

offspring.  Parasite oviposition inside the scales in early autumn is an important adaptation 

for refuge/protection during the winter. Negative impact on the survival of parasites is high 

when pesticides are used for the control of fungus diseases such as powdery mildew, 

downy mildew and botrytis during the summer months (Bostanian et al. 2009). Fungicides 

are ineffective against grape scales although sulphur based fungicides may be effective on 

the crawlers. Intensive use of pesticides and other antagonistic agrochemicals can deprive 
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the vineyard of important beneficial insects (parasites and predators) (Duelli et al. 1990, 

Hardin et al. 1995, Corino and Calo 2001, Altieri and Nicholls 2002, Altieri et al. 2005, 

Tesic et al. 2007, Thomson and Hoffmann 2007a, Thomson and Hoffmann 2007b, 

Thomson et al. 2007, Thomson and Hoffmann 2010). 

 

Pruning of grapevine is carried out every year in winter months for next season growth. 

However, the value of spur and cane pruning and/or recycle pruning on the control of grape 

scale is unclear, although this mechanism may supress population build up on an annual 

basis. Grapevines may consist of parasitized scales and can be removed during pruning. 

Thus, parasite activity may be seriously curtailed by pruning and pesticides.  

 

Alternate forms of crop protection and conservation of beneficial insects is needed to 

reduce occasional outbreak of P. persicae and P. pruinosum. Integrated pest management 

(IPM) is the widely used practice in agricultural pest management with the option of using 

less disruptive pesticides and increase vegetative biodiversity for the benefit of natural 

enemy function (Matthews 2003, Radcliffe et al. 2009). IPM requires a thorough 

knowledge of pest-natural enemy interaction so that pest density is maintained below the 

economic injury level and the economic return is maximised from the use of several pest 

control techniques (biological, cultural and chemical) (Tang and Cheke 2008). Decisions on 

the use of pest control techniques depend on the pest density reaching the economic 

threshold (ET); above this point, economic loss is imminent. In order to maintain a suitable 

IPM program in vineyards against scale insects, knowledge on pest population dynamics 

and the potential of various grapevine varieties to affect scale populations is a necessary 

part of pest monitoring system.  
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Presence of sooty mould fungus on the grapevines and fruits can occur during the grapevine 

fruit bearing period. This is associated with the actively feeding juvenile instars, producing 

honey dew, a sugary faeces excreted by the scales.  The presence of ants (especially 

Iridomyrmex sp.) feed on the sugary faeces (Figure 8) (Chong et al. 2010, Rakimov, 2010, 

Chong et al. 2011). Ants are providing sanitation, transportation and protection for honey 

dew producing insects, as well as reduce the cause of sooty mould fungus growth (Gullan 

and Kosztarab 1997, Chong et al. 2010).  However, the presence of ants may limit the 

ability of natural control by other insects, as the ants will protect the scales from attack. 

 

5.0 Pest Status of Grapevine and Frosted scales  

 

The genus Vitis (Vitaceae) has 60 species, with origins from Europe, Asia and North 

America ((Mullins et al. 1992). Cultivars of Vitis vinifera (approximately 10,000 

genotypes/varieties) which is of European origin are grown for production of wine, table 

grapes and raisins. V. vinifera is cultivated in the southern hemisphere, especially South 

Africa, South America, Australia and New Zealand (Mullins et al. 1992). There are 94 

commercial grape species under cultivation, 52 red wine species and 42 white wine species 

(Kerridge and Antcliff 1999, Dry 2004). The selection of grapevine varieties for cultivation 

is determined by climate, soil and market demand (Schamel and Anderson 2003, Patchell 

2008, Hall and Jones 2010, Jones et al. 2010). Generally, grapes are cultivated under 

narrow temperature range 10 – 24 
0
C, that requires vineyards to be located between 30-35 

degree latitude in the northern hemisphere and 30 – 40 degree altitude in the southern 
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hemisphere (Petrie and Sadras 2008, Hall and Jones 2010). For wine grape species, the 

temperature  range between  13 – 21 
0
C  and for table grape species and fortified  wines 

 

 

 

 

 

 

Figure 8. Ants attending to young adult frosted scale P. pruinosum on V. vinifera 

Riesling variety 
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between 21 – 24 
0
C. Australian climate is suitable for grape cultivation consisting of dry, 

warm and cool nights (Dry and Coombe 2005, Soar et al. 2008).  There are 63 wine regions 

in Australia based on geographic indications (GI), with majority of GIs (28) located in 

warm regions (17 - 19 
0
C median Growing Season Temperature (GST) over 7 months, 

October -April). Several regions are in the intermediate (15 – 17 
0
C GST) and hot 

categories (19 – 21 
0
C GST) (consisting of 14 and 16 GIs respectively). Few GIs are in the 

cool (13 – 15 
0
C) and very hot (21 – 24 

0
C) categories (2 and 3 regions respectively) (Hall 

and Jones 2010). There is considerable overlap between regions for GST and topography 

(elevation) for suitability of cultivated variety (Hall and Jones 2010). Regions with broad 

elevation and temperature range may cultivate several grapevine varieties, although certain 

varieties do better at specific locations because of climate. 

 

Grapevine variety finds its expression of wine quality in a unique climate and region 

supplemented by history and culture of wine growing. This pattern impacts on the decision 

of farmers on the cultivation of grapevines.  Individual vineyards and estate growers build a 

collective reputation with their locality to provide them with a platform to market their own 

differentiated product (Patchell 2008). Regional and varietal differentiation relative to 

consumer demand is evident in Australia (Schamel and Anderson 2003). Therefore 

cultivation of mixed grapevine varieties is a common practice leading to spatial availability 

of grapevines that can affect distribution and pest status of grapevine and frosted scales 

across wine growing zones and districts.    
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The vineyard environment is spatially heterogeneous (Bramley and Hamilton 2004, Panten 

and Bramley 2011, Santesteban et al. 2013), consisting of diverse crop varieties, non-crop 

plants and natural enemy composition (Altieri and Nicholls 2002, Altieri et al. 2005, 

Bruggisser et al. 2010, Thomson et al. 2010, Trivellone et al. 2012). Cultivation of intra-

species mix of grapevine varieties may generate favourable and/or unfavourable 

environments for vineyard arthropods. Studies have shown that cultivation of mixed crop 

varieties can reduce pest populations (Yang et al. 2012, McArt and Thaler, 2013, Yang et 

al. 2014), but whether such a response occurs in vineyards is unknown. However, Alteri et 

al. (2005) have reported that pest populations may increase in vineyards with a monoculture 

structure compared with mixed cropping of vine varieties. 

 

Although pest insects may feed on several grapevine varieties, few varieties can support 

high pest populations (Moreaua et al. 2006, Moreaua et al. 2007, Tesic et al. 2007). 

Grapevines may have different levels of secondary plant chemicals, such as phenolic and 

volatile organic compounds, that can be detrimental and/or attractive respectively (Moreaua 

et al. 2006, Moreaua et al. 2007, Muganu and Paolocci 2013). Grapevine varieties with 

lower phenolic content or certain phenolics may be more susceptible to pest insects and 

diseases (Moreaua et al. 2006, Moreaua et al. 2007, Muganu and Paolocci 2013).  

 

6.0 Outline of Research Undertaken 

 

P. persicae and P. pruinosum are significant pests of perennial crops, including grapes. 

Seedling and young grapevines may be especially affected by the presence of scale insects, 

whereas the mature grapevines may have only limited responses, but can act as reservoirs 
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for further scale population growth in subsequent seasons. There is considerable variation 

in the prevalence rate and intensity of infestation in vineyards across Australia (Rakimov 

2010). In order to devise appropriate management strategies, a fundamental understanding 

of the biology (including morphological changes) and ecology of these insects relative to 

the varieties of grapevine infested is needed.  The role of this thesis is to expand on what is 

known regarding aspects of biology of these insects and how grapevine variety may 

influence these processes. 

 

Using both the laboratory and field studies several questions on the life stage development, 

population growth, host plant preference and distribution, population dynamics and feeding 

effect on grapevine performance were evaluated. The research in chapters 2, 3, 4, 5, and 6 

were produced as standalone chapters with an introduction, methods, results, discussion and 

conclusion. These are original studies with new contributions to knowledge in feeding 

behaviour, growth and biology of grapevine and frosted scales.  

 

Chapter 2 describes the number of instars in both grapevine and frosted scales using 

morphological characters and the duration of each life stage were determined for both scale 

insects using laboratory and field measurements.     

 

Chapter 3 determined reproduction and population growth rate in both species and provides 

knowledge on the reproductive and outbreak potential of the two scale insects (Prepared for 

publication in Annals of Entomological Society of America). 
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Chapter 4 uses responses from a survey to growers in the Northeast Victoria and Hunter 

Valley grape growing regions to investigate the distribution and prevalence of scale insects 

on grapevines varieties and vineyards. This provides new information how scale insects 

interact with grapevines and how scales as a pest are perceived by growers.   

 

Chapter 5 examines population dynamics in selected vineyards in the Canberra wine region 

near Australian Capital Territory. Intensity and pattern of infestation among vineyards and 

between grapevine varieties is presented.  

 

Chapter 6 is a greenhouse study that uses selected grapevine varieties identified as either 

susceptible or resistant in chapters 4 and 5 to be evaluated for host preference and effect on 

feeding on grapevine growth under controlled environment. This research helps validate the 

host specificity and damage that can be caused by the feeding activity of grapevine and 

frosted scales.  

 

The concluding chapter 7 summarises and integrates the information from the other 

chapters, and identifies future research directions. 
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Summary 

 

The number of life stages and timing of overwintering (or cold resistant) stage may differ 

between P. persicae and P. pruinosum when present on grapevines. Insects of all life stages 

present were collected monthly in vineyards near Canberra, Australian Capital Territory 

between September 2010 and November 2011, and morphological characters were 

described from frozen and slide-mounted specimens. Three life stages in P. pruinsoum and 

four life stages in P. persicae were recognised from non-hierarchical cluster analysis of 

linear characters. Although antennal and tibia length increased by 137% and 210% between 

first instar and adult for P. pruinosum, stylet length increased by only 58% between first 

and adult stage. Feeding position changes from leaves and soft branches in first instars to 

woody stems in second instars and later life stages, however the relatively slight change in 

stylet length may indicate that feeding location may not change with development. P. 

pruinosum was larger than P. persicae at each life stage, although the body shape of adult 

female P. persicae was more ovoid than adult female P. pruinosum, where length was only 

slightly greater than width. Further work is necessary to establish how environment and 

plant nutrition may account for the size differences in the two species of scales observed in 

this study.  

 

Keywords. Frosted scale, Grapevine scale, Growth Rate, Life stages, Stylet Bundle 
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1.0 Introduction 

 

Growth rates of scale insects (Hemiptera; Coccidea) will vary as a result of plant resources 

ingested, environment and genetic effects that cause differences in time of development 

from first instar to adult (Nijhout et al. 2010, Pöykkö and Hyvärinen 2012, Prasad et al. 

2012, Kivelä et al. 2013, Nijhout et al. 2014). Some monocyclic scale species (one 

generation per year) can achieve polycyclic life style (multiple generations per year) if 

environmental conditions are favourable (Danzig 1997). For example, Parthenolecanium 

corni (Bouche’) has a monocyclic life cycle in cool temperate climates but is polycyclic 

under warm temperate conditions (Danzig 1997). Rapid growth to increase number of 

generations per year can result in reduced body size compared with a monocyclic pattern 

that includes diapause (Kivelä et al. 2013). P. persicae (common name Grapevine scale) 

and P. pruinosum (common name frosted scale) both have monocyclic life cycles, however 

a prolonged summer season may allow P. persicae to have a partial second generation 

(Rakimov 2010). P. persicae and P. pruinosum feed on several grapevine varieties in 

Australia but only limited information about their biology and life history structure is 

available. In this study, numbers of life stages and morphological changes of these two 

species of scale insects present on grapevines in the Canberra wine region near Australian 

National Capital are described.     

 

P. persicae has four instars (Brittin 1940, Boratynski 1970) and P. pruinosum may have 

two or three instars (Michelbacher and Hitchcock 1956, Michelbacher and Hitchcock 1957, 

Gill 1988, Pfeiffer 1997). Instars entering overwintering diapause during cold months may 

differ between these species, as second instars in P. pruinosum (Gill 1988, Michelbacher 
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and Hitchcock 1956, Michelbacher and Hitchcock 1957, Pfeiffer 1997)  and third instars of 

P. persicae (Pellizzari 1997) may be the overwintering stages. First instar crawlers of both 

scales feed on the grapevine leaves in summer and the larger juveniles return to cryptic 

sites on the vine branch in autumn where they remain and develop into adults.  

 

The deteriorating condition of grapevines associated with approaching winter is the signal 

for movement from leaves to woody refuges necessary for survival of the scale insects. 

Development of larval stages to the next life stage after winter suggests energy for growth 

is obtained from either the stored body fat or by feeding on woody parts of grapevines in 

late winter/early spring. Grapevines store carbohydrate in the roots, stems and branches 

during autumn and winter months (Mullins et al. 1992). Since, plant nutrition is stored in 

parenchyma cells of vine trunks (Lebon et al. 2008, Zufferey et al. 2012), overwintering 

stages on cordons and trunks may feed on these tissues. Soluble nutrients become available 

to the scale insects in early Spring, as plants transport the nutrients to support the meristem 

tip growth and bud break (Mullins et al. 1992, Lebon et al. 2008, Holzapfel et al. 2010, 

Zufferey et al. 2012).  Once the nutrients become available, the insects are able to end their 

diapause and continue their development.  Thus the life history strategies and population 

dynamics of grapevine and frosted scales may be dependent upon the temporal availability 

of nutrients.  

 

Insects increase in body mass between moults (Hutchinson et al. 1997), but most external 

morphology only changes at the moult. In scale insects, appendages may become shorter 

with age, as leg appendages become non-functional with adulthood (Gullan and Kosztarab 

1997). Although mobility of scale insects is reduced with age, feeding location and 
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mouthparts may be modified as older insects become more sessile.  Sap-sucking insects 

obtain nutrients within hosts through a modified straw-like mouth structure (stylet bundle) 

that penetrates cells or vascular bundles and allows ingestion of fluids. The stylet bundle is 

composed of two interlocking mandibulary and maxilliary stylets; two maxillary stylets 

interlocked on the inside and the two mandibulary stylets on the outside (Le Rü et al. 1995, 

Rosell et al. 1995, Foldi 1997, Ahmad et al. 2012, Garzo et al. 2012). Within the two 

interlocking maxillary stylets are located the food and salivary canals. Release of saliva 

during the penetration process helps to construct a salivary sheath and/or feeding canal 

(Morgan et al. 2013).  In scale insects, stylet bundles are enclosed in the crumena when not 

extended (Foldi 1997).  In this study stylet refers to the stylet bundle. 

 

Growth in insects is discontinuous for hard body structures and moulting permits both body 

size and many cuticularly lined morphological structures to change in shape and form. The 

body size of each succeeding instar after a moult is usually larger than the preceding instar. 

However, not all body parts may grow and/or develop at the same rate. For example size of 

the stylet bundle is unchanged between life stages in Daktulosphaira vitifoliae Fitch 

(Phylloxeridae – grape phylloxera), possibly as feeding was mainly from parenchyma cells 

of grapevine (Kingston et al. 2007).  Changes in the mouth parts may depend both on food 

requirements and growth of host plant (Freeman et al. 2001, Zhao et al. 2012). For 

example, Freeman et al. (2001) observed that stylet length of Bemisia argentifolii Bellows 

and Perring (Aleyrodidae) increased with each instar to maintain feeding location in the 

phloem cells as the leaf cells grew. Scale insects (Coccoidea) feeding on the woody stems 

may have longer and thicker stylet lengths (Gullan and Kozstarab 1997, Zhao et al. 2012) 

to allow access to vascular bundles or other feeding locations.  
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Two questions are investigated in relation to the changes in plant development and how that 

impacts on the two scale species.  Firstly is the life history structure and scheduling of life 

stages of P. persicae and P. pruinosum on grapevines similar to what has been previously 

reported? Secondly does the stylet bundle differ with different life stages as a result of 

nutrient availability requiring changes in access to the nutrients as the insects vary their 

location of feeding? 

 

2.0 Materials and Methods 

 

2.1 Study Site 

 

The growth patterns of grapevine and frosted scales were monitored only on V. Vinifera 

Riesling or Chardonnay grapevines respectively at three different vineyards near Canberra, 

A.C.T, Australia.  Canberra has a cool temperate climate with grapevine growing season 

temperatures of 13 – 20 
0
C (Hall and Jones 2010). Bud burst typically occurs in mid-

September, while harvesting is completed by April. 

 

2.2 Insect Samples 

 

Insect samples were collected monthly between September 2010 and November 2011. This 

period covered development of each life stage from oviposition to adult. Infested vine twigs 

and leaves were removed from the vine and brought to the lab in plastic bags. Plastic bags 



50 

 

and twigs were stored in styrofoam cooler boxes for transport from field to the laboratory 

(~30 minute drive). Adults with eggs were collected into Eppendorf tubes with pin-size 

holes made on the cap for aeration. The tubes were labelled and stored in the cooler box. 

Insects in the Eppendorf tubes were snap frozen in liquid nitrogen and stored in freezer (-80 

˚
C), until used for morphological measurements.  

 

2.3 Insect Preparation Technique and Identification 

 

In the laboratory, scale insects were defrosted and mounted on slides for morphological 

measurements. The standard slide preparation technique for soft scale insects (Ben-Dov and 

Hodgson 1997) was followed with some minor adjustments. First instars were directly 

mounted using Stroyan’s mountant (Gullan 1984, Cook et al. 2000). Other stages were 

fixed in an acetic acid alcohol (two parts 96% ethyl alcohol to one part lactic acid) for 2 

minutes. The insect body was pricked with a pin or an incision was made in the abdomen 

and incubated in 10% KOH for 24 hrs to clear the internal body contents. The insects then 

were transferred to reverse osmosis water (dH2O), and the internal body tissues removed. 

Insects were transferred to clean dH2O, and acetic acid (AA) was added progressively to 

the dH2O with insect until the solution was 70% AA. Then, the insect was transferred to 

100% AA. To stain the insect, acid fushin was added (one drop per two millilitres of 100% 

AA). Excess stain was removed transferring the insects to 100% AA. Excess waxy material 

was removed by adding a drop of xylene (100%) into the AA solution. The xylene was 

retained in the AA solution for 30 minutes.  
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Dehydration of insects was completed by transferring the insects from the AA solution into 

clove oil for 24 hrs. A small drop of Canada balsam was added to the slide and the insect 

specimen was transferred to the mountant and flattened to be fully immersed in the Canada 

balsam. A cover slip was placed over the insect and the slide was placed on hot plate (30 

0
C) for 24 hours to remove air bubbles.  

 

Morphological measurements were made either directly using a light microscope (Leica 

DMLB) or using ImageJ from pictures (Nikon 4500 Coolpix).  Stage micrometers were 

used to calibrate both methods.  Scale species were determined by using keys provided by 

Brittin (1940), Boratynski (1970) and Gill (1988).   

 

2.4 Scanning Electron Microscopy 

 

For comparison with the prepared material, some frozen scales were examined directly 

using cold stage scanning electron microscopy (Hitachi S-4300 Cold field Emission SEM) 

at 3 kV. 

 

Frozen insects were directly mounted onto cold stage stubs with a mounting paste of (1:1) 

liquid graphite and cryo-protectant (Tissue Tek
®
), and then frozen in liquid nitrogen. The 

insect and stub were coated with 10 nm gold, and immediately transferred into the cold 

stage SEM. Measurements of external body features were made from the SEM images 

collected digitally using ImageJ
®
. 
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2.5 Data Analysis 

 

Morphological measurements of body length, body width, antennal length, tibia length 

tarsus length, and stylet length and width were determined for P. pruinosum, but only body 

length and width was measured for P. persicae. Measurements were made on micrographs 

using ImageJ (ImageJ 1.45 m, Bethesda, MD) and all measurements were compared with 

images of a calibrated stage micrometer (±10 µm) taken at the same magnifications. One 

way ANOVA was used to calculate the differences in Natural logarithm transformed body 

length, body width, antennae length, tarsus length, tibia length, stylet length and stylet 

width between the life stages of P. pruinosum, and t-tests were used to compare body 

length and width between P. pruinosum and P. persicae at each developmental stage.  

 

The linear measurements for the body and appendages of P. pruinosum and the body 

lengths and widths of P. persicae were used in a non-hierarchical cluster analysis to 

determine the number of life stages present.  Non-hierarchical cluster of groups (K-means) 

was analysed in Genstat® version 16. A cluster analysis attempts to find natural groupings 

in the data by clustering variables into groups (clusters). In non-hierarchical cluster, data is 

partitioned into predetermined non-overlapping groups or K-means clusters (Krzanowski et 

al. 1985, Steinley 2006).  According to Steinley (2006) N objects, each having 

measurements on P variables, are allocated into K classes (C1, C2, …,CK), where Ck is the 

set of nk objects in cluster k, and K is stated as number of potential classes. The aim is to 

minimise the error sums of squares between K-mean cluster groups. The overall variability 

(or maximal variability) across the K mean groups is the objective criterion value. The 

maximal variability (or criterion value) was determined for each pre-specified groups (K-
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mean cluster groups) two, three, four, five, six and seven. As the K cluster groups increase 

the error sums of square decreases until this decrease cannot be detected with increasing K-

cluster groups (Steinley 2006). The best number of clusters was chosen based on the 

“elbow” of a scree plot. The cluster group beyond the “elbow” showed reduced variability. 

The number of life stages of each insect species is determined by the best number of 

clusters or number where “elbow” is present in the criterion value (scree) plot.  

 

The means of best cluster group in non-hierarchical cluster analysis is used to calculate the 

growth ratio. Growth ratio of P. persicae and P. pruisnousm is determined from equation 1: 

 

Growth ratio = natural logarithm (Lx+1 /Lx) or Ln (Lx+1) - Ln(Lx),         (1) 

 

where Lx, is the body length of preceding instar stage and (Lx+1), is the body length of the 

successive instar.  Growth rate is determined from the slope of the simple linear regression 

analysis between the number of life stages and K-means of the various morphological 

measurements (body length and body width for both species) and length of antennae, tibia 

and tarsi and length and width of stylet bundle only for P. pruinosum.  

 

To determine the changes in feeding structures of P. pruinosum, length and width of stylet 

bundle was regressed with body size using simple regression analysis with natural 

logarithm transformed stylet bundle length and width as response variables and log 

transformed body size as explanatory variable. 
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 3.0 Results 

 

3.1 Growth Patterns of Life Stages  

 

P. persicae adults are the smaller of the two species (Tables 1, 2 and 3) (Mann-Whitney-

Wilcoxon test, U value = 2404.5, p < 0.014, npruinosum = 89, npersicae = 70). P. pruinosum, 

first instar (Mann-Whitney-Wilcoxon test, U value = 1, p < 0.001, npruinosum = 29, npersicae = 

13), and second instar (Mann-Whitney-Wilcoxon test, U value = 1700, p < 0.001, npruinosum 

= 197, npersicae = 72) are also larger than the same instar of P. persicae. Average stylet 

length of third instar stage of P. persicae is not significantly different to the adult stage of 

P. pruinosum (Mann-Whitney-Wilcoxon test, U value = 14.5, p < 0.638, n(P. pruinosum) = 4, 

n(P. persicae = 9). However, average stylet width of third instar stage of P. persicae is 

significantly smaller than the adult stage of P. pruinosum (Mann-Whitney-Wilcoxon test, U 

value = 0.5, p < 0.003, n(P. pruinosum) = 4, n(P. persicae = 9).  In P. pruinosum stylet length is 

twice as long as body length in first instars (crawlers), the same as body length in second 

instars and 30% shorter than body length in adults (Table 1 and Figure 3). The body length 

increased 826% between first and adult stage, antennae increased by 137%, tibia length 

increased by 210% between first and adult stages and stylet length increased by 58% 

between first and adult stage (Figures 3, 4 and 5). Stylet width doubled in size between first 

and adult stages (Figure 3).  

 

3.2 Insect K groups 
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The non-hierarchical cluster analysis identified the number of natural groupings using the 

morphological data of P. pruinosum and P. persicae (Figure 1). Measurements of antennae, 

body length, body width, tibia and tarsus length of P. pruinosum indicated only three 

groups, tentatively identified as first instar, second instar and adults. Body length and width 

of P. persicae indicated four groups, identified as first, second and third instars and adult. 

The inflection point (elbow) is not clearly defined for P. persicae as only two 

morphological variables body length and width were used in the analysis.  

 

ANOVA indicated that significant differences are present between the three K groups of P. 

pruinosum in body length (F = 99.8, df = 2, 15, p < 0.001), body width (F = 76.5, df = 2, 

15, p < 0.001), antennal length (F = 204.8, df = 2, 15, p < 0.001), tarsus length (F = 663.46, 

df = 2, 15, p < 0.001), tibia length (F = 249.9, df = 2, 15, p < 0.001), stylet length (F = 

150.4, df = 2, 15, p < 0.001) and stylet width (F = 100.8, df = 2, 15, p < 0.001). P. 

pruinosum  may have a third instar stage, not identified by the cluster analysis, but 

intermediate in body size between second instars and adults (Table 3).  

 

The growth ratio between first and second stages of P. persicae and P. pruinosum were 

similar (Table 1). Between species the growth ratio of the adult stages is different, with a 

higher ratio in P. pruinosum.  Body length growth rate of P. persicae between first instars 

and adults changed by a factor of 1.01 (Figure 2) and P. pruinosum growth rate between 

first instars and adults changed by a factor of 1.1.  Different rates of growth between first 

instars and adults of P. pruinosum were shown for antennae, tarsus and tibia , being 0.44, 

0.51 and 0.56 respectively (Figure 2), all being lower than body length changes (Table 1), 

indicating that the appendages were becoming relatively smaller compared to the body. 
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Growth rate of stylet length of P. pruinosum changed by a factor of 0.24 between first 

instars and adults (Figure. 2), demonstrating that stylet growth did not match body size 

changes. Stylet length to body length ratio decreased at each stage of insect moult between 

first instar and adult stage for P. pruinosum, although absolute length did increase by 58%. 

 

4.0 Discussion 

 

4.1 Identification of Life Stages 

 

 Previously, the number of life stages of P. persicae were reported as four (Boratynski 

1970, Brittin 1940), and that is the number of K groups determined for this insect on 

grapevines in Australia.  The number of life stages of P. pruinosum was unclear (Gill 1988, 

Michelbacher  and Hitchcock 1956, Pfeiffer 1997), but at least in the populations that were 

examined in this study, only three K groups were clearly present. The overwintering life 

stages of each species were the second instars and third instars in P. pruinosum and P. 

persicae respectively (Figure 6).  

 

Scale insects in the genus Parthenolecanium have been reported to have two to three 

nymphal stages (Kozár and Ben-Dov 1997, Rainato and Pellizari 2009, Meineke et al. 

2013). Although some insect species have been reported to vary the number of instars 

depending upon quality or quantity of food, no evidence was present to suggest that such 

variation occurred in these two species over the course of this study. 
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Both species were monocyclic (univoltine), with time to leaf fall limiting the time that 

insects could develop prior to having to seek shelter and feed on the woody branches 

(Chapters 5 and 6). Rakimov (2010) reported a second partial generation in P. persicae on 

grapevines in one locale and observed short development time and reduced fecundity in 

sub-tropical regions (long summer season). As observed in P. corni, environment can 

influence the phenotypic variation in life history structure and microscopic body features 

among multivoltine genotypes (Kozár and Ben-Dov 1997). If warming occurs with climate 

change, the environment may become suitable so that these species could develop 

polycyclic (multivoltine) life history traits (Danzig 1997, Pellizzari 1997).  As this study 

was only done within a cool wine growing location, regions that are farther north should be 

studied to see if their longer growing season permits a second generation.  Having only two 

juvenile stages may then become advantageous for P. pruinosum, as that could reduce total 

development time to adulthood under the warmer conditions compared with three juvenile 

stages of P. persicae. 

 

In Australian vineyards P. persicae and P. pruinosum can coexist on grapevine hosts 

(Rakimov 2010, Rakimov et al. 2013). All life stages of P. persicae and P. pruinosum feed 

on grapevines, but location of feeding may differ, as length and thickness of the stylet 

suggest first instars are restricted to feeding on the soft succulent tissues of new branches 

and leaves whereas the subsequent instars can feed on the woody stems. The limitation on 

location of feeding as a result of the stylet dimensions may determine when first instars can 

be present, as their feeding would be restricted to the spring and summer periods when the 

grapevine leaves are present.  
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4.2 Development of Life Stages  

 

This study showed that growth rate between the life stages was faster in P. pruinosum than 

P. persicae. Part of the difference in growth rate was associated with the one less instar in 

P. pruinosum, although the final size of adults was similar.  Growth of appendages for P. 

pruinosum such as antennae, leg structures and stylet, was reduced compared with the 

growth in body size at each moult, resulting in relatively smaller appendages with later life 

stage. Growth of different body parts may be influenced differently by the hormones 

controlling growth at each moult (Nijhout et al. 2013). As the adult is comparatively 

sessile, the appendages are not necessary for movement, location of food or accessing the 

food, as the settlement site must meet their food requirements for egg production (Gullan 

and Kozstarab 1997).  Because of their sessile nature (parasitic living), scale insects have 

become functional specialists, crawlers (first instars) select feeding sites and are responsible 

for dispersal; the second and third instars can store food for further development and for 

diapause, and the adult females are solely responsible for reproduction (Gullan and 

Kozstarab 1997). Differences in growth patterns in P. persicae and P. pruinosum may 

result from their different sensitivity to environmental conditions (e.g. temperature and host 

plant quality). Selection may have caused rapid growth and early hardening (sclerotization) 

of cuticle in P. pruinosum under stressful environmental conditions, in association with 

declining nutritional conditions of grapevine leaves (Wermelinger and Koblet, 1990, 

Mullins et al. 1992). Although both study insects develop into adults straight after their 

respective diapausing stage, the pattern of adjustment to environment may encourage 

survival in P. pruinosum over winter, but allow increased reproduction in P. persicae in the 
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following spring typical in diapausing insects (Etilé and Despland 2008, Kivelä et al. 2013, 

Pöykkö et al. 2012, Vargas et al. 2013).  

 

4.3 Feeding Structure 

 

There is considerable variability in stylet shape and size among hemipterans (Goodchild 

1966). Stylet length and width have been used to identify feeding location within plant cells 

of several sap-sucking insects (Garzo et al. 2012, Zhao et al. 2012, Sandanayaka et al. 

2013). Freeman et al. (2001) observed that stylet length of B. argentifolii increased with 

each stage to maintain the feeding location in phloem cells as leaf cells became thicker. 

Stylet growth pattern in P. pruinosum also increases as insects grow, however, resource 

acquisition between P. pruinosum and B. argentifoilii differs, as B. argentifolii completes 

its nymphal development entirely on the leaves of host plants, whereas P. pruinosum feeds 

on the leaves during the first instar and later feeds on the stems of grapevines during second 

instar and adult. Stylet length of first instars of P. pruinosum was nearly twice as long as 

body length, suggesting possible feeding location within the phloem and parenchyma cells. 

Stylet length remained unchanged among the nymphal instars of D. vitifoliae and doubled 

in size in the adult stage; nymphal instars ranged between 149 and 182 um and in adult 349 

um (Kingston et al. 2007). Despite this, grape phylloxera obtained nutrients from 

parenchyma cells of grapevine roots as the phloem cells are located 200 – 300 um deep.  

 

Change in stylet length and width may be associated with the feeding site and plant 

physiological changes with growth. Differentiation and thickening of plant cells or changes 

in location in feeding may increase the distance or force required to access feeding sites, 
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and hence increases stylet length and width with each moult are necessary for continued 

feeding. Stylet length and width of P. pruinosum increases between first instars feeding on 

the leaf and the second and adult stages feeding on woody stems of vines. First instars may 

settle on the soft succulent branches of grapevines but as cells in the stems divide cambium 

layer thickens (Mullins et al. 1992) hence thickening and increase in length of stylet bundle 

size may be necessary to track feeding location. Similar observations were reported on 

Chinese White Wax Scale Insect, Ericerus pela (Chavannes) (Coccidae) (Zhao et al. 2012). 

According to Zhao et al. (2012) change in stylet morphology (length and width) between 

feeding sites by Chinese white wax scale may be associated with the feeding sites; nymphs 

feeding on leaves had short and soft stylet length between 414 um and 415 um and diameter 

of 1.6 um whereas nymphs feeding on the stems had stylet length between 595 um and 616 

um and diameter of 5.2 um.  

 

5.0 Conclusion 

 

P. persicae and P. pruinosum grow to achieve a large enough adult size to ensure 

reproduction by developing through third or second instars. With each stage of insect 

development, the antennae, leg structures and stylet bundle develop at a slower rate than 

body growth. In first instars of P. pruinosum, stylet length is twice the body length, which 

allows feeding in the grapevine leaf. The length of this structure is equivalent to the body 

length and slightly thicker in the second instar. Adult stylet length and width increased by 

58% and 50%, respectively, between first instar and adult stage.  This increase in size may 

allow feeding on the woody stems and the increased distance from the feeding site within 

the plant. 
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Table 1. Measurements of morphological structures of life stages of P. persicae and P. pruinosum 

 

P. pruinosum 

Life stage 

Number of 

observations 

Body length 

(mm) 

(± SEM) 

Antennae 

length (um) 

(± SEM) 

Tibia length 

(um) 

(± SEM) 

Tarsus length 

(um) 

(± SEM) 

Stylet length 

(um) 

(± SEM) 

Stylet width 

(um) 

(± SEM) 

Stylet length 

to body ratio 

(mm) 

First instar 21 0.38 ± 0.003 

(0.34 - 0.42) 

110.5 ± 3.9 

(100 – 139) 

36.5 ± 1.3 

(29 – 41) 

28.4 ± 0.45 

(27 – 30) 

665 ± 9.6 

(630 – 696) 

2.2 ± 0.07 

(2 – 2.7) 

1.75 

Second instar 57 0.91 ± 0.02 

(0.5 – 1.1) 

173 ± 1.3 

(170 – 176) 

67.4 ± 1.3 

(64 – 71) 

55.4 ± 1.4 (52 

– 58) 

864 ± 10.4 (836 

– 897) 

3 ± 0.02 

(3 – 3.1) 

0.96 

Adult 36 5.19 ± 0.13 

(2.12 – 7.33) 

263 ± 3.5 

(256 – 272) 

115 ± 3.5 

(105 – 120) 

79 ± 2.0 

(76 – 85) 

1050 ± 41.6 

(958 –1134) 

4.4 ± 0.22 

(4 – 5) 

0.22 

P. persicae 

Life stage 

        

First instar 14 0.33 ± 0.01 

(0.31 – 0.42) 

na na na na na na 

Second instar 30 0.8 ± 0.04 

(0.46 – 1.08) 

na na na na na na 

Third instar 75* 1.4 ± 0.03 

(1.1 – 2.1) 

227 ± 3.1 

(214 – 246)    

n = 11 

100 ± 1.9        

(90 – 111)         

n = 11 

76 ± 1.8     

(60.6 – 73.9)   

n = 11 

1027 ± 18.5 

(920 – 1134)     

n = 11 

3.2 ± 0.12        

(2.4 – 4)              

n = 11 

0.73 

Adult 35 4.48 ± 0.26 

(2.12 - 9.00) 

na na na na na na 

 

* - In the third instar of P. persicae, body length and width were measured from 75 insect samples. Antennae, Tibia, Tarsus 

and Stylet were measured from 11 insect samples. na – data not measure
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Table 2. Mean (± SEM) and range of body length and width of life stages of P. persicae 

and phenology of life stages over a year  

 

Life stages No of 

observations 

Body 

length* 

(mm) 

Body width 

(mm) 

Time of 

occurrence 

Egg 22 0.27 0.16 ± 0.006 

(0.15 – 0.19) 

Nov - Dec 

First instar 64 0.31 ± 0.004    

(0.31 - 0.35) 

0.19 ± 0.004 

(0.19 - 0.2) 

Nov - Jan 

Second 

instar 

36 0.65 ± 0.04 

(0.39 - 0.92) 

0.35 ± 0.03 

(0.19 - 0.5) 

Jan - Mar 

Third instar 157 1.46 ± 0.02 

(1.00 – 2.04) 

0.84 ± 0.02 

(0.57 - 1.35) 

Mar - Sept 

Adult 69 4.48 ± 0.26 

(2.12 - 9.00) 

2.80 ± 0.18 

(2.15 - 6.86) 

Aug - Dec 
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Table 3. Mean (± SEM) and range of body length and width of life stages of P. 

pruinosum and phenology of life stages over a year 

 

Life stages No of 

observations 

Body length* 

(mm) 

Body width 

(mm) 

Time of 

occurrence 

Egg 24 0.308 0.18 ± 0.005 

(0.15 - 0.19) 

Nov – Dec 

First instar 62 0.39 ± 0.006 ( 

0.34 - 0.42) 

0.19 ± 0.005  

(0.19 - 0.23) 

Dec and Jan 

Second 

instar 

251 0.91 ± 0.01 

(0.46 - 1.08) 

0.49 ± 0.01 

(0.23 - 0.62) 

Jan - Sept 

Third 

instar? 

74 1.55 ± 0.02 

(1.19 - 1.81) 

0.88 ± 0.01 

(0.65 - 1.10) 

Aug - Oct 

Adult 89 5.19 ± 0.13 

(2.12 – 7.33) 

3.78 ± 0.13 

(1.38 – 6.67) 

Oct - Dec 

 

* – data in brackets represent the range 

? – third instar stage may be present 
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Figure 1. Optimal criterion value of pre-defined cluster groups for P. pruinosum and 

P. persicae. The doted vertical line indicates the inflection point (elbow) of the 

criterion value which is used to identify the number of life stages (refer to text in 

materials and methods section for definition of natural grouping of K-means and 

criterion value). 
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Figure 2. Natural logarithm of (a) P. persicae mean body length (mm) (y = -2.45 + 

1.02x, r
2
 = 0.97 and P. pruinosum mean body length (mm) (y = -2.04 + 1.1x, r

2
 = 0.99) 

and (b) P. pruinosum mean antennae length (µm) (y = 4.27 + 0.44x, R
2
 = 0.99), mean 

tarsus length (µm)  (y = 2.89 + 0.51x, r
2
 = 0.99), mean tibia length (µm)  (y = 3.05 + 

0.56x, r
2
 = 0.99), mean stylet length (µm)  (y = 6.27 + 0.24x, r

2
 = 0.99) and mean stylet 

width (µm) (y = 0.46 + 0.35x, r
2
 = 0.99) plotted against instar numbers (life stages).  

The standard error bars in both graphs (a and b) are smaller than the dots. 
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Figure 3. Body size measurements of P. pruinosum (a) first instar (b) SEM second 

instar (c) adult 
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Figure 4. Antennae and stylet bundle measurements of P. pruinosum (a) first instar (b) 

SEM antennae of second instar (c) adult antennae (d) stylet bundle of second instar 

(insert stylet width measurement) 
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Figure 5. Metathorax leg, tibia and tarsus measurements of P. pruinosum (a) first 

instar (b) second instar (c) adult  
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Figure 6. Overwintering life stages on branches of grapevines, (a) second instar stage 

of P. pruinosum and (b) third instar stage of P. persicae. 
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Summary 

 

Grapevine and Frosted scales cause long term physiological damage to grapevines. 

Although, they persist in major grape-growing regions of Australia, reproductive and 

population growth potential of these insect pests are poorly understood. The reproductive 

output of gravid adults of grapevine and frosted scales were studied under field conditions 

on, Riesling, Chardonnay and Sauvignon Blanc grape varieties. Intrinsic rate of increase of 

grapevine and frosted scales were studied on Riesling and Chardonnay varieties 

respectively. Gravid adult female of grapevine scale has a larger body length, body mass 

and higher fecundity than in gravid frosted scale. Egg size and size of first instar were 

smaller for grapevine scale than for frosted. Egg incubation period, post-oviposition by 

adult females, was affected by grapevine varieties, being 20 days on Chardonnay and 19 

days on Riesling for grapevine scale and in frosted scale 18 days on Chardonnay and 

Riesling and 22 days on Sauvignon Blanc. Fertility was not affected by grape varieties in 

both scale insects, on average 94% fertile offspring by grapevine scale and 96% fertile 

offspring by frosted scale. Fecundity increased with body mass but it is not affected by 

grapevine varieties. The intrinsic rate of increase (rm) of grapevine scale on Riesling was 

0.28 per month and the rm for frosted scale on Chardonnay was 0.21 per month. The finite 

rate of increase (λ) for grapevine and frosted scales were 1.28 per month and 1.23 per 

month respectively, and population doubling time (DT) was 3.35 months and 2.50 months 

for grapevine scale and frosted scale respectively In this context, the population of 

grapevine and frosted scales may persist in vineyards and frequently rise to outbreak level. 

The information provided in this study has important implications for grapevine and frosted 

scale population dynamics and their effective management in vineyards.  



81 

 

 

Keywords: Body size, Fecundity, frosted scale, grapevine scale, grapevine varieties, 

intrinsic rate of increase 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



82 

 

1.0 Introduction 

 

Reproductive output and population growth rate of insects is often influenced by the 

physiological and morphological conditions of the adult females. These changes are driven 

by both biotic (food, predation and competition) and abiotic (climate) conditions (Begon et 

al. 1990, Arendt 1997, Tammaru and Haukioja 1996, Tammaru et al. 2002, Chown and 

Nicholson 2004). By increasing adult female body size (length or mass), insect herbivores 

can increase reproductive output and intrinsic growth rate (Fenchel, 1974, Tammaru et al. 

2002). In scale insects (Hemiptera: Sternorrhyncha: Coccoidea), adult female body size can 

influence the reproductive output and often these factors can be affected directly by the host 

plant quality (nutritional requirements) and insect population density (Washburn et al. 

1985, Speight 1994, Lo 1995, Loch and Zalucki 1997, Marotta 1997, Wardhaugh and 

Didham 2005, Hill et al. 2009, Qin et al. 2011, Tanga et al. 2013). 

 

Scale insects are significant pests of various horticultural crops because of high rates of 

population growth that allows them to persist across a range of habitats (Hoffmann et al. 

2008, Ross et al. 2013). Infected plant parts are symptomless during periods of reduced 

scale population growth, but then plant damage increases as the population of insects 

reaches outbreak levels.  Such rapid changes in population numbers can occur if the 

conditions are favourable for enhancing growth and reproductive output. The outbreak level 

is defined as the insect population density that exceeds the density that results in economic 

injury. Pest density above the outbreak level typically leads to a profit reduction, and this 

density is defined as an economic threshold for pest control (Tang and Cheke 2008) and 

insects with a high rate of population growth can frequently reach this economic threshold.  
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To reduce dependency upon pest control systems that result from outbreaks, the 

reproductive output and population growth rate of insects such as scale insects are needed 

as part of an integrated pest management strategy. 

  

Grapevine and frosted scales are distributed widely in vineyards throughout Australia 

(Rakimov et al. 2013).  Since their introductions in the early and mid-1900s, populations 

have persisted in vineyards with occasional outbreaks as a result of a sudden increase in 

population density. Grapevine and frosted scales feeding on grapevines in Australia have 

not been studied in relation to the rate of population growth, partially because most 

vineyards have control programs in place. However, feeding by scale insects can reduce 

photosynthetic rate (Zvereva et al. 2010) and plant vigour and may lead to secondary 

infection of grapevine diseases (Hommay et al. 2008, Charles et al. 2009, Bahder et al. 

2013, Krüger and Douglas-Smit 2013). 

  

Grapevine and frosted scales are sedentary with asexual (parthenogenesis) reproduction 

(Pellizzari 1997, Pfeiffer 1997). This has enabled the existence of highly specialised 

populations and functional structure (Alstad and Edmunds Jr 1983, Glynn and Herms 2004, 

Gullan and Kosztrab 1997, Hanks and Denno 1998). Dispersal occurs by the first instar 

stage which is extremely mobile in seeking feeding and refuge sites (Greathead, 1997). 

Sexually dimorphic forms of life stages occur at the end of second instar; males develop 

holometabolically into pre-pupa and pupae before moulting into winged adults (alates) 

while the females develop hemimetabolically into apterous wingless adults resembling 

morphologically the second instar stage. The difference between the juveniles and adult 

females is reflected in the body size and general reduction of appendages and functionality 
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(Gullan and Kosztrab 1997).  Once the feeding site is selected subsequent larval stages 

expand in body size with each moulting phase. Reproduction in adult females occurs once 

an individual reaches a certain body size (Arendt 1997, Boggs 2009). Ovipositioning may 

occur over several days for each gravid female adult. 

  

Previous studies in Australia on the biology of grapevine and frosted scales on grapevines 

indicated that adult females differ in body length and reproductive potential when feeding 

on grapevines (Rakimov 2010, Rakimov et al. 2013). Gravid grapevine scale generally has 

a larger body length (5.71-9.82 mm) than frosted scale (4.35-7.03 mm) (Rakimov 2010). 

Fecundity varied between species; with the mean number of eggs laid being slightly more 

for grapevine scale than for frosted scale adult females (Rakimov 2010). Fecundity may 

increase with female body length as in other species of coccids (Speight 1994,  Lo 1995, 

Wakgari 2000), but whether host grape variety influences this pattern is unknown in 

grapevine and frosted scales. Environmental conditions, such as temperature and moisture, 

insect density, and nutrient availability and quality have been implicated in the correlation 

between insect fecundity and body and egg sizes (Washburn et al. 1985, Speight 1994, Lo 

1995, Wardhaugh and Didham 2005,).  

 

Grapevine and frosted scales have specialised feeding behaviour associated with feeding 

within plant vascular tissues. Penetration of plant cells and acquisition of nutrition is aided 

by mandibular and maxillary stylets. A salivary sheath acts as a feeding tube and is 

developed by the saliva released during cell penetration (Foldi 1997). The salivary sheath 

eliminates external osmotic pressure and plant toxins. Feeding in this manner requires 

detection of plant vascular cells and subsequent ingestion of specific plant chemicals and 
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nutrients that support growth and reproduction although these chemicals in grapevines vary 

heterogeneously both spatially and temporally.  Concentration of plant toxins in the 

vascular cells may also influence the ability of grapevine and frosted scales to utilise the 

host plants (Ali and Agrawal 2012). In vineyards, pest outbreaks may arise from the 

presence of host vines with reduced plant toxins (secondary defence chemicals). 

Commercial vineyards usually cultivate several different varieties of grapevines for both 

red and white wine production. The differences in varieties can influence the population 

dynamic of insects, such as the grapevine and frosted scales that feed on grapevines 

(Martinson and Dennehy 1995, Moreaua et al. 2006, Moreaua et al. 2007, Peverieri et al. 

2009, Sharon et al. 2009). 

 

Reproductive output and population growth of insects can be associated with physiological 

attributes (feeding behaviour) and life history traits (body size variation and generation 

time) (Begon et al. 1990, Tammaru and Haukioja 1996, Arendt 1997, Tammaru et al. 2002, 

Chown and Nicholson 2004,). These aspects may determine the mechanism responsible for 

the prevalence and outbreak of these coccids in vineyards across Australia. This study is 

conducted with a view to assess the impact of grapevine varieties on population dynamics 

of grapevine and frosted scales and this information can be used for pest management. In 

particular, the following topics should be addressed: (1) with grapevine and frosted scales 

feeding on several different vine varieties, does reproductive output differ between vine 

varieties? In this context, is it possible that these vine varieties influence the relationship 

between fecundity and body size of adult females of both species? (2) In the case of 

different soft scale species, does population growth rate differ between the two study 

species and what is their intrinsic rate of increase?   
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2.0 Materials and Methods 

 

2.1 Insect Material  

 

Grapevine and frosted scales are widely distributed in vineyards across Australia (Rakimov, 

2010; 2013). In a preliminary survey of vineyards near Canberra, Australian Capital 

Territory, Australia in March to September 2010, grapevine scale was found on two Vitis 

vinifera L. varieties Chardonnay and Riesling while frosted scale was observed on eight V. 

vinifera varieties Chardonnay, Riesling, Pinot Noir, Merlot, Pinot Gris, Viogner, Semillon 

and Shiraz. Of the three vineyards considered in the survey, two were infested with frosted 

scale and one with both grapevine scale and frosted scale present. In the vineyard with a 

mixed scale infestation, heavy infestation of grapevine scale and frosted scale were found 

on Riesling and Chardonnay varieties (refer Chapter 5). In the current study on the 

reproductive output, gravid adult frosted scale were collected from Chardonnay, Riesling 

and Sauvignon Blanc while gravid adult grapevine scale were collected on Chardonnay and 

Riesling varieties. A study on scale population growth was conducted on Riesling and 

Chardonnay varieties for grapevine and frosted scale respectively as these varieties were 

favoured in the field. Field studies were undertaken within one growing season from 

October 2010 to November 2011. 

 

2.2 Fecundity Experiment  
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Twenty gravid adults of each grape scale species were collected from two grapevine 

varieties, Chardonnay and Riesling. Gravid frosted scale females were also collected from 

Sauvignon Blanc. Insects were collected into a 90 mm petri-dish labelled for each 

grapevine variety. The cap of the petri dish was firmly held in place with sellotape. The 

petri-dish and its contents were kept in a cooler box with ice for storage and transported 

back to the laboratory (10-15 km away). In the laboratory, ten adult females from each 

grapevine variety were isolated, measured for body length and mass then maintained at 

22˚C. Body size was measured using a dissecting microscope with a calibrated eye piece 

lens under 100x magnification. The body mass of the insects was determined using a 

Mettler A260 delta range analytical microbalance with 0.1 mg readability (Mettler Toledo). 

Individual insects were kept in an adult brood chamber consisting of a small glass Petri-

dish (d 55 mm) retained inside a larger glass Petri-dish (d 90 mm) containing moistened 

cotton wool. Water was added to the cotton wool to maintain high humidity in the brood 

chamber. Egg oviposition, egg incubation period and emergence of first instar ‘crawlers’ 

were monitored daily. Emerging crawlers were counted and removed from the Petri-dish 

until no further crawlers emerged after ten sequential days. At the end of the study, the 

unhatched eggs were counted and categorised as infertile.  

 

Egg oviposition and incubation by the adult females was monitored by examining the brood 

chamber. Egg incubation was monitored from the start of oviposition to the first day that 

the first instar emerged under the adult female brood chamber. Total fecundity was 

determined by counting the number of crawlers emerging from the adult brood chamber 

and the number of unhatched eggs from individual scales. The number of fertile offspring 

indicates the insect reproductive potential. Hence percentage fertility was determined for 
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each species on each grapevine variety, according to equation 1: Eq. 1. % fertility = 

100*(Number of crawlers per female/ Total fecundity per female).  

 

Egg shape of both species was oval. The egg size was determined by using an elliptical 

volume calculation (volume=1/6 *π*length*width*height) (Speight, 1994). Two 

measurements of egg size were taken, the length and width. Height was determined by the 

assumption that the width is equivalent to the height due to the roundness in the middle 

section of the oval-shaped egg. In individual insect species and grapevine variety, five eggs 

per adult were measured. The egg size was determined to evaluate if adult female body 

mass affect the egg size.  

 

The relationship between body length and body mass for each scale species was first 

analysed to determine if the variance of body length is determined by body mass. In scale 

insects, there is considerable variation in body length and width and body width is seldom 

longer than the length depending on habitat (Ben-Dov et al. 1997). Therefore the body 

length-mass relationship should illustrate the major reason behind the variability of body 

length across the three grapevine varieties.  

 

2.3 Population Growth Rate  

 

Population growth rate was determined in the field by monitoring reproduction and age-

specific survival of each life stage using repeated sampling techniques. Grapevine scale 

feeding on Riesling and frosted scale on Chardonnay were used. A single branch with adult 

females was selected on a grapevine for each coccid species.  The number of adult females 
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was determined at the start and the total insects on the branch including those on the leaves 

were counted monthly from October 2010 to November 2011 until the juveniles had 

reached the adult stage, assuming that the immigration and emigration rates were equal for 

juveniles during the study period. Survival rate of different life stages was determined at 

four time points, December, March, June and October which encompass first, second and 

adult stages for frosted scale and first, second, third and adult stages for grapevine scale. 

Gravid females were collected and reared in the laboratory to determine reproductive 

output as in the fecundity experiment. Life history parameters measured were the net 

reproductive rate (R0), time interval between generations (T), the intrinsic rate of increase 

(rm), the finite rate of increase (λ) and population doubling time (DT) (Arendt, 1997, Begon 

et al. 1990). 

  

Life table parameters were calculated according to the methods described by Birch (1948). 

These parameters were calculated by the age intervals for each life stage (x), average 

population for each life stage (Lx), and the fecundity of adults (mx). The life table 

parameters were calculated using the formulae, reproductive rate (R0= ΣFx/x0), mean 

generation time (Tmonths =lnR0/rm), intrinsic rate of increase (rm=lnR0/T) (months) and 

doubling time (DT=ln2/rm) (months). Life table determinations for grapevine scale and 

frosted scale were obtained from the Riesling and Chardonnay varieties respectively. 

  

2.4 Data Analysis  

 

A General Linear Mixed Model (GLMM) ANOVA with normal distribution and log-linked 

function was used for analysing differences between scale species for each life history 
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parameter of grapevine and frosted scales using Genstat® version 16 software (Genstat, 

2013). The life history parameters used as response variables were body mass, body length, 

fecundity, egg incubation period, egg size and fertility in the model fitted with species as a 

fixed factor (explanatory factor) and variety as the random factor. Within individual insect 

species, a further General Linear Model (GLM) ANOVA with normal distribution and log-

linked function was undertaken separately to test the effect of grapevine variety on each life 

history parameter. The response variables were life history parameters as in GLMM and the 

fixed factor was variety. The result was presented as back-transformed means (± SEM). 

 

The difference between the size of eggs produced by grapevine and frosted scale was 

analysed using a t-test with two-sided probability test. The effect of adult body mass on egg 

size for individual insect species across grapevine varieties was analysed separately using a 

simple linear regression ANOVA; egg size was the response variable, the independent 

variable was body mass and grapevine variety was the group factor. Differences in the body 

length of first instar stage of grapevine and frosted scales was analysed using a t-test with 

two sided probability test. 

 

The relationship between fecundity and fertility of each species was analysed using the 

body mass as the predictor (explanatory variable) and the response variables were fecundity 

and fertility in a simple linear regression ANOVA with grapevine variety as the grouping 

factor. The response variables were not transformed as conditions for normal distribution 

were met. 
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3.0 Results 

 

3.1 Body Size  

 

On average gravid adult females of grapevine scale were significantly (p < 0.001) larger 

than frosted scale females in both body length and body mass (Table 1). Grapevine variety 

did not influence the body length (F = 0.01, df = 1, 17, p < 0.916) or body mass (F = 0.01, 

df = 1, 17, p < 0.904) of grapevine scale females (Table 2). Similarly, grapevine varieties 

did not affect body length (F = 1.98, df 2, 21, p = 0.163) or body mass (F = 1.10, df = 2, 21, 

p < 0.350) of gravid adult females of frosted scale (Table 2). 

  

Average egg size of frosted scale was significantly larger than grapevine scale (T-test value 

= -4.00, df = 38, P < 0.001; Table 1). Within the female adults of grapevine scale, the effect 

of grapevine variety on egg size was not significant (Table 2). For frosted scale, the egg 

size was not significantly different between the grapevine variety (Table 2). There was no 

significant relationship between adult female body mass and egg size in grapevine scale (F 

= 0.62, df = 1, 15, p = 0.442) and frosted scale ((F = 0.16, df = 1, 15, p < 0.697). Average 

first instar body length of frosted scale was significantly larger (0.39 ± 0.003mm) than 

grapevine scale (0.31 ± 0.004mm_ (T-test value = -14.09, df = 32, p < 0.001). 

  

There is a broad overlap in body length and body mass of gravid females in the two coccids 

(Fig. 1). The relationship between the body length and body mass of the two coccids is 

positively correlated (Grapevine scale y = 4.8 + 0.09x, Frosted scale y = 4.2 + 0.09x, F = 



92 

 

69.75, df = 1, 40, p < 0.001, r
2
 = 0.64). Body mass predictor was used in the subsequent 

ANOVA to evaluate the effect of body mass on the reproductive output. 

 

3.2 Reproductive Parameters  

 

Fecundity in grapevine scale was significantly higher than frosted scale fecundity (F = 37.8, 

df =1, 39, p < 0.001; Table 1). Mean fecundity for the grapevine and frosted scales on the 

various grape varieties was 1361 ± 128 and 387 ± 113 per adult female respectively. There 

was no significant difference in the fecundity of grapevine scale on Riesling or Chardonnay 

(F = 0.39, df = 1, 17, p = 0.542; Table 2). However, the frosted scale did show significant 

differences in fecundity among the three varieties (F = 3.6, df = 1, 21, p < 0.045), produced 

more eggs on Chardonnay and Riesling than on Sauvignon Blanc (Table 2). Fertility was 

not significantly different between the two species (F = 0.06, df=1, 39, p < 0.805). 

Grapevine scale produced 93.4 ± 3.2% fertile offspring compared with 96.4 ± 2.9% fertile 

eggs for frosted scale. No effect of grapevine variety was found for fertility of either 

grapevine scale on Chardonnay and Riesling (F = 3, df = 1, 17, p < 0.101) or frosted scale 

on Chardonnay, Riesling and Sauvignon (F = 0.83, df = 1, 21, p < 0.452). 

  

Eggs were laid between October and November for both scale species. Grapevine and 

frosted scales eggs hatched around 19 days post-oviposition for both species (20.7 ±0 .27 

and 18.8 ± 0.23, respectively) (Wald statistic = 31.14, df =1, 41, p < 0.002). A significant 

varietal effect on egg incubation period was observed for grapevine scale (F = 5.78, df = 1, 

17, p < 0.028), with a longer time for eggs of grapevine scales to hatch on Chardonnay 

compared with Riesling (Table 2). Incubation of frosted scale eggs also differed 
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significantly between grapevine varieties (F =17.01, df = 2, 21, p < 0.001), with less time 

for all eggs to hatch on Chardonnay and Riesling than on Sauvignon Blanc (Table 2). 

  

Fecundity of the two coccids species varied with body mass. Fecundity increased with body 

mass in grapevine scale feeding on Chardonnay and Riesling, (Chardonnay y =-15 + 70.9x, 

Riesling y = 95 + 62.1x, F = 7.78, df = 1, 15, p < 0.014, r
2 

= 0.23; Fig. 2) and in frosted 

scale feeding on Chardonnay, Riesling and Sauvignon Blanc (where Chardonnay y = 165 + 

36.6x, Riesling y = -179 + 20.6x and Sauvignon Blanc y = -44 + 17.4x, F = 28.69, df = 1, 

16, p < 0.001, r
2 

= 0.65) (Fig. 3). No interactions between variety and body mass on 

fecundity was found in grapevine scale (F = 0.03, df = 1, 15, P < 0.873) and in frosted scale 

(F = 1.20, df = 2, 16, p < 0.328).  

 

3.3 Population Growth Parameters  

 

Life tables were constructed to show the number of immature stages entering adulthood as 

well as their survival and mortality rates (Table 3 and 4). Only 2% of immature stages in 

both scale species survived to adulthood. Mortality was highest in second and third instar 

stages of grapevine scale and in second instar and young adult stage of frosted scale. The 

mortality for first instar, second instar and third instar of grapevine scale was 38%, 85% 

and 67% respectively (Table 3). Mortality in first instar, second instar and the adult of 

frosted scale was 45%, 85% and 63% respectively (Table 4). 

  

The two coccids complete their life cycle within a 12 month period on respective host 

varieties. The net reproductive rate (Ro), intrinsic rate of increase rm, and finite rate of 



94 

 

increase λ for grapevine scale were higher than the same values for frosted scale (Table 5). 

On average adult female grapevine scale oviposited 1372 eggs while frosted scale with 572 

eggs per adult female (Table 5). There was a low survival rate of adults in both scale 

species. Ro was 28 and 12 fertile offspring per adult in grapevine and frosted scales 

respectively. However, Ro is >1 for both species, implying that the population will increase 

rapidly for both coccids. The intrinsic rate of increase (rm) was 0.28 per month and 0.21 per 

month in grapevine and frosted scale scales respectively. There was exponential population 

growth (λ) in grapevine scale and frosted scale which was 1.28 and 1.23 respectively. 

Frosted scale has slightly longer doubling time (DT) of 3.35 months compared to grapevine 

scale (2.50 months). 

 

4.0 Discussion 

 

Grapevine scale is a significant pest of wine grapes in several countries including Australia 

(Hely et al. 1982, Buchanan and Amos 1992, Pellizzari 1997). In addition frosted scale 

feeds and reproduces well on several grapevine varieties grown in Australia (Rakimov 

2010, Rakimov et al. 2013). In Australian vineyards both scale insects are present and can 

occasionally reach outbreak levels. Although, life cycle and reproduction of these coccids 

has been briefly reported in relation to population dynamics (Hely et al. 1982, Pellizzari 

1997, Rakimov 2010, Rakimov et al. 2013), the reproductive potential and inherent 

properties for population growth for these two species have not been investigated on 

grapevines. The current study is the first attempt at providing the biological and ecological 

information that is involved in population growth and hence population dynamics of 

grapevine scale and frosted scale.  
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Adult females of grapevine and frosted scales have high fecundity, produce a high 

proportion of viable offspring and thus have a high intrinsic growth rate. However, gravid 

adult female of grapevine scales were larger than gravid females of frosted scales, and had 

a slightly greater fecundity as a result.  Females of frosted scale had reduced fecundity 

when present on Sauvignon Blanc compared with individuals present on Chardonnay and 

Riesling grapevines. The differences in fecundity were not a result of reduced body size, 

although smaller individuals were present on Sauvignon Blanc and Riesling. The two 

grapevine varieties, Chardonnay and Riesling, did not affect the fecundity, body length and 

body biomass of grapevine scale. The influence of grapevine variety on the reproductive 

output of frosted scale is similar to those of related species in the Coccoidea feeding on 

multiple host plants (Hill et al. 2009, Qin et al. 2011, Tanga et al. 2013). Those studies 

showed that a higher reproductive output and population growth rate occurred when insects 

fed on more favoured hosts than on less favoured or resistant varieties.  High reproductive 

output of grapevine scale and frosted scale on Chardonnay and Riesling grapevines 

therefore suggests these varieties may be preferred hosts for both coccids. 

   

Gravid females of grapevine scale have a higher reproductive output, as well as increased 

body length and body mass compared with frosted scale.  Adult female fecundity increased 

with the body mass in both species (Figs. 2 and 3) with no significant effect of host plant 

variety. In most insects, larger females are more fecund compared with smaller individuals 

(Begon et al. 1990, Arendt 1997, Hutchinson et al. 1997, Roff 2002, Tammaru et al. 2002), 

and this relation has been shown previously in Coccoidea (Speight 1994). Body size (length 

or mass) of several adult female sap-sucking Hemiptera is affected by the environmental 
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conditions (Washburn et al. 1985, Speight 1994, Kim et al. 2008, Mathenge et al. 2009). 

Temperature, crowding conditions (population density) and time limitation factors can 

influence the adult insects’ body morphology. In coccids, pest density increases on suitable 

host plants (or susceptible plants) (Mathenge et al. 2009, Qin et al. 2011). This increase in 

scale numbers can cause a reduction in plant vigour, as the insects consume the plant 

nutrients and this reduction in nutrients can affect future insect body morphology 

(Washburn et al. 1985, Wardhaugh and Didham 2005). Selection for large body size of 

grapevine and frosted scale on preferred host varieties, such as Chardonnay and Riesling, 

may favour reproductive output but the less preferred grapevine varieties, such as 

Sauvignon Blanc, may lead to smaller adults and reduced reproductive potential. In Chapter 

2, average body length of the adult stage of grapevine scale, mean 4.48 (2.12 - 9.00) mm 

was significantly lower than frosted scale mean 5.19 (2.12 – 7.33) mm. Length of egg, first 

and second instar stages were on average longer in frosted scale than in grapevine scale.   

Using only the gravid adults in the current study, grapevine scale may be larger than frosted 

scale which is usual occurrence in the field (Rakimov 2010). 

 

 Variation in body mass and fecundity in the two coccids were observed in both between 

species and with host variety. Part of the body size variation results from size differences 

that are genetic (difference between species) and part of the variation may result from a 

higher density of scale insects, thus leading to variation in adult body size as suggested 

above (i.e. a density-dependent effect). However, on Sauvignon Blanc variation in body 

mass and fecundity of adult female frosted scale was lower than females feeding on other 

varieties (Fig. 3). Such a difference with variety suggests that Sauvignon Blanc may be 
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affecting the reproductive output of the scales as a result of host plant factors, or a density-

independent regulation of reproduction. 

 

Grapevine scale had a higher intrinsic rate of increase, finite rate of increase and shorter 

doubling time on Riesling grapevines than frosted scale feeding on Chardonnay (Table 3). 

The intrinsic rate of increases measured the success/fitness of individual adult females for 

growth, survival and reproduction (Southwood and Henderson 2000). The two coccid 

species on Chardonnay and Riesling grapevines can frequently achieve high population 

densities beyond the economic injury level in vineyards because the reproductive rate is 

higher than unity (value of one) (Southwood and Henderson 2000). Outbreak species 

usually have shorter development times and higher net reproductive rate and intrinsic rate 

of increase (Silvertown et al. 2002, Chevin et al. 2010, Ross et al. 2013). Grapevine and 

frosted scales both have univoltine life cycles and complete their development in 12 months 

(Table 3). Both scales are unrestricted by adult male mating and the reproduction is 

primarily parthenogenetic (asexual). The long development time is favoured by univoltine 

species in extreme climatic conditions (Arendt 1997). In grapevines, carbohydrates are 

stored in the roots and stems during autumn and winter months (Greer and Sicard 2009, 

Holzapfel et al. 2010). Carbohydrate remobilisation from stored reserves and nutrient flow 

for bud-break, leaf formation, and fruit development occurs in spring and throughout 

summer. Obtaining appropriate nutrition is essential for reproduction whilst adult feeding is 

timed when nutrient flow is at its highest.  

 

The study suggests that larger gravid females have an advantage over smaller females in 

terms of reproduction as their higher fecundity can counteract the high mortality of these 



98 

 

insects. Mortality resulted in only two percent of eggs oviposited surviving to adulthood. 

Increased fecundity was observed in both coccid species, as egg size did not differ with the 

body mass for either species. Egg volume may not vary for these species of scales, however 

in horse chestnut scale (Pulvinaria regalis), large females produced larger eggs and 

offspring than small females (Speight 1994). Further work is required to determine whether 

egg size can vary in grapevine and/or frosted scale insects. 

 

Scale egg development time varied slightly between grapevine varieties. For grapevine 

scale, egg maturity was on average 20 days post-oviposition on Chardonnay and 19 days on 

Riesling. The largest difference between oviposition and hatching was for frosted scale 

eggs laid on Sauvignon Blanc (22 days) compared with eggs laid on Chardonnay (18 days) 

and Riesling (18 days). This variation in egg maturity may indicate a physiological 

disparity in relation to the maternal resource allocation for egg production and offspring 

performance, or alternatively something associated with the plant that decreased insect 

development. Suboptimal developmental conditions have been recognised to reduce 

offspring performance (Lorioux et al. 2012). Delayed egg maturity, lower body mass and 

reduced fecundity of frosted scale suggests that Sauvignon Blanc affects reproductive 

parameters compared with Chardonnay and Riesling varieties.  

 

The current study was conducted in the field reflecting the general environmental 

conditions affecting the individual fitness, offspring performance and population growth, 

assuming that immigration and emigration rates were equal and the mortality from natural 

enemies is negligent. Under this condition, the cohabitation of both coccid species on 

grapevines may lead to increased population density, and in turn may accelerate injury to 
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the host plant (Simbiken et al. submitted). Combined infestations of grapevine scale and 

frosted scale have been observed on grapevine varieties (Rakimov et al. 2013), so that 

outbreaks could involve either one or both scale species. As both grapevine and frosted 

scales have high intrinsic growth rates and parthenogenetic reproduction, controlling these 

pests from reaching outbreak levels is an important consideration for vineyard owners. One 

potential mechanism of control can be integration of different grapevine varieties that affect 

reproductive output of both scale pests. Further work is needed to clarify and elucidate 

what traits of grapevine varieties may affect population parameters in these insects. 

 

5.0 Conclusion 

 

Achieving large adult body mass (and/or length) is an advantage for individual fitness and 

persistence of grapevine and frosted scales. In this study adult female fecundity of both 

species increased with body mass with no significant effect of host plant variety. Variation 

in body size and fecundity is partly due to genetic differences between scale species (i.e. 

density-independent) and plant factors affecting physiological traits and population density 

(i.e. density-dependent). Gravid grapevine scale has a larger body length and body mass 

and higher fecundity than frosted scale. Grapevine variety did not affect fecundity in 

grapevine scale but in frosted scale fecundity was lower on Sauvignon Blanc than on 

Chardonnay and Riesling. 

   

The two coccids in the study achieved the adult female stage in 12 months and only two 

percent of eggs laid in the previous reproductive cycle reached the adult female stage in 

both coccids. High fecundity achieved in both scales may counteract high mortality in both 
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scale insects. This study confirms that grape scales have a high intrinsic natural increase 

and an exponential population growth potential and thus the possibility of populations 

frequently reaching outbreak levels. Under this situation, frequent pesticide application 

and/or augmentative release of biological control agent are needed for sufficient pest 

control. In addition, a slight plant (varietal) effect on fecundity of frosted scale suggests 

grapevine varieties may be considered as barrier crops (push-pull strategy) for as part of an 

integrated pest management approach.  
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Table 1. Mean (± SEM) of life history parameters of grapevine scale Parthenolecanium persicae and frosted scale P. 

pruinosum 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Adult body 

length (mm) 

Body mass (g) Egg incubation 

(days) 

Fecundity 

(Eggs/female) 

Egg size (mm
2
) % Fertility 

P. persicae 

 

6.4 ± 0.17 17.5 ± 1.2 20.7 ± 0.27 1361 ± 128 0.0025 ± 0.0002 93.2 ± 2.8 

P. pruinosum 5.1 ± 0.15 10.4 ± 1.0 19.5 ± 0.23 387 ± 113 0.0034 ± 0.0002  95.1 ± 2.5 

GLMM ANOVA       

Wald statistic
 31.14 18.20 11.45 16.59 14.87 0.24 

df 1 1 1 1 1 1 

Wald df  41 41 41 41 38 40.9 

p-value <0.001 <0.001 0.002 <0.001 <0.001 0.623 



112 

 

 

 

 

Table 2. Mean of body length, body mass, fecundity, fertility egg size and egg incubation period of grapevine scale 

Parthenolecanium persicae and frosted scale P. pruinosum on selected V. vinifera varieties 

 

Grapevine 

variety 

Insect 

no. 

Body mass (mg) 

(± SEM) 

Body size (mm) 

(± SEM) 

Egg incubation (days) Fecundity (eggs) 

(± SEM) 

Egg size (mm3) 

(± SEM) 

% fertility 

(± SEM) 

  P. persicae P. pruinosum P. persicae P. 

pruinosum 

P. 

persicae 

P. 

pruinosum 

P. persicae P. 

pruinosum 

P. persicae P. Pruinosum P. persicae P. 

Pruinosum 

Chardonnay 9 17.6 ± 2.1 

(6.4-27.5) 

11.9 ± 1.3 

(7.3-20.3) 

6.4 ± 0.3 

(4.3-7.9) 

4.8 ± 0.2 

(4.3-6) 

20 ± 0.21 

(19 - 20) 

18.1 ± 0.5  

(17-19) 

1236 ± 263 

(278-2608) 

562 ± 85 

(258-809) 

0.0023 ± 

0.0003 (n=5) 

0.0032 ± 

0.0003 (n=5) 

90.5 ± 3.0 

(63-100) 

95.5 ± 5.0 

(75.4– 

100) 

Riesling 10 17.3 ± 2.0 

(11.4-29.3) 

10.3 ± 1.3 

(4.5-16.5) 

6.4 ± 0.3 

(5.7-7.1) 

5.4 ± 0.2 

(4.3-6.1) 

19.2  ± 

0.20 (18-

20) 

18.4 ± 0.4 

(17-21) 

1473 ± 251 

(292-2372) 

362 ± 76 

(44-862) 

0.0026 ± 

0.0003 

(n=5) 

0.0034 ± 

0.0003 

(n=5) 

98.1 ± 2.9 

(91.8-100) 

99.6 ± 4.5 

(97-100) 

Sauvignon 

Blanc 

6 - 8.6 ± 1.7 (3.8-

15) 

- 5.2 ± 0.3 

(4.7-6) 

- 22 ± 0.5 

(21-23) 

- 196 ± 98 

(18-709) 

- 0.0035 ± 

0.0003 

(n = 5) 

- 88.8 ± 5.8 

(33-100) 
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Table 3. Life table grapevine scale P. persicae 

 

Age 

interval 

Number 

surviving at 

the 

beginning of 

age interval 

(x) 

Proportion 

surviving 

between age 

interval (lx) 

Proportion 

dying at age 

interval (dx = 

(xn – xn+1)/ 

x0)) 

Percentage 

mortality 

(100*dx/lx) 

Eggs 

produced in 

each stage 

(Fx) 

Eggs 

produced per 

surviving 

adult (mx) 

Egg (x0) 6860 1 0.418 41.8 NA - 

First instar 

(x1) 

3995 0.582 0.221 37.9 NA - 

Second 

instar (x2) 

2480 0.362 0.308 85.1 NA - 

Third 

instar (x3) 

370 0.054 0.034 63.0 NA - 

Adult (x4) 140 0.020   192080 1372 
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Table 4. Life table of frosted scale P. pruinosum 

 

Age 

interval 

Number 

surviving at 

the 

beginning 

of age 

interval (x) 

Proportion 

surviving 

between age 

interval (lx) 

Proportion 

dying at age 

interval (dx = 

(xn – xn+1)/ 

x0) 

Percentage 

mortality 

(100*dx/lx) 

Eggs 

produced in 

each stage 

(Fx) 

Eggs 

produced 

per 

surviving 

adult stage 

(mx) 

Egg (x0) 2810 1 0.269 26.67   

First instar 

(x1) 

2055 0.731 0.33 45.50   

Second 

instar (x2) 

1120 0.399 0.320 80.20   

Adult (x3) 220 0.08   123640 562 
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Table 5. Population growth parameters (demography) of grapevine scale P. persicae 

and frosted scale P. pruinosum 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Grape scale Reproductive 

rate  

(R0= ΣFx/x0) 

Intrinsic rate 

of increase  

(rm=lnR0/T) 

(months) 

Finite rate of 

increase (λ=e
r
) 

(months) 

Mean 

generation 

time 

(T= lnR0/rm) 

(months) 

Doubling time 

(DT = ln2/rm) 

(months) 

P. persicae 28 0.28 1.28 11.90 2.50 

P. pruinosum 12 0.21 1.23 11.83 3.35 
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Figure 1. Relationship between the body length (mm) and body mass (mg) of 

grapevine Scale P. persicae and frosted scale P. pruinosum feeding on V. vinifera 

grapevines. (grapevine scale y = 4.8 + 0.09x, frosted scale y = 4.2 + 0.09x, F = 69.75, df 

= 1, 40, p < 0.001, r
2
 = 0.64,). 
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Figure 2. Relationship between fecundity and body mass of grapevine scale P. persicae 

on Chardonnay and Riesling grapevine varieties. (Chardonnay, y = -15 + 70.9x and 

Riesling y = 95 + 62.1x, F = 7.78, df = 1, 15, p < 0.014, r
2
 = 0.23)  
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Figure 3. Relationship between fecundity and body mass of frosted scale on 

Chardonnay, Riesling and Sauvignon Blanc grapevine varieties. (Chardonnay y = 165 

+ 36.6x, Riesling y = -179 + 20.6x, Sauvignon Blanc y = -44 + 17.4x, F = 28.69, df = 1, 

16, p < 0.001, r
2
 = 0.65) 
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Summary 

 

The Grape scale complex, refers to two insect species Parthenolecanium persicae Fab and 

P. pruinosum Cocq., and is present in all major winegrape growing regions of Australia. 

The economic importance of this pest complex in different winegrape regions is unclear, as 

various control procedures are used routinely for scales. A survey of wine grape growers in 

two wine zones (the warm climate zone of the Hunter Valley, New South Wales and the 

cool climate zone of Northeast Victoria) was carried out to determine the relative incidence, 

varietal interactions and pest status of the Grape scale complex. A total of 63 vineyard 

survey forms were mailed to wine grape growers in Northeast Victoria and 139 to growers 

in the Hunter Valley, New South Wales. Overall 37% of respondents reported the presence 

of grape scale with 39% and 36% infestation in vineyards of Northeast Victoria and Hunter 

Valley, respectively. The pest status of Grape scale complex across the wine zones was not 

associated with climate zone, vineyard size or intra-varietal cropping system. Population 

differences on a zonal level were more apparent on white wine grape varieties compared to 

red wine grape varieties. Although Grape scale incidence was relatively low in both study 

zones, they were more prevalent on white wine grape varieties than red wine grape 

varieties. Despite this, red wine grape varieties may be sites for scale survival and they may 

eventually disperse to white wine grape varieties where they become problematic. The 

study contributes fundamental knowledge to our overall understanding of the distribution 

and pest status of Grape scales in vineyards across Australia. 

 

Keywords: Grape scale complex, pest status, survey, varieties, wine grape wine zones.  
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1.0 Introduction 

 

Grapevine scale (Parthenolecanium persicae) and frosted scale (P. pruinosum), collectively 

referred to as Grape scale complex, can occasionally become economic important pests of 

grapevines, if routine control measures are relaxed. Wine quality is drastically reduced by 

Pseudococcus spp (Hemiptera; Pseudococcidae) (Bordeu et al. 2012), indicating that scales 

can be an economic problem and periodically vineyards can experience heavy infestation 

levels. Control measures in Australia include insecticide application, during periods that are 

either well before or post grape harvest (Chong et al. 2007, Hely et al. 1982, Nash et al. 

2010, Thomson et al. 2007a, 2007b), or cultural control methods including pruning and 

fertilization (Bernard et al. 2007). These methods typically ensure that scales do not 

become an economic problem.  

 

Recent field and controlled environment studies have demonstrated that scale occurrence 

varies with wine grape variety (Simbiken, in prep.), suggesting that plant traits, such as 

secondary metabolites and essential nutrients, may affect scale population growth and/or 

limit their geographical distribution and spread. Several recent studies have documented 

that the relative abundance of different crop genotypes (i.e. varieties/cultivar) may alter pest 

status within and across geographic regions (Chateil et al. 2013, McArt and Thaler 2013, 

Parsa et al. 2011, Yang et al. 2012). For example, intra-mixtures of cotton genotypes have 

been shown to reduce incidence of immobile insects and also increase incidence of host 

alternating or mobile insects (Yang et al. 2012, 2014). In Australia, cultivation of number 

of grapevine varieties in individual vineyards is a widespread practice. However, there is a 
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lack of information on whether such viticulture practices (intra-cultivar mixes/polycultures) 

may influence the degree of infestation and pest status of Grape scale complex. 

  

Grapevine genotypes in cultivar mixes, can affect population dynamics of pest insects 

(English-Loeb et al. 2005, Sharon et al. 2009). Grapevine and frosted scales are 

polyphagous and feed on several red and white wine grape varieties, although the extent of 

feeding on the different varieties is unknown. Differences between red wine and white wine 

are associated with the degree skin pigmentation and tannin content in grape berries. Red 

wine grape varieties have higher phenolic compounds in the berries’ skins than white wine 

grape varieties (Bisson et al. 2002, González-Centeno et al. 2012, Nicholas et al. 2011, 

Stockley et al. 2005). In wine production phenolic compounds are associated with wine 

quality such that high quality wines may have high concentrations of phenolic compounds 

(Arcari et al. 2013, Granato et al. 2011), but whether difference in phenolic contents in 

wine grape varieties can affect Grape scale abundance and population dynamics is 

unknown.  

 

Besides providing flavours for wine, phenolic and tannin compounds can prevent 

development of some insects (Barbehenn and Constabel 2011, Mithöfer et al. 2012, War et 

al. 2012). For example, phenolic compounds found in white spruce Picea glauca (Moench) 

Voss (Pinaceae) significantly reduced the survival of spruce budworm Choristoneura 

fumiferana (Clemens) (Lepidoptera: Tortricidae) (Delvas et al. 2011). Relatively high 

concentrations of phenolic compounds in carrots reduced population growth of carrot fly 

Psila rosae (Simlat et al. 2013).  
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In our study, growers were surveyed regarding the prevalence and perceived pest status of 

scale insects in two wine grape zones: the warm climate zone of Hunter Valley, New South 

Wales and the cool climate zone of Northeast Victoria. The survey was designed to gather 

data on the following: 

1. Does the severity of scale infestation differ between the two wine zones? 

2. Do wine grape varieties infested with Grape scale differ between the two wine 

zones? 

3. Does Grape scale infestation differ between red and white wine grape varieties? 

4. Is infestation correlated with vineyard size and mixed genotype cropping?  

 

2.0 Materials and Methods 

 

2.1 Survey Zones 

 

The North East Victoria wine zone includes the King Valley, Alpine Valley, Glenrowan, 

Beechworth and Rutherglen wine regions.  The Hunter Valley zone includes both the 

Lower Hunter and the Upper Hunter wine regions. Northeast Victoria and Hunter Valley, 

New South Wales wine zones differ in several aspects of topography and climatic variables 

for grape cultivation and wine production (Hall et al. 2010, Anon. 2012a). Typically 

Northeast Victoria has an average growing season temperature of 18
0
C (range 11– 0

0
C), 

which is defined as a cool climate zone. The Hunter Valley region is relatively warm, with 

an average of 21
0
C (range 13– 23

0
C) during the growing season and is classed as warm 

climate zone (Hall et al. 2010). 
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2.2 Vineyard Survey 

 

To collect information on the prevalence of Grape scale in the vineyards in the two zones 

we developed a farm survey questionnaire in consultation with the Statistical Consulting 

Unit of Australian National University, Canberra. Descriptions of the survey questions are 

provided in Table 1. Growers were provided with a grapevine scale pest identification 

brochure (Appendix 1) together with the survey questionnaires. These documents were 

mailed to all the vineyards as listed in two reference sources James Halliday Australian 

Wine Companion (Anon. 2012b) and the Australian and New Zealand Wine Directory 

(Anon, 2012c). Sixty-three questionnaires were distributed to vineyards in Northeast 

Victoria and 139 to the Hunter Valley. From these, 25 completed forms from the Northeast 

Victoria and 13 from the Hunter Valley were received, a total of 38 questionnaires returned. 

Study by Rakimov (2010) and also field observation by the author showed that grapevine 

and frosted scales were present on vines in the Hunter Valley and North East Wine zones. It 

was assumed that farmer responses consisted of both scale species, therefore the scales 

were defined as the Grape scale complex. 

 

2.3 Data Analysis 

 

Infested grape varieties for individual vineyards were used as the response variate and the 

fixed factors were wine zones, vineyard size and mixed cropping (1 or >1 variety of grape 

grown). General Linear Model (GLM) with binomial distribution and logit-link function 

(Logistic regression with binomial errors) ANOVA was used to determine statistical 

significance of the main factors and interactions. 
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Vineyard size and mixed cropping of grapevine varieties were arbitrarily categorised into 

small (<10 ha) and larger (>10 ha) vineyards, and monoculture (≤3 varieties) and 

polyculture (>4 varieties). Vineyard size and grapevine variety mix (polyculture) were used 

to determine the influence of biodiversity (plant variety) and resource concentration (plant 

abundance and quality) on the relative pest status of Grape scales. The Wald statistic was 

used to assess statistical significance level of fixed factors, with significance assumed if 

p<0.05. The results were presented as back-transformed means and standard error of means 

for the fixed factors. 

 

Severity ratings of Grape scale infestation were based on a scale of 1-5 with 1 being no 

infestation and 5 being >75% infestation.  The scale severity between the two wine zones 

was analysed using General Linear Model (GLM) with binomial distribution and logit-link 

function (Logistic regression with binomial errors). The infested grape variety was used as 

the response variate and wine zone and severity rating as the fixed factors. 

 

If the wine grape variety mix that was infested with Grape scale was significant for the two 

wine zones, we further tested for the difference between the white and red wine grape 

varieties. Red wine grape varieties contain higher levels of phenolic compounds than white 

wine grape varieties (Carando et al. 1999). As phenolics are plant secondary compounds 

and can be used as defence chemicals by plants against invading pests (Mithöfer et al. 

2012), a difference between the red and white wine grape varieties could indicate whether 

scale insects were affected by the presence of phenolics. The difference between red and 

white wine grape varieties was compared using a Restricted Maximum Likelihood (REML) 
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form of a generalised linear mixed model (GLMM) for analysing the count data of grape 

varieties infested with Grape scale. The difference between the severity ratings between 

zones was examined using a Pearson Chi-Square test on the count data for grape varieties 

infested with Grape scale. Genstat 16
th

 edition (VSN International) was used for all 

statistical analyses. 

 

3.0 Results 

 

 3.1 Geographical Incidence of Grape scale 

 

The overall response to the survey was 19 %. Of the 38 survey forms returned from the two 

survey zones, 37% (14/38) of vineyards were infested with Grape scales. Of the 13 survey 

forms returned from the Hunter Valley, 39% (5/13) of vineyards were infested and in North 

East Victoria, 36% (9/25) of vineyards were infested (25 forms returned).   

 

3.2 Grapevine Varieties Attacked by Grape scale 

 

Several major grapevine varieties were infested with Grape scale (Table 2). Overall the 

severity of scale infestation was generally <25% although higher infestation levels were 

recorded on some varieties and zones. A higher scale infestation was reported for white 

wine grape varieties compared with the red wine grape varieties (Wald statistic = 11.72, df 

= 238, p < 0.001, Figure 1). The pest severity rating differed between wine zones (χ
2
 = 

14.06, df = 3, p < 0.003, n = 240, Figure 2), as more grapevines were infested with the 
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highest severity rating (>3) in the Hunter Valley than in North East Victoria. The 

proportion of wine grape varieties infested with Grape scale was also higher in the Hunter 

Valley (22.4%, 17/76) than Northeast Victoria (9.8%, 16/164).  

 

3.3 Correlation of Grapevine Infestation Between Wine Zones, Vineyard Size and 

Cropping Type 

 

There were significant interactions between wine zone and vineyard size (Wald statistic = 

11.02, df = 1, 29, p < 0.05, Figure 3) and between wine zone and cropping system (Wald 

statistic = 12.33, df = 1, 29, p < 0.002, Figure 4). Small vineyards in the Hunter Valley 

reported a higher incidence of scale, while monoculture vineyards appeared to have a 

higher infestation in Northeast Victoria than other vineyards. 

 

4.0 Discussion 

 

From our data Grape scales were present in approximately one-third of the vineyards 

surveyed in both the Hunter Valley and North East Victoria wine zones, with several 

varieties of grapevine infested. Recent work showed that Grape scales are present in all 

major wine growing regions of Australia (Rakimov 2010, Rakimov et al. 2013). But the 

economic importance of this as a pest remains unclear, as various methods are routinely 

used for the control of scales (Chong et al. 2007, Hely et al. 1982, Nash et al. 2010, 

Thomson et al. 2007a, 2007b). Pest severity rating differed between the two regions, with a 

higher scale severity in the Hunter Valley zone than North East Victoria zone. Whether this 

difference is a result of real Grape scale population differences in the two zones, or a result 
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of growers’ perception of differences cannot be determined. As white wine grape varieties 

appear to be more likely hosts for Grape scale, the proportion of white to red grapes may 

influence this observation as well. These findings have important implications for our 

understanding of the influence that viticulture cropping system may have on Grape scale 

management, as use of red grape varieties may aid in scale control. 

 

The interaction between viticulture zone and vineyard size suggests that the effect of 

vineyard size on Grape scale incidence is zone-specific. Infestation in small and large 

vineyards may be associated with the tri-trophic interaction between pest-plants diversity 

and natural enemies. A positive correlation between vineyard size and grapevine infestation 

is likely to occur when large field size inhibits migration of natural enemy populations 

(Segoli et al., 2012). Conversely, a negative relationship can occur in vineyards under 

conditions when pest population does not change with an increase in vineyard size. This 

typifies a pest dilution effect when using a spatially extensive monoculture (Parsa et al., 

2011). However, the effect of local environmental conditions influencing scale populations 

cannot be discounted, with larger vineyards potentially having a greater variation in habitat 

types. 

Cultivation of crop genotypes has been reported to either promote or reduce pest population 

(McArt and Thaler 2013, Ratnadass et al., 2012, Utsumi et al., 2011, Yang et al., 2012). 

Yang et al. (2012) reported that cultivation of crop genotypes may reduce the population of 

sedentary insects due to barrier plants or lack of alternate host. Conversely, crop genotype 

can increase pest population through complimentary effect where pest population increase 

in a host genotype can move onto the other (Utsumi et al., 2011, Yang et al., 2012). 

Therefore availability of preferred host genotype may support persistence and population of 
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Grape scale. The survey results showed that infestation of grapevines vary with the 

cropping system (higher incidence in monocropping versus polyculture of several grape 

varieties), however this effect was only present in Northeast Victoria. Thus other factors 

such as quality of the climate, host variety and/or natural enemy effects are as important in 

the persistence and pest severity of Grape scales in the vineyards. Scale insects are 

sedentary with short dispersal ability hence depend on what host plants can offer. Migration 

and pest population on the neighbouring variety may depend on the nutritional value of the 

plant, as well as the environmental conditions present during migration.  

 

Higher infestations may occur on white wine grape than on red wine grape varieties. The 

disparity between red and white wine grape varieties points to the quality of host plants 

(plant chemistry) such that less defended grapevine varieties may be preferred by the Grape 

scales. Red wine grape varieties have been reported to produce high phenolic compounds 

than the white wine grape varieties (Bisson et al., 2002, Stockley et al., 2005). Host plants 

with high phenolic and tannin compounds were found to reduce development in certain 

groups of insects and plant pathogens (Delvas et al., 2011, Krischik et al., 1991, Simlat et 

al., 2013). For example, phenolic compounds extracted from plants prolong aphid pre-

reproductive period by 1.5–3.0 days and reduced daily fecundity by 1–1.5 offspring 

(Chrzanowski et al., 2012). However, some specialised feeders may adapt to plant toxins 

and then utilise the toxins as feeding stimulants (Bernays, 1998). Although a difference was 

present between the red and white wine grape varieties, Grape scale still can be considered 

to have a severe infestation in certain red and white wine grape varieties. For example, the 

red wine grape variety Shiraz was considered to have a severe infestation in one vineyard 

surveyed in the Hunter Valley. The white wine grape varieties, Chardonnay, Semillon, 
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Verdelho and Muscat Orange, also were classified as having severe infestations, but even 

these levels were present in only 20-25% of the vineyards. Some of the differences may 

result as fewer red varieties were grown in the vineyards from which responses were 

obtained. Study on the feeding behaviour of mealy bugs (Pseudococcus sp.) on grapevines 

highlighted that phenolic compounds may decrease with increasing pest density thus 

leading to low wine quality (Bordeu et al., 2012). This study did not assess the effect of 

phenolic compounds in grapevines per se, therefore the direct effect of phenolic 

compounds on Grape scale populations is unknown, and the difference between red and 

white varieties may be only indicative of other chemical differences. Further study is 

needed to understand the quality of individual variety for resistance/tolerance traits 

(antibiosis and antixenosis). In other field studies conducted in Canberra wine region, 

Southern NSW wine zone (Anon. 2012a, Wine Australia, 

http://www.winecompanion.com.au/wineries/new-south-wales), Grape scale population on 

Pinot Noir and Sauvignon Blanc was relatively lower than Riesling and Chardonnay 

(Chapter 5). Glasshouse study has shown that the grapevines infested with Grape scale may 

vary in either their ability to reduce scale population growth and establishment or to tolerate 

the increase numbers of scale without obvious effects on plant growth and health (Chapter 

6).     

 

Disparity between zones on pest severity ratings suggests that climate may have some 

effect on population dynamics or apparency of Grape scale. Pest severity may increase if 

both grapevine scale P. persicae and frosted scale P. pruinosum are found in mixed 

population on grapevines than individually (Chapter 5). Difference in pest severity 

observed in the survey reflects the response of grapevines to Grape scale infestation where 

http://www.winecompanion.com.au/wineries/new-south-wales
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a high Grape scale population in red varieties (e.g Pinot Noir) may be present to show 

visible damage symptoms while low population in other varieties e.g. Riesling and 

Sauvignon Blanc (Chapter 6) Climate effect may act directly on the insect and indirectly on 

the host variety. The interaction between wine grape variety, temperature and insect feeding 

behaviour on the population dynamics and pest status is still unknown and future studies 

should consider these factors.  

 

5.0 Conclusion 

 

The survey showed that Grape scales are prevalent in both the warm and cool climatic 

zones of Australia. Significant interactions between wine zone and vineyard area and 

between wine zone and cropping system imply that vineyard area and cropping of mix wine 

grape varieties are not important factors in the outbreak of insects. However, Grape scale 

severity was generally higher on white wine grape varieties than on red wine grape varieties 

suggesting that at landscape (or regional) level uniform cultivation of white wine grape 

varieties may increase the Grape scale pest problem. 
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Table 1. Description of survey questionnaire used in the farm survey to collect 

information on Grape scale infestation and management  

 

Question type Descriptions 

1.Farm Characteristic Vineyard name 

Location: district and region 

Vineyard size (hectares) 

2. Grape scale prevalence Present/absent 

3. Grapevine infestation with 

Grape scale 

Total grapevine varieties 

Infested grapevine varieties 

 Pest rating for varieties infested with Grape scale, 

1=nil infestation, 2= <25% infestation, 3 = 25-50% 

infestation, 4 = 51-5% infestation, 5 = >75% 

infestation 
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Table 2. Grape varieties infested with Grape scales as reported in a grape grower 

survey in North east Victoria and the Hunter Valley wine zones 

Wine 

grape-

zone 

Variety Severity of Grape scale infestation 

1  
(No 

infestation) 

 

2 
(<25%) 

3 
(25-50%) 

4 
(51-75%) 

Total  

Hunter 

Valley 

Red wine grape      

Barbera - 1 - - 1 

Shiraz 11 - - 1 12 

White wine grape      

Chardonnay 2 6 - 2 10 

Pinot Gris - 1 - - 1 

Riesling 2 1 - - 3 

Semillon 8  1 1 10 

Traminer 2 1   3 

Verdelho 2   1 3 

Viogner - 1 - - 1 

Northeast 

Victoria 

Red wine grape      

Cabernet Sauvignon 11 1 - - 12 

Pinot Noir 3 3 - - 6 

White wine grape      

Chardonnay 11 4 - - 15 

Cienna - 1 - - 1 

Crouchen - 1 - - 1 

Flora - 1 - - 1 

Orange muscat 3 - 1 - 4 

Riesling 5 2 - - 7 

Sauvignon Blanc 3 1 - - 4 

Semillon 2 1 - - 3 

Values are the number of times Grape scale was recorded as a pest at that rating for a 

particular variety. No incidence of Level 5 (> 75% plants) was reported. 
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Figure 1. Comparison of percentage of red and white wine grape varieties infested 

with Grape scale. Error bar represent the standard error of mean percentage of 

grapevine varieties infested with Grape scale 
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Figure 2. Severity rating of Vitis vinifera  varieties infested with Grape scale in the two 

wine zones. 
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Figure 3. Mean percentage Vitis vinifera varieties infested with Grape scales between 

vineyard holding sizes across two wine zones, the Hunter Valley and North East 

Victoria. Error bar represent the standard error of mean percentage of grapevine 

varieties infested with Grape scale 
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Figure 4. Mean percentage of Vitis vinifera varieties infested with Grape scales 

between cropping system across the two wine zones, the Hunter Valley and North 

East Victoria. Error bar represent the standard error of mean percentage of 

grapevine varieties infested with Grape scale 
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Appendix 1. Descriptions of life cycle and body features of P. persicae and P. pruinosum 
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Appendix 2. Morphology of life stages of P. pruinosum 

 

Description of first instar 

 

Mounted material examined n = 27; 

 

Canberra, Riesling variety, n = 6 

Canberra, Chardonnay Variety, n = 6 

Canberra, Sauvignon Blanc, n = 5 

Canberra, Pinot Noir , n = 5  

 

Body oval; body length, 0.32 – 0.44 (0.39) um, width 0.18 – 0.24 (0.22) um (Chapter 2). 

Triangular anal plates, not forged, no longer than the body with three apical setae per anal 

cleft, middle setae longer than the two lateral setae, and also included one mesal setae. 

 

Dorsum  

 

One pair of trilocular pores situated on the head apex above the antennae. Two longitudinal 

rows of rows of 8-shapped pores present, with 9 – 10 pairs located sub-medially, nine 

lateral to the margin on each side (Figure 1a). The sub-medial pores are larger than the 

lateral pores. Four pairs of sub-medial setae, one pair above the thorax region, one pair each 

on the prothorax, mesothorax, and metathorax.  
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Figure 1. Digital image of body feature of first instar of P. pruinosum (a) Two 

longitudinal rows of 8-shaped pores, arrow shows the arrangement of pores (b) 

Arrangement of marginal and ventral setae, LS = lateral setae, MS = marginal setae, 

arrows show the 3 pairs of setae above ano-genital cleft (c) Two marginal setae 

between anterior and posterior stigmatic spinal setae. 
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Margin 

 

Marginal setae setose, thirty two setae located around the body margin; eight were located 

below the posterior stigmatic spine, two between anterior stigmatic spine and posterior 

stigmatic spine (Figure 1c), and two between anterior stigmatic spine and eye spot on each 

side, and then eight were located between the two eye spots. Stigmatic spine setae were 

bluntly spinose, 3 setae per cleft with middle setae slightly longer than the lateral setae. 

 

Venter 

 

Antennae six-segmented with an average length of 116.6 um; sixth segment longer than the 

third segment, the sixth segment 35.5 um, fifth segment 14.7 um, fourth segment 9.6 um, 

third segment 29.3 um, second segment 10.7 um and first segment 17 um. Spiracles close to 

the margin with two quinquelocular pores (or five-locular pores) between the spiracle and 

stigmatic spine. Venter with two longitudinal rows of setae on each side, one row is 

submarginal and the other sub-medial. Setae are located on each segment of insect body. 

There are three pairs of long setae above the anal-genital complex (Figure 1b), and one pair 

of this located between the antennae. In the leg region, tibia is longer than tarsus with 

length of tibia 29 – 41 (mean 36.5) um and length of tarsus 27 – 30.4 (mean 28.4) um. 

 

Description of second instar   

 

Mounted material examined n = 32 
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Canberra, Riesling variety, n = 10 

Canberra, Chardonnay variety, n = 12 

Canberra, Sauvignon Blanc variety, n = 7 

Canberra, Pinot Noir variety, n = 3 

 

Body elongate oval; length 0.5 – 1.1 (mean 0.92) um, width 0.23 – 0.77 (mean 0.49) um 

(Chapter 2). Short anal cleft and three apical setae with middle setae longer than the two 

lateral setae on each cleft. 

 

Dorsum 

 

There are ten sub-marginal tubercles, five on each side; two located behind the posterior 

stigmatic spine, one between posterior and anterior stigmatic spine and two above the 

anterior stigmatic spine. 

 

Margin  

 

Marginal setae are straight blunt spinose (Figure 2). There are three setae per stigmatic 

cleft, setae blunt spinose, middle is longer than the two lateral setae. There are 96 – 102 

marginal setae per body, eighteen between eye spots, eight between eye spot and anterior 

stigmatic spine on each side, seven to nine between the anterior and posterior stigmatic  
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Figure 2. Blunt spinose marginal setae and sub-marginal tubercle of second instar of 

P. pruinosum  
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spine on each side, and twenty two to twenty four behind the posterior stigmatic spine and 

anal cleft on each side.  

 

Venter 

 

Antennae is six-segmented with mean length of 184 um, third segment larger than the sixth 

segment; third segment mean 52 um, sixth segment mean 42 um, fifth segment 20um, 

fourth segment 20 um, second segment 24 um and first segment 26 um.  Body setae short 

and bristle arrange in two longitudinal rows on each side, the sub-lateral row extended 

around the body including the head region. The sub-medial row extending over the meta, 

mesa and prothoracic area. There are two pairs of large inter-antennal setae and three pairs 

of large setae on the abdomen above the anal-genital complex. A row of quinquelocular 

pores extending between the spiracle and spiracular stigmatic cleft. In the leg region, tibia 

is longer than the tarsus, with length of tibia 64 – 71 (mean 67.4) um and length of tarsus 

52 – 58 (mean 55.4) um (2d).  

 

Description of adult stage   

 

Mounted material examined n = 42 

 

Canberra, Riesling variety, n = 15 

Canberra, Chardonnay variety, n = 18 

Canberra, Sauvignon Blanc variety, n = 9 
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Body elongate and oval; length 1.2 – 7.3 (mean 3.61) um, width 0.65 – 4.9 (mean 2.41) um 

(Chapter 2). Short anal cleft with three apical setae. 

 

Dorsum 

 

There are 12 – 19 submarginal tubercles. In young adult with body length of 1.2 – 2 mm 

consist of 12 submarginal tubercles, six on each side; three behind posterior stigmatic 

spine, one between anterior stigmatic spine and two above the anterior stigmatic spine on 

each side. In mature adult with body length 2.5 – 6 mm, 14-19 submarginal pores were 

present, 7 – 9 on one side, 4 - 6 behind posterior stigmatic spine, 1 between anterior and 

posterior stigmatic spine and 2 -3 above the anterior spine.  

 

Margin 

 

Marginal setae blunt spinose and three setae per stimatic cleft, middle setae slightly longer 

than the two lateral setae. 

 

Venter 

 

Antennae is six-segmented with an average length of 245.7 um, third segment longer than 

the sixth segment; third segment 85.1 um, six segment 49.9 um, 5
th

 segment 20 um, fourth 

segment 17.7 um, second segment 38 um and first segment 35 um. There are two 

longitudinal rows of setae on each side, the sub-lateral setae extended from the anal cleft 

region to the head, the sub-medial setae extend between abdominal and thoracic area. There 
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are two pairs of inter-antennal setae, the medial being larger than the lateral (Figure 3a), 

and three pairs of setae above anal-genital complex. Ventral setae blunt spinose scattered 

above thoracic region, and scattered fine sharp setae (Figure 3d). Quinquelocular pores (5-

locular pores) between spiracle and stigmatic cleft are present. Multilocular pores are 

present on the abdomen and anal-genital areas and sparingly scattered over the ventral body 

(Figure 3b). Numerous tubular ducts are scattered over the body. Tubular duct has deep-cup 

shaped invagination, thin inner ductule and large terminal gland (Figure 3d). In the leg 

region, tibia is longer than tarsus with length of tibia 105 – 120 (mean 115) um and length 

of tarsus 76 – 85 (mean 79) um. 

 

General descriptions on morphology 

 

First instars of P. persicae and P. pruinosum can be separated in mixed population by body 

length, arrangement and number of 8-shaped pores on the dorsum and leg morphology. P. 

pruinosum has large body length, mean 0.39 ± 0.003 mm than P. persicae with body length 

of 0.31 ± 0.004 mm (Chapter 2). P. pruinosum has two longitudinal rows of 8-shaped 

pores, 9 -10 pairs located sub-medially and 9 pairs lateral to the margin compared with 

three rows of longitudinal 8-shapes pores, 11 pairs sub-medially, variable numbers on 

submarginal and lateral rows in P. persicae (Boratynski, 1970, Brittin, 1940). In the leg 

region, tibia is longer than tarsus for P. pruinosum while tarsus is either equal or longer 

than tibia described for P. persicae. 
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 1 

 2 

 3 

 4 

Figure 3. Digital image of body feature of adult stage of P. pruinosum (a) Arrows 5 

showing single pair of inter-antennal setae (b) Ventral multilocular pores above the 6 

anal genital region (c) Ventral tubular ductules (d)  Marginal setae, blunt spinose, MS 7 

= marginal setae, VS = Ventral blunt spinose setae, FS = Ventral fine sharp setae 8 
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In second instar, the described species of P. persicae has eight submarginal tubercles, four 

on each side of body which consisted of one above the anterior stigmatic spine, on between 

the anterior and posterior stigmatic spine and two behind the posterior stigmatic spine 

(Boratynski, 1970, Brittin, 1940). In P. pruinosum, there are ten submarginal tubercles, five 

on each side of body which consisted of two tubercles above the anterior stigmatic spine, 

one between the anterior and posterior stigmatic spines and two behind the posterior 

stigmatic spine. Marginal setae in P.pruinsoum is straight bluntly spinose whereas in P. 

persicae is bent at the tip and blunt spinose (flagellate).  

 

In mature adults, average body length of P. persicae 4.3 – 7.9 (mean 6.4) mm is smaller 

than P. pruinosum 4.3 – 6.1 (mean 5.2) mm (Chapter 2). Described species of P. persicae 

has 24 – 36 submarginal tubercles (Boratynski, 1970) but P. pruinosum has 12 -19 

submarginal tubercles. Marginal setae in P. pruinosum is straight bluntly spinose while in 

P. persicae is bent and blunt spinose. Adult of P. pruinosum consistently has one 

submarginal tubercles between anterior and posterior stigmatic spines whereas in describde 

species of P. persicae (Boratynski, 1970) has two to three submarginal tubercles between 

anterior and posterior stigmatic spines.  

 

P. pruinosum consitently has six-segmented antannae in first, second and adult life stages. 

Described species of P. persicae has  six segmented antane in first and second instars and 

seven segmented antannae in third instar and adult stage (Boratynski, 1970, Brittin, 1940).   

 

There may exists a third instar stage in P. pruinosum (Chapter 2) which can be difficult to 

separate from the third instar stage of P. persicae when in mixed infestation. However, 
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separation can be made using the shape of marginal setae and arrangement of submarginal 

tubercles. P. persicae third instar has six submarginal tubercles between the two anterior 

stigmatic spines in the head region whereas four to five in P. pruinosum third instar stage 

(1.2 – 2.5 mm). Also third instar of P. persicae has seven segmented antennae whereas P. 

pruinosum with six segmented antennae.  

 

The mature adults can be separated by antennae segment, shape of marginal setae and 

arrangement of sub-marginal tubercles. In P. persicae, antennae is seven segmented, 

marginal setae bent and blunt spinose and two to three submarginal tubercles between 

anterior and posterior stigmatic spines. P. pruinosum has six segmented antennae, marginal 

setae straight and blunt spinose, and one marginal tubercle between anterior and posterior 

stigmatic spines.  

 

Young adults of P. persicae and P. pruinosum can be separated in the field using visual 

characters (Figure 4). P. persicae has retiform (net-like) patterns on the dorsum and mature 

adults purplish brown.  P. pruinosum has black stripes between body margins, covering the 

entire body and eventually covered with wax resembling a frosty appearance.   
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Figure 4. Visual body feature of adults of P. pruinosum and P. persicae (a) P. 

pruinosum on V. vinifera Chardonnay vine trunk (b) P. persicae on V. vinifera 

Chardonnay vine cordon.  
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Summary 

 

Grapevine scale (Parthenolecanium persicae) and Frosted scale (P. pruinosum) have 

been reported on grapevines (Vitis vinifera) in Australia. However, whether their 

population abundance varies across grapevine varieties is unknown. Population changes 

may be influenced by density-dependent and/or density-independent factors in 

vineyards and on grapevines. Numbers of scales present on grapevines infested with 

both grapevine and frosted scales were higher than grapevines infested with single scale 

species. In mixed infested grapevines, numbers of grapevine scale were higher than 

frosted scale on V. vinifera cv Riesling while on V. vinifera cv Chardonnay, frosted 

scale numbers were higher than grapevine scale. This difference implies that these scale 

insects may be competitive with increased population density or that each species has 

different preferences in grapevines. Riesling and Chardonnay varieties were more 

susceptible to frosted scale than V. vinifera Sauvignon Blanc and Pinot Noir varieties 

and may suggest a density-independent population regulation. Further study is required 

to verify the importance of Sauvignon Blanc and Pinot Noir as resistant varieties and 

their use as a pest management option for grapevine and frosted scales. 

 

Keywords: Frosted scale, grapevine scale, grapevine variety, population dynamics, Vitis 

vinifera 
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1.0 Introduction 

 

Grapevine scale (Parthenolecanium persicae (Fabricius); also called European Peach 

scale or Big Brown scale) and frosted scale (P. pruinosum (Cocquillet)) are significant 

economic pests of deciduous plants in the temperate and subtropical regions of the 

world. The two species are collectively referred to as grape scale. Both scales 

effectively colonise and feed on a number of plant species including European 

grapevines Vitis vinifera L (Hely et al. 1982, Buchanan and Amos 1992, Pellizzari 

1997, Rakimov 2010, Rakimov et al. 2013). Scale induced damage to grapevines is 

caused through sustained feeding within the plant vascular tissue and extraction of plant 

nutrients all year round, although feeding during winter months may be reduced. 

Secondary damage may arise from sooty mould fungus forming on honeydew excreted 

by the scales and also through insect transmission of plant viruses during feeding (Belli 

et al. 1994, Pellizzari 1997, Douglas  and Kruger 2008). Extraction of plant nutrients in 

grapevines may result in the loss of plant photosynthesis (Zvereva et al. 2010, Zvereva 

et al. 2012). Although observable damage of grapevines by both scale insects can be 

occasionally invisible (latent), infestation builds up overtime to cause an epidemic or 

outbreak if control measures are lacking and/or when suitable (highly preferred) 

grapevine varieties are cultivated. Grape scales (defined here as combination of 

grapevine scale and frosted scale) feed on both red and white grapevine varieties, yet 

there is limited information on the population response of these scale species associated 

with grapevine varieties. There is evidence that grapevine varieties can influence scale 

insect population dynamics (Martinson and Dennehy 1995, Moreaua et al. 2006, 

Moreaua et al. 2007, Sharon 2009, Duso et al. 2012). Fundamental knowledge on 

varietal suitability/susceptibility to grape scales and subsequent impacts on their 

population dynamics is needed to develop effective management strategies. 
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Suitable host plants increase the probability of insect fitness and population outbreaks 

(Haukioja et al. 1987, Wallner 1987, Awmack and Leather 2002). If individual plants 

vary in their suitability (quality and quantity), natural selection will favour insects with 

the ability to recognise appropriate host plants (Mayhew 1997, West and Cunningham 

2002, Barrett and Heil 2012). Adaptations for recognising plants may include avoiding 

certain plant metabolites, the presence of predatory insects and adverse climatic 

conditions (Bernays 1998, Bernays 2001). Scale populations can increase on preferred 

host plants as a result of the avoidance of conditions that would limit population growth 

(Gullan  and Kosztarab 1997, Glynn  and Herms 2004, Spitzer 2006). Both grapevine 

scale and frosted scale have univoltine (monocyclic) biology in temperate regions. 

Grapevine scale may also have a second partial generation in warmer regions and has 

been reported to have four development stages, three larval and the adult stages 

(Pellizzari 1997, Rakimov 2010). In contrast Frosted scale may have only three 

developmental stages (Simbiken, unpublished). Both insect species will remain 

sedentary on feeding sites throughout their development (Greathead 1997). Survival is 

associated with grapevine phenology, and plant chemical changes associated with 

grapevine growth, fruit set, berry expansion and ripening and leaf senescence (Hely et 

al. 1982, Pellizzari 1997, Rakimov 2010). The most critical period for scale insects is 

the survival of juvenile stages; where mortality is reportedly high in summer and winter 

months (Loch and Zaluki 1997, Loch and Zalucki 1998). Low mortality during this 

period will increase survival of larvae, resulting in a greater abundance of the adult 

stage. 

 

Life stages of insects are usually fixed but the performance (i.e. survival rate) of each 

life stage reaching the next stage may depend on the availability of suitable plant 
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nutrients (Hutchinson et al. 1997, Boggs 2009). Studies that document increases in 

resource intake in juvenile stages have shown improved adult performance and 

reproduction (Bauerfeind 2005, Boggs and Freeman 2005, Hogendorp et al. 2006, 

Boggs 2009, Dmitriew and Rowe 2011, Fisher et al. 2011). Photosynthesis in 

grapevines increases just after budbreak in Austral spring (September) during the period 

when leaves are just appearing. Post-anthesis in October, leaf photosynthesis declines 

with leaf maturity. Therefore the nutritional quality of leaf nutrients may decline over 

time (Wermelinger and Koblet 1990, Mullins et al. 1992). However, the carbohydrate 

reserve is progressively stored in the branches, trunks and roots after flowering and 

reaches a peak post-harvest (Lebon et al. 2008, Holzapfel et al. 2010, Zufferey et al. 

2012), within the parenchyma cells of the roots and branches (Lebon et al. 2008, 

Zufferey et al. 2012). Thus, feeding on parenchymal cells may provide nutrients 

necessary for maintaining growth of scale insects during this period. 

 

In this study the population dynamics of grapevine and frosted scale insects feeding on 

different grapevine varieties in vineyards in the Canberra wine region were examined. 

Grape scales were monitored in the field during the 2010/2011 growing season to 

determine how population varied over the season. The relative abundance of various life 

stages of both scale species was recorded to determine how different varietal host plants 

influenced population growth and development of life stages. 

 

2.0 Materials and Methods 

 

2.1 Site Details 
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The cool climate wine region of Canberra, Australia has an average growing season 

temperature ranging between 13.4C–19.9C (Hall et al. 2010). Three vineyards were 

selected and were separated by distances of 5-7kms; vineyard A, S3513’38.6”, 

E14923’42.6”, 852 metres above sea level (masl), vineyard B, S3511’19”, 

E14921’28”, 768 masl and vineyard C, S3510’16.1”, E14919’38.6”, 775 masl. 

Grapevines in vineyards A and C were spur-pruned in August and September 

respectively. Mixed cane and spur pruning of grapevines were undertaken in vineyard B 

in September. All vineyards were irrigated with a Regulated Deficit Irrigation (RDI) 

system and with trellising of grapevines at 0.7–1.5 metres above ground. The 

grapevines were planted at a spacing of 0.8m x 3m within rows and between rows 

respectively, consisting of approximate plant density of 4167 plants per hectare across 

the three vineyards. Temperature data of Canberra wine region was obtained from the 

Canberra Airport weather station, 149.20
o
E, 35.31

o
S, located 10 kilometres from the 

vineyards. 

 

2.2 Insect Monitoring 

 

In a pilot survey, conducted in 2010 Grapevine scale and Frosted scale were the only 

scales present on grapevines in the three vineyards. Frosted scale was found on V. 

vinifera cv Chardonnay grapevines in vineyard A and on V. vinifera cv Riesling, 

Sauvignon Blanc and Pinot Noir in vineyard C. A mixed population of grapevine scale 

and frosted scale was found on Chardonnay and Riesling in vineyard B. All scales were 

identified using published morphological descriptions (Brittin 1940, Boratynski 1970, 

Gill 1988). A descriptive characteristic of scales was the production of wax on the 

bodies, which helped with aging and separating the two species. Young adults of frosted 
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scale usually develop wax over the dorsum and the wax covering may be reduced over 

time until the adult is fully matured. The mature Frosted scale adult is characterised by a 

deeply convex dorsum without wax material. Minimal wax is produced on the dorsum 

of grapevine scale however dry conditions may trigger production of wax. The dorsum 

of adults of grapevine scale is flat and slightly convex. This coccid is the larger of the 

two grape scales. Microstructures and body features observed in another study on P. 

pruinsoum (Simbiken in preparation) was used to aid in recognition. 

 

In total six plots were studied; one in vineyard A, three in vineyard B and two in 

vineyard C. Plot sizes were Chardonnay plot 24m x 50m in vineyard A, Riesling plot 

20m x 60m, Sauvignon Blanc plot 36m x 55m and Pinot Noir plot 18m x 70m in 

vineyard B and Chardonnay plot 36m x 44m and Riesling plot 24m x 48m in vineyard 

C. Two separate studies were undertaken to determine (i) host suitability and (ii) 

population growth, with data collected monthly. All insect counts and measurements 

were done non-destructively. Counts of scales and numbers of each life-stage were 

made on the branch and leaves derived from the same branch using digital images taken 

using a Nikon 4500 Coolpix digital camera. Digital images of branches, insects and a 

ruler consisting of 0.5 mm scale interval were captured at the beginning of each 

sampling date. Both studies were conducted between October 2010 and October 2011. 

 

2.3 Host Plant Suitability 

 

In the host suitability study, six grapevines within each of the six plots were randomly 

selected representing 36 data points per sample date. A single growing branch with 

leaves on each grapevine was selected for insect count. All insects were counted and 
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location noted whether on a branch or a leaf. Both mixed populations of the two scale 

species and single species presence were recorded along with grapevine variety. 

2.4 Population Growth 

 

The population growth study consisted of repeated sampling monthly of six grapevines 

that were originally randomly selected from each vine plot (36 grapevine branches or 

six grapevines x six plots). The sample grapevines used were selected within each plot 

from a total of 14 to 18 rows. The six grapevines consisted of individual scale species 

whilst grapevines with mixed infestations of both scales were excluded.  

 

Insect measurements were also verified in the laboratory by collection of an insect 

subsample on each sampling date. Insects were removed from the branches with a brush 

into Eppendorf tubes (1.5 mL) and taken to laboratory in a cooler box. Insect on leaves 

were measured from the random leaf samples. Insect size was determined by length as 

measured using a dissecting microscope after calibration with a 1 mm (±0.001 mm) 

calibration slide. Developmental growth of the grape scales was determined from the 

insect measurements during each sampling date. 

 

2.5 Statistical Analysis 

 

The reliability of the digital imaging method was determined by regressing the count 

made from the digital images and the direct insect count at the beginning of the study in 

October 2010. A simple linear regression was performed with physical count as the 

response variate (y) and the digital count as the explanatory variate (x). The physical 

count was positively correlated to the digital count and explained most of the variability 
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in the physical count (y = 0.02 + 0.99x, F = 467.8, df = 1, 34, p < 0.001, R
2
 = 0.97). The 

insect size was determined using ImageJ® 1.47 program and the reference ruler.  

 

Host suitability was determined by analysing the count data using the repeated measure 

correlation model ANOVA. Count data was used as the response variate and the fixed 

variables (or explanatory variates) were sampling date, vineyard and grapevine variety. 

The subjects were randomly selected plants within the vine plot. The response data was 

logarithm transformed (x+1) to conform to the properties of normal distribution and for 

ensuring homogeneity of variance. ANOVA was carried out using Genstat® version 16 

software. In this analysis, insect count included both grapevine and frosted scales found 

in mixed populations on the selected grapevines. Ante-dependence order 1 reduced 

variance more than the other models and was used as the correlation model with 

subjects across equally spaced time points. To determine whether grape scale 

populations did not vary across sample date within each season, General Linear Model 

(GLM) with Poisson distribution and log-linked function ANOVA was used with count 

data as response variate and the fixed factor were site and variety.  

 

Individual grapevines infested with mixed populations of grapevine scale and frosted 

scale were observed and to determine the mean (± SEM) of mix infestation of grapevine 

and frosted scale and individual infestation between grapevines, a one-way ANOVA 

was used on logarithm transformed (x+1) count data, with infestation type (single scale 

species infested vine and mix scale infested grapevines) as treatment factors. 

  

To determine the differences between the relative proportion of individual scale insects 

and whether this is influenced by grapevine variety, a GLM logit-linked function of the 

binomial distribution was used. Count data for individual insect species was used as the 
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response variate and the total insect count as binomial totals while the fixed factors 

were Austral temperate season and grapevine variety. Seasons under consideration were 

Autumn, Winter and Spring. Between April and November, life stages of grapevine and 

frosted scales could be determined using digital images. Most summer populations of 

both insect species were in the first and second instar and often these life-stages were 

difficult to separate using digital imagery and thus required microscopic examination. A 

two sample T-test with two sided probability was used to determine the population 

differences between grapevine and frosted scales within each season. 

 

Phenology of life stages of grapevine scale and frosted scale found in each sample date 

in the cropping season was determined by measuring the insect body length and using a 

frequency plot of length to determine numbers of groups present.  

 

GLM logit-linked function of the binomial distribution was used to determine the 

number of grape scales present on grapevine leaf and branch between the four seasons.  

 

3.0 Results 

 

3.1 Host Plant Suitability 

 

Populations were relatively low in winter and spring and high in the summer and 

autumn across vineyards and grape varieties (Figs. 1 and 2). The population density of 

grape scales varied between the three vineyards and across four varieties (Table 1). 

There was a significant interaction between vineyard and sampling date (p < 0.001) and 

between grapevine variety and sampling date (p < 0.003) (Table. 1). When populations 
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were analysed within a season, significant interactions for vineyard x date were found 

for spring and winter; while interactions between variety and date were found only for 

spring (Table 2). In the summer and autumn, relatively high grape scale infestation 

occurred in vineyard C compared to vineyards A and B (Fig. 1). Numbers of scale 

insects on Riesling and Chardonnay was relatively high, moderate on Sauvignon Blanc 

and low on Pinot Noir (Fig. 2).  

 

Within individual grapevines, where both scale species were present, numbers of 

grapevine scale on Riesling were higher than numbers of frosted scale (F = 72.29, df = 

1, 64, p < 0.001) (Fig. 3). Frosted scale population numbers were higher on Chardonnay 

than grapevine scale numbers. There was no interaction between season and variety (F = 

1.59, df = 2, 64, p < 0.213). 

 

On grapevine varieties infested only with frosted scale, the highest density of frosted 

scale was observed on Chardonnay and Riesling, a moderate density on Sauvignon 

Blanc and relatively low density on Pinot Noir (F = 37.96, df = 3, 257, p < 0.001) (Fig. 

4). 

 

Individual grapevines with mixed infested scale had significantly higher infestation than 

grapevines with single scale species infestation (F = 264.52, df = 1, 430, p < 0.001). 

 

3.2 Population Age Structure 

 

Development of both grapevine scale and frosted scale life stages followed a seasonal 

trend. First and second instar stages for both species were found mostly in the summer 

months between December and February (Figs. 5 and 6). In the autumn and winter 
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months (March-Aug), third instar of grapevine scale and second instar of frosted scale 

were the dominant life stages. Both scale species reached adulthood in the spring 

between September and November. The location on plants of the various instars 

differed. First and second instars were mostly found on the leaves in the summer, but in 

autumn to spring, the scales were present on the branches and cordons (F = 84.47, df = 

3, 113, p < 0.001, Fig. 7). Life stages found in autumn and winter months were third 

and second instar stages for grapevine and frosted scale respectively.  

 

4.0 Discussion 

 

Numbers of grape scales varied significantly among vineyards and grapevine varieties. 

Grapevine scale numbers were higher on Chardonnay and Riesling grapevines than the 

Sauvignon Blanc and Pinot Noir varieties. Frosted scale was the dominant species in the 

three vineyards. In only one of the three vineyards and two grapevine varieties 

Chardonnay and Riesling in that vineyard, were mixed populations of grapevine and 

frosted scale observed. In these two varieties with mixed populations on individual 

grapevines, frosted scale density was higher than the grapevine scale on Chardonnay. In 

contrast on Riesling, the density of grapevine scale was higher than frosted scale. Mixed 

infestation on individual grapevine has previously been reported in Australian vineyards 

(Rakimov et al. 2013). In our study when mixed infestation of grapevine and frosted 

scale were present on individual grapevines, population density was comparably higher 

than grapevines infested with single scale infestation. Development of frosted scale may 

be reduced on Pinot Noir and Sauvignon Blanc compared with Riesling and 

Chardonnay. 
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Both Grapevine and Frosted scales appear to prefer Riesling and Chardonnay 

grapevines in this study. Although a varietal association has not previously been 

reported for these scale species, host-plant species effects (Vitis labrusca Bailey vs V. 

vinifera L.) do occur for other sap-sucking insects as reported in Erythroneura 

leafhoppers (Erythroneura comes (Say) (Martinson and Dennehy 1995). Varietal effects 

on the population dynamics of other grapevine insect pests have also been reported 

(Moreaua et al. 2007, Moreaua et al. 2006, Sharon et al. 2009).  

 

Differences in numbers of scale insects on the different varieties do suggest that host 

plant resistance to these insects may be present. Grapevine resistance may arise from 

antibiosis (plant defence chemicals), antixenosis (leaf morphological properties) and/or 

general plant responses, such as infested leaf drop. Effects of plant defence chemicals 

on plant sap-feeding insects are more pronounced than leaf structural properties 

(Guerrieri and Digilio 2008). Susceptible varieties may have weak defence chemicals 

and/or the insect may have developed detoxifying enzymes to manipulate plant defence 

chemicals (Barrett and Heil 2012). Scale insects tend to be grouped in colonies as a 

result of its characteristic dispersal, genetic and reproductive system (parthenogenesis) 

can allow adaptation to plant chemical properties and then rapid spread through a 

population (Gullan and Kosztarab 1997, Ross et al. 2010, Ross et al. 2013). This group 

of insects have high affinity for local adapation to maternal than in noval host plants 

(Boyero et al. 2007, Glynn and Herms 2004, Spitzer 2006). 

 

Grapevine scale is widely distributed in vineyards in Australia.  More recently frosted 

scale was recorded on grapevines in several wine regions of South Australia, Victoria 

and New South Wales (Rakimov et al. 2013). Frosted scale may become the more 

important pest of grapevines as these insects can develop more rapidly as they have one 
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fewer juvenile stage. Rakimov et al. (2013) suggested that frosted scale is an important 

pest due to its widespread infestation on grapevines and ornamental plants. Control of 

Frosted scale may incorporate both density-dependent and density-independent effects. 

The numbers of frosted scale on Pinot Noir indicated that incorporation of that variety 

into a mix cropping may act as a resistance species in a density-independent manner. 

However, the difference in numbers of frosted scale compared with grapevine scale on 

Riesling and Chardonnay varieties implies that either invasion onto plants or density-

dependent responses to the congeneric species is important for regulation of scales. 

Feeding response of Frosted scale on Sauvignon Blanc and Pinot Noir may need further 

clarification. 

 

Both Grapevine scale and Frosted scale have an univoltine life cycle in the Canberra 

wine region (cool climate region). Development of life stages for both scale insects is 

structured into seasonal changes of climatic and host plant phenology. The population 

of both grape scales in spring is lower than in summer and autumn. First and second 

instars of both scales were confined to summer. Populations found in autumn and winter 

were attached to the feeding site under the bark crevices and concealed places of the 

vine branches and cordons. In our study population decline in winter months may be 

attributable to winter temperatures of below -5
o
C recorded in July 2011, which may 

have increased mortality of grape scales on exposed vine surfaces. Feeding likely 

resumes around the time nutrient flows in the vine occur during bud-break and shoot 

development. This was evident in body size expansion into adult stages after the winter 

diapause. The overwintering life stages were different for the two species, being the 

third instar for grapevine scale and the second instar for frosted scale. Such 

overwintering strategies are consistent with the biology of both grape scales in the 
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temperate regions (Michelbacher and Hitchcock 1956, Pellizzari 1997, Pfeiffer 1997, 

Swirski et al. 1997). 

 

The population age structure of grapevine and frosted scales can be used for timing of 

pest control measures. Spraying is common in most vineyards and is done both before 

fruit development and after harvesting. Several biological control agents have been 

released in Australia against the grapevine scale and other endemic bio-agents may be 

used against these grape scales (Rakimov 2010). The timing of these control methods is 

best when the first and second instar stages are present because their small size and soft 

cuticle may be more susceptible to the contact insecticides, and also attack by parasitic 

wasps. Once the overwintering and adult stages are reached, however, such techniques 

may be relatively ineffective, as the cuticle of overwintering and adult stages is 

hydrophobic and highly resistant to external application of insecticides and the seasonal 

conditions may not be appropriate for wasp activity. 

  

In our study variation of grapevine varieties within the vineyard affected the distribution 

pattern of grape scales. In general, both grapevine and frosted scales were more 

abundant on Chardonnay and Riesling varieties whereas Sauvignon Blanc and Pinot 

Noir were only moderately attractive. This was apparent with the population increase in 

summer without a shift in varietal preference. Distribution of grape scale numbers 

within grapevine architecture across seasons reflects life stage preference of these 

structures for feeding. In summer grape scale numbers were mainly located on 

grapevine leaves whereas in autumn, winter and spring on grapevine branches and 

cordons. The consistent preference of grape scale for Chardonnay and Reisling varieties 

was apparent between vineyards which indicates that this trait including preference for 
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feeding sites can be used as a basis for the development of an efficient pest monitoring 

and targeted management systems in vineyards with mixed grapevine varieties. 

 

5.0 Conclusion  

 

Our study showed that grape scale infestation was spatially and temporarily variable 

between vineyards. Relatively high population growth of grape scale was observed on 

V. vinifera Chardonnay and Riesling varieties than on Sauvignon Blanc and Pinot Noir 

varieties. Higher population density occurred on individual grapevines with mixed 

grapevine and frosted scales compared to single scale species infested grapevines. A 

marginal varietal effect was observed on frosted scale populations, with higher 

population growth on Riesling and Chardonnay than Sauvignon Blanc and Pinot Noir. 

Chardonnay and Riesling are widely cultivated in the Australian viticulture industry 

(Gunning-Trant et al. 2012) and their widespread use of these varieties has important 

consequences for the spread and incidence of insect pests (Hendry et al. 2011, Wallner, 

1987). This information is useful for developing monitoring and management strategies 

for grapevine and frosted scales in vineyards with mixed varieties. 
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Table 1. Repeated measure ANOVA of grape scale population within each season 

(Spring, Summer, Autumn and Winter) across sample date, vineyards and 

grapevine varieties in 2010/2011 growing season 

 

Fixed factors Wald statistic df Wald/df F-Probability 

Date 206.03 10 73.8 <0.001 

Vineyard 93.06 2 52.6 <0.001 

Variety 35.52 3 51.3 <0.001 

Vineyard x date 293.03 20 106.3 <0.001 

Variety x date 68.03 30 125.4 <0.003 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. General Linear Model ANOVA of grape scale population across sample 

date, vineyards and grapevine varieties in the 2010/2011 growing season 
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Fixed factors Wald statistic df Wald/df F-Probability 

Spring     

Date 57.35 2 32.3 <0.001 

Vineyard 5.17 2 31.3 0.091 

Variety 13.0 3 29.9 0.012 

Vineyard x date 50.73 4 36.6 <0.001 

Variety x date 27.16 6 37.8 0.002 

Summer     

Date 9.61 2 34.7 0.016 

Vineyard 179.84 2 28.9 <0.001 

Variety 31.56 3 28.9 <0.001 

Vineyard x date 4.81 4 39.2 0.340 

Variety x date 3.95 6 41.6 0.699 

Winter     

Date 12.43 1 30 0.001 

Vineyard 168.72 2 30 <0.001 

Variety 13.44 3 30 0.010 

Vineyard x date 3.40 2 30 0.200 

Variety x date 6.69 3 30 0.105 

Winter     

Date 17.57 1 30 <0.001 

Vineyard 165.51 2 30 <0.001 

Variety 18 3 30 0.002 

Vineyard x date 16.89 2 30 0.001 

Variety x date 7.38 3 30 0.082 
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Table 3. Population of grapevine and frosted scales within each season Autumn, Winter and Summer. 

 

Season Autumn (mean ± SEM)* Winter (mean ± SEM)* Spring (mean ± SEM)* 

Grapevine scale 184.5 ± 66.7 101.5 ± 44.4 37.1 ± 14.1 

Frosted scale 173.8 ± 41.1 42.2 ± 18.3 8.1 ± 2.7 

T-test value 0.14 1.24 2.02 

df 38.24 30.63 24.64 

Probability 

value 

0.891 0.226 0.055 

 

  *  where n = 24 
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Fig. 1. Grape scale (grapevine and frosted scales) population dynamics across the 

three vineyards in the Canberra winegrape region over a single season. 
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Fig. 2. Grape scales (grapevine and frosted scales) population dynamics on four 

grapevine varieties over a single season. 
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Fig. 3. Population density of (a) grapevine scale and (b) frosted scale on individual 

grapevines of Chardonnay and Riesling varieties across each season where mixed 

scale populations were present. Error bars indicate standard error of mean 
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Fig. 4. Population density of frosted scale on grapevine varieties without grapevine 

scale. Error bars indicate standard error of mean 
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Fig. 5. Phenology of life stages of grapevine scale over the 2010-2011 growing 

season. Error bars indicate standard error of mean 
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Fig. 6. Phenology of life stages of frosted scale over the 2010-2011 growing season. 

Error bars indicate standard error of mean 
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Fig. 7. Mean percentage of mixed scale numbers on grapevine leaf and branch 

across each season. Error bars indicate standard error of mean 
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Summary 

 

Frosted scale is a sap-sucking insect pest that feeds on a number of commercial 

European grapevine Vitis vinifera varieties across several wine regions of Australia. The 

ability to develop and the impact of its feeding activity on grapevines have not been 

documented. To address this knowledge gap, a glasshouse study examined the 

development and feeding effect of Frosted scale on three V. vinifera varieties Pinot 

Noir, Riesling and Sauvignon Blanc. A replicated glasshouse experiment was 

established by allocating the potted rootlings of the three grapevine varieties into two 

treatment regimes, control (uninfested) and treatment (infested with Frosted scale) 

grapevines. The six treatment and controls were allocated to nine replicated blocks, six 

replicates per block. The investigation was carried out in synchrony with grapevine and 

Frosted scale development in the summer months between November 2011 and March 

2012. Frosted scale population abundance was relatively high on Riesling, moderate on 

Pinot Noir and least on Sauvignon Blanc. The presence of Frosted scale resulted in a 

significant reduction in leaf chlorophyll content and the number of internodes per 

grapevine branch. Although chlorophyll content varied between the varieties and 

differed between controls and infested plants, increasing numbers of scales did not 

significantly affect the chlorophyll content. Increasing numbers of Frosted scale on the 

different varieties significantly decreased the number of internodes per grape. 

Proportion of dropped leaves was higher in all varieties exposed to frosted scale than 

corresponding control plants. Riesling dropped more leaves than Pinot Noir or 

Sauvignon Blanc. An increase in first and second instar populations of Frosted scale 

feeding mainly on grapevine leaves was observed.  This feeding may reduce leaf 

chlorophyll and the number of internodes per grapevine branch. Pinot Noir, Riesling 

and Sauvignon Blanc varieties were all susceptible to Frosted scale feeding under 
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glasshouse conditions, but the performance response in various parameters of each 

variety differed with the presence of the insects. Grape growers could expect Frosted 

scale population and loss of vine vigour to increase on highly favoured or susceptible V. 

vinifera varieties such as Riesling. Pinot Noir and Sauvignon Blanc varieties may show 

mild tolerance but further studies examining how Frosted scale density affects 

grapevine growth parameters such as photosynthesis and total biomass are needed to 

verify whether resistance/tolerance traits are present. 

 

Keywords: Frosted Scale, grapevine vigour, insect population, Parthenolecanium 

pruinosum.  
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1.0 Introduction 

 

Parthenolecanium pruinosum Coc. (Hemiptera: Coccidae) is a conspicuous pest of 

deciduous fruit trees (Hely et al. 1982, Michelbacher and Hitchcock 1956, Pfeiffer, 

1997) in temperate and sub-tropical regions. In Australia, this scale is found on several 

ornamental plants, fruit trees and more recently on European grapevine Vitis vinifera L. 

(Hely et al. 1982, Rakimov 2010, Rakimov et al. 2013). Injury to V. vinifera may arise 

directly through insect feeding and/or indirectly through secondary disease infection. 

Furthermore, grapevine damage can be accentuated by concurrent infestation with 

grapevine scale Parthenolecanium persicae Fabricius (Rakimov et al. 2013). Although 

Frosted scale can develop on V. vinifera, there is very little biological information on 

the effect of scale development and its feeding activity on grapevine performance traits. 

 

P. pruinosum originated in Nearctic regions and was first reported in Australia, in 1928 

(Hely et al. 1982; Rakimov 2010). The species has an univoltine life cycle (monocyclic) 

in both Northern (Pfeiffer 1997) and Southern Hemispheres (Simbiken et al. in prep.), 

with adults emerging in spring. Young and mature adults will produce a frosty wax 

secretion over the sclerotised dorsal surface depending on the climatic conditions (Gill 

1988, Michelbacher and Hitchcock 1956, Rakimov 2010). Reproduction is mainly 

parthenogenetic and ovipositioning occurs towards the end of spring and early summer 

(Simbiken et al. submitted). First instars (or crawlers) disperse and search out feeding 

sites on soft succulent branches and leaves (Greathead 1997). Before leaf fall, juveniles 

migrate back onto the woody branch for diapause (Simbiken et al. in press). Pfeiffer 

(1997) suggested Frosted scales have two to three juvenile life stages before adult stage. 

Recently three life stages, first and second juvenile stages and an adult stage have been 

uncovered for population breeding on V. vinifera in Australia and that the second instar 



 

 

197 

 

stage occurred predominantly in autumn and winter months (Simbiken unpublished). 

Feeding resumed in spring and second instars developed into adults. Leaves and 

lignified branches of grapevines play a critical role in the growth, survival and 

reproduction of Frosted scale. Nutrients are drawn internally from the phloem cells by 

inserting the stylet and feeding through a salivary tube (Foldi, 1997). First instars feed 

mainly on the abaxial side of the leaf away from direct sunlight (Simbiken pers. 

observ.). On grapevine branches and woody cordons, juveniles inhabit crevices present 

on the sheltered side of grapevines. Feeding by scale insects can occur on different plant 

parts, and the reduction of photosynthesis and plant biomass is typical symptoms of host 

damage caused by plant sap-feeders (Zvereva et al. 2010). On grapevines, sap-feeding 

insects can cause serious impact on vine performance and wine quality traits, as both 

nutrients and water are withdrawn from the plant. Grape phylloxera (Daktulosphaira 

vitifoliae Fitch) infested grapevines showed reduced chlorophyll content in Shiraz, 

Carbenet sauvignon and Pinot Noir varieties (Blanchfield et al. 2006). A reduction of 

chlorophyll content can also occur in water-deficient grapevines (Blanchfield et al. 

2006). Grapevines infested with potato leafhopper (Empoasca fabae Harris) show 

reduced plant biomass (Lenz et al. 2009) and reduced photosynthesis in leaves (Lenz et 

al. 2012). Feeding by mealybugs (Pseudococcus sp.) caused significant reduction in 

phenolics, anthocyanins and tannins in Chardonnay and Carme´ne`re varieties and the 

reduction can be severe with increased insect infestation levels (Bordeu et al. 2012). V. 

vinifera is a cultured perennial shrub that depends upon the carbohydrate stored in the 

stems and roots in the preceding season for growth of new shoots, flower and berries. 

Carbohydrates (non-soluble sugars) are usually stored in the parenchymal cells of 

grapevine roots and branches (Lebon et al. 2008, Zufferey et al. 2012). These reserves 

are needed to ensure grapevine performance, yield and wine quality in the subsequent 

growing season. Grapevine leaves emerging early have high photosynthetic rates that 
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progressively decline with age. Photosynthesis in the leaves occurring after bud break is 

considered critical for flowering and fruit set (Holzapfel et al. 2010, Lebon et al. 2008, 

Mullins et al. 1992, Zufferey et al. 2012). High photosynthetic rate enables the 

developing shoots to rapidly accumulate biomass between 9 and 48 days after budbreak 

(DAB) (Borghezan et al. 2012, Greer et al. 2009). Flower development and root 

regrowth occur at 40 DAB when sufficient energy has been acquired as a result of 

photosynthesis (Mullins et al. 1992). Fruit bunch development is a high sink source, in 

terms of plant energy requirement. Fruit biomass increases gradually through to harvest 

(approximately 200 DAB) (Greer and Sicard 2009, Howell 2001). Howell (2001) 

showed fruit development accounted for 40% of grapevine biomass. Feeding from 

parenchyma and phloem cells by sap-feeding insects may be an additional sink, thus 

inhibiting vine growth and fruit set.  

 

The aim of this study was to determine Frost scale development and the effect of its 

feeding on three V. vinifera varieties: Riesling, Sauvignon Blanc and Pinot Noir. 

Differences in Frosted scale survival on these varieties has previously been observed 

(Simbiken et al. in prep) in commercial vineyards near Canberra, with a high infestation 

on Riesling, moderate infestation on Sauvignon Blanc and low infestation on Pinot 

Noir. These survival differences may be attributed to various biotic and abiotic factors. 

To minimise the influence of abiotic factors, a glasshouse study comparing Frosted 

scale development on each grapevine variety was undertaken. The three grapevine 

varieties were monitored with or without Frosted scale. The differences between 

infested and non-infested plants indicated the effect of Frosted scale on plant 

performance, while any changes in population of the scales on the three varieties could 

indicate how the scales responded to host plant differences. 
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2.0 Materials and Methods 

 

2.1 Study Vines 

 

The study was conducted under glasshouse conditions at DEPI Rutherglen, Northeast 

Victoria. One-year old rootlings (plants with well-developed root system) of ungrafted 

V. vinifera cv. Sauvignon Blanc (clone H5V10) and cv. Pinot Noir (clone 667) were 

sourced from Kingara Nurseries (Irymple, Victoria) and rootlings of cv. Riesling (clone 

GM198) were obtained from Glenavon Nurseries Pty Ltd (Langhorne Creek, South 

Australia). Varieties were selected as they were previously observed to vary in their 

susceptibility to Frosted scale in the Canberra Wine region (Simbiken et al. in prep).  

 

2.2 Soil Treatment 

 

Individual rootlings were potted in a soil mix consisting of 1:1:4 Bunnings® Perlite, 

Vermculite and Bunnings® Peat Moss. Potting mix was sterilised at 70
0
C

 
for 24 hours 

before use. Rootlings were raised in standard pots 20cm (diameter) x 20cm (height). A 

total of 25 Riesling, 26 Pinot Noir and 26 Sauvignon Blanc rootlings were potted for the 

trial. Potted rootlings were fertilised with Rustec®; a slow release broad spectrum liquid 

fertiliser. Fertiliserwas initially diluted by mixing 100 ml in 10 litres of water. From this 

solution, 100 ml was applied to each potted grapevine. Grapevines were established in 

the glasshouse under the 8 hr Light:16 hr Dark photoperiod, day and night temperatures 

of approximately 24
0
C and 17

0
C respectively, and 70% soil humidity by irrigation. The 

glasshouse room was illuminated by two Philips Son-T Agro 400 growth lights (Philips, 

North Ryde, NSW). Each potted plant received approximately 250 ml water per day 
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using an automated drip irrigation system. Each potted rootling had a metal cone trellis 

cage with base diameter 45 cm, top diameter 25 cm and height 140 cm for grapevine 

support during the trial period (Figure 1a). 

 

Rootlings of uniform age were used in the experiment. The rootlings were potted in 

October and allowed to grow for a month before artificial infestation with Frosted scale. 

Eighteen potted rootlings of each variety were used, with the extra rootlings raised in a 

separate shade house. The experiment consisted of three varieties exposed to one of two 

treatment regimes; uninfested control grapevines and grapevines infested with Frosted 

scale (refer to experimental set up below). 

 

2.3 Insect Material 

 

Grapevines that were to be infested with Frosted scale received ten gravid adult 

females. Female adults were bunched and placed on each infested treatment vine by 

using thin cotton wool supported by cellotape (Figure1b.). Frosted scale insects were 

collected from V. vinifera cv Riesling  in a commercial vineyard in the Canberra wine 

region, the day before placement onto the vines and identified by morphological 

characteristics (Boratynski, 1970, Brittin, 1940) .  Data for Frosted scale development 

and grapevine performance parameters were collected monthly for four months, 

December to March. The length of study period allowed the development of first and 

second instar stages of Frosted scale following egg-laying by gravid adult females.  

 

2.4 Experiment Set up 
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The three grapevine varieties and two treatments (control and infested plants) were 

organised in a randomised complete-block design (RCBD) with nine block/replications. 

There were nine replicate blocks with each block consisting of six benches. Six 

rootlings were placed on the six benches consisting of three grapevine varieties and two 

treatments grapevines for each variety, which was randomly arranged in two rows of 

three grapevines (Figure 1c). The potted grapevines were separated by 20 cm space to 

avoid grapevines touching during the experiment while the bench/blocks were separated 

by 70 cm to allow working space. 

 

2.5 Data Parameters 

 

Frosted scale development on the three grapevine varieties and the two treatments 

(uninfested and infested) were monitored monthly. Censuses were made on the 

grapevine leaves and branch that was initially used for the release of gravid female 

adults. A hand-held lens (10x magnification) was used for monthly frosted scale counts 

between December and February. In March, the infested branch including its leaf was 

detached from the grapevine for a final scale count using a dissecting stereo-microscope 

(40x). The effect of scale feeding on plant growth parameters was monitored monthly 

and also at the end of the study period. Grapevine performance parameters monitored 

monthly were total leaf number, number of dry leaves dropped, total internode per 

branch and leaf chlorophyll content. Leaf chlorophyll, mean leaf area and total plant dry 

and fresh matter were collected for each plant at the end of the trial. Leaf chlorophyll 

content was measured using a SPAD-502 chlorophyll meter (SPAD, soil and plant 

analyzer development) (Konica-Minolta, Osaka, Japan). SPAD units are values defined 

by the manufacturer which indicate the relative amount of chlorophyll present in plant 

leaves (Chang and Robison 2003). Leaf area was measured with a Paton Electronic 
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Planimeter® by taking the average of three leaves obtained in the middle of the 

grapevine branch of individual potted rootling. Grapevine biomass was taken by 

measuring both fresh and dry mass of foliage and root of grapevines. Foliage and root 

contents were fresh weighed and then oven-dried at 70
0
C for 24 hours to determine 

moisture content and dry mass of the plants. The roots were rinsed clean of soil with tap 

water prior to obtaining fresh weight. 

 

2.6 Data Analysis 

 

Statistical analysis of the number of Frosted scales was determined by complete 

randomised analysis of variance (ANOVA) with designed factors being treatment 

(infested or control), grapevine variety (Riesling, Pinot Noir and Sauvignon Blanc) and 

sampling date and bench/block included as a random factor. Insect count (x) on each 

grapevine plant was log transformed (log10 x + 1) prior to analyses.  

 

Two time points, December and March, were used to determine the differences between 

number of scales on branches and leaves. These months were associated with the 

settling and commencement of feeding for first instar and second instars respectively. A 

two-tailed T-test was used to determine whether a difference existed between the 

settling sites of two instars. 

 

Grapevine growth parameters for each variety (average leaf number per grapevine, 

average internode per grapevine branch, leaf chlorophyll content, leaf area, moisture 

content and grapevine dry mass) were compared between treatments (infested vs 

control) and between grapevine varieties with the block/replicate included as a random 

factor. The parameters were analysed as a randomised complete block design (RCBD) 
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using either ANOVA or restricted maximum likelihood (REML) analysis within the 

Generalised Linear Mixed Model (GLMM) procedure of Genstat version 16. The 

number of dead leaves dropped relative to total leaves at the beginning were analysed 

using GLM with a binomial distribution and logit transformation, with treatment and 

variety as factors. Significant difference by Wald statistics was used to determine if the 

grapevine parameters differed between the treatments for each variety.  

 

Simple linear regression ANOVA was used to analyse whether the increase in Frosted 

scale population affected the grapevine parameters within a variety. 

 

3.0 Results 

 

3.1 Scale Numbers with Variety and Time 

 

Frosted scale numbers were significantly higher on V. vinifera cv Riesling than Pinot 

Noir which had significantly more scales than Sauvignon Blanc (F = 32.52, df = 2, 190, 

p < 0.001) (Table 1 and Figure 2). Scale populations on infested grapevines were 

significantly higher than control grapevines across the three varieties (F = 762.5, df =1, 

190, p < 0.001). However, a significant interaction term between varieties and treatment 

factors was present (F= 30.34, df = 2, 190, p < 0.001) as several control grapevines 

from Pinot Noir and Riesling were infested with first and second instars. Scale presence 

on control vines was limited to certain blocks and varieties. Control Pinot Noir 

grapevines were infested, albeit on small abundance on three replicate/blocks, while on 

Riesling control grapevines only a single grapevine one replicate/block had first instars 

present. No scales were found on control Sauvignon Blanc grapevines (Figure 2).   
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Frosted scale numbers did not vary with sample date (F = 1.61, df = 3, 190, p < 0.188). 

There was no significant interactions between sample date and variety (F = 0.88, df = 6, 

190, p < 0.509) and between sample date and treatment (F = 1.40, df = 3, 190, p < 

0.243). Significantly more first instars in December were found on leaves than on 

branches (16.2 ± 4.76 vs 1.4 ±0.37, n = 54) (T-test = -3.12, df = 53.65, p < 0.003). The 

same pattern occurred in March with the second instars when leaves had more insects 

than branches (32.7 ± 9.20 vs 5.5 ± 1.51, n = 54) (T-test = -2.92, df = 55.58, p < 0.005).  

 

3.2 Changes with Grapevine Development in the Presence of Scales 

 

The presence of Frosted scale resulted in a significant reduction in leaf chlorophyll 

content (Wald statistic = 5.29, p < 0.027) and the number of internodes per grapevine 

branch (Wald statistic = 6.45, p < 0.015) compared to non-infested grapevines across 

the three grapevine varieties (Table 2). In infested grapevines leaf chlorophyll content 

was reduced by an average 10% across the three varieties, and the number of internodes 

was reduced by an average 15.5%. There was no significant interaction between variety 

and treatment in the grapevine growth parameters measured; number of leaf per 

grapevine, leaf area, number of internodes per grapevine branch, leaf chlorophyll 

content, grapevine moisture content and total grapevine dry matter (biomass) (Table 3), 

although varietal differences were present for all these parameters except internodes per 

branch.  

 

Increasing numbers of Frosted scale on the different varieties significantly decreased the 

number of internodes per grapevine (F = 6.83, df = 1, 48, p < 0.012, Figure 3).  

However, no significant difference was found across varieties in their response to 
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increasing number of scales (F = 2.42, df = 2, 48, p < 0.1). Although chlorophyll 

content varied between the varieties (Table 2) and differed between controls and 

infested plants, increasing numbers of scales did not significantly affect the chlorophyll 

content (F = 0.9, df = 1, 48, p < 0.35) (Figure 4). 

 

Part of the reason that no scale effects were observed between varieties for many of the 

measured parameters was that the varieties responded differently to the presence of 

scales (Table 2). Total grapevine dry mass was reduced in Riesling and Pinot Noir in 

infested grapevines by 15.6% and 3.5% respectively, but in Sauvignon Blanc infested 

grapevines had increased in dry mass by 8.8% (Table 2). The same pattern is shown in 

moisture content. Both Sauvignon Blanc and Pinot Noir increased the number of leaves, 

while Riesling had a decrease in leaves per branch. Mean leaf area was reduced in all 

plants, but by only a small percentage (1.6% Riesling, 7.9% Pinot noir and 3.2% 

Sauvignon Blanc). Treatment had a significant effect on the number of leaves dropped, 

with the proportion of dropped leaves was higher in all varieties exposed to scales than 

the corresponding control plants (Table 4). The number of dropped leaves was 

significantly different among the varieties, with Riesling dropping more leaves than 

either Pinot Noir or Sauvignon Blanc, which did not differ significantly (Table 4). 

However, no interaction of the treatment with variety was present. 

 

4.0 Discussion 

 

This study investigated population changes of Frosted scale on three V. vinifera 

varieties and the effect of the insect on selected grapevine performance traits. The study 

showed that grapevine variety had a significant impact on Frosted scale abundance. The 

largest Frosted scale population was present on Riesling grapevines, while numbers 
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were reduced on Pinot Noir grapevines and the fewest numbers occurred on Sauvignon 

Blanc. Varietal differences between Vitas vinifera and V. lambrusca in development, 

survivorship and fecundity of the mealybug, Dysmicoccus brevipes, was also recently 

reported and was suggested as a potential component of an IPM for grapevine 

management (Bertin et al. 2013), although how the varieties caused the mealybug 

response was not reported. 

 

The presence of Frosted scale caused a significant reduction in leaf chlorophyll content 

and numbers of internodes per branch for all three varieties. As the numbers of scales 

increased, the number of internodes per branch decreased, but the increase in scales 

observed did not have any further effect on chlorophyll content. Grapevine biomass, 

leaf area, moisture content and numbers of leaf were not significantly affected by insect 

feeding, although varieties did differ in their response to scale numbers, but the 

response was inconsistent. The proportion of dry dropped leaves increased when scales 

were present, with a higher proportion dropped by Riesling.  The number of leaves 

dropped may affect overall plant performance, resulting in the reduced growth of this 

variety. Dropped leaf number in Pinot Noir and Sauvignon Blanc did not differ, but 

there were other differences in these plants, suggesting that other varietal performance 

parameters may vary. The timing of leaf drop was not measured, but if leaves are 

dropped early in insect settlement, some control of Frosted scale population growth 

would be possible. Certainly the reduced numbers of Frosted scale on the Sauvignon 

Blanc could result from early leaf drop. 

 

The study showed that Pinot Noir, Riesling and Sauvignon Blanc varieties might have 

different thresholds of Frosted scale activity which induce damage symptoms. This 

threshold density may be higher on Pinot Noir than on Riesling and Sauvignon Blanc. 
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Lenz et al., (2009) showed that grapevine biomass was reduced only when the potato 

leafhopper Empoasca fabae Harris reached a threshold density of three nymphs per leaf 

and below this level grapevines can recover with little or no damage effects. Recovery 

effort and/or compensatory growth might be possible due to the fact that nutrients stored 

in stems and roots of grapevines could be utilised to reduce the effect of the scale 

feeding. A reduction in leaf chlorophyll and internode density across the three grapevine 

varieties observed in this study may affect the overall performance of the host plants 

and grape yield. Further work is needed to relate the leaf chlorophyll and internode 

reduction to grape quality to assess how Frosted scale populations may be related to 

subsequent economic loss. 

  

Increasing Frosted scale abundance might cause increased stress which impacts on 

grapevine growth (density dependent effect). Frosted scale fed mostly on grapevine 

foliage rather than on branches across the three varieties. Due to the study duration, the 

effect of Frosted scale feeding could be detected by changes in the chlorophyll content 

and branch length (internode density/grapevine branch), but a density dependent effect 

was only apparent in the numbers of internodes per branch. Decreased plant chlorophyll 

content has been detected following sap-feeding by insects previously (Blanchfield et 

al. 2006, Cocco et al. 2013, Girma et al. 1998b, Koch et al. 2014, Lenz et al. 2009, 

Nagaraj et al. 2002ab). A reduction in chlorophyll content may reduce photosynthetic 

rate which can affect plant biomass (Lenz et al. 2012, Nagaraj et al. 2002ab), and that 

pattern is consistent with that observed in Riesling. Although the sap-feeding potato 

leafhoppers caused reduced photosynthesis and a reduction in plant biomass depending 

on insect density (Lenz et al. 2012), the different grapevine varieties can respond 

differently. Although chlorophyll content and leaf decreased in all grapevine varieties, 

the dry mass and moisture content only decreased in Riesling and both of those 
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parameters increased in Sauvignon Blanc. The differences in grapevine response to the 

presence of Frosted scale indicates that the plants vary in either their ability to reduce 

scale population growth and establishment (e.g. Sauvignon Blanc) or to tolerate the 

increase numbers of scale without obvious effects on plant growth and health (e.g. Pinot 

Noir). As this study was using rootlings, there is a possibility for delayed effect and/or 

compensatory growth by the grapevines depending on the scale population density and 

duration of feeding activity in which this study did not consider. Only Riesling appeared 

to be susceptible to the presence of Frosted scale and responded as though no resistance 

mechanism was present in those grapevines to minimise the extraction of nutrients by 

the insect. 

 

The observed infestation of the control grapevines indicate that dispersal by first instar 

stages occurred from the infested plants. Aerial dispersal may have been facilitated by 

the cooling fans as the  replicate/blocks were controls were established were in the 

direction of the glasshouse cooling fans (Figure 1c.). However, as this instar is mobile, 

movement from one plant to another along the wire table may also have occurred. 

Although both Riesling and Pinot Noir control grapevines appear to have been infested 

as a result of dispersal, the lack of scales on the Sauvignon Blanc grapevines in the 

same region suggests that scales could not readily establish on that variety. Currently it 

is not known what is different about Sauvignon Blanc that may limit establishment and 

population increase of Frosted scale on this grapevine variety compared to other 

varieties. 

 

The relatively large increase in Frosted scale abundance on Riesling suggests that this 

grapevine variety is a preferred host for Frosted scale insect and that it can both 

establish and disperse on this variety. This result is consistent with field observations 
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(Simbiken et al. in prep) that indicated a higher density of Frosted scales on Riesling 

than on Pinot Noir and Sauvignon Blanc. However, in this glasshouse study, the Pinot 

Noir was more susceptible to scales having both a higher population and having scales 

establish on control grapevines than Sauvignon Blanc. In the field studies, it appeared 

that Pinot Noir was more resistant to scale than Sauvignon Blanc however that might be 

a result of differing environmental conditions in field studies.  

 

The differences in grapevine performance under insect infested conditions may vary 

depending on variety as was observed on V. vinifera Shiraz, Cabernet Sauvignon and 

Pinot Noir varieties when infested with grape phylloxera (Daktulosphaira Vitifoliae 

Fitch) (Blanchfield et al. 2006). Blanchfield et al. (2006) observed that leaf chlorophyll 

content in Shiraz grapevines on both infested and non-infested grapevines were 

comparably lower than Cabernet Sauvignon under glasshouse conditions whilst under 

field conditions Cabernet sauvignon infested and non-infested grapevines had lower leaf 

chlorophyll content than Pinot Noir. Our glasshouse study showed similar results with 

chlorophyll content and grapevine performance affected by scale presence. The 

development and feeding impact of Frosted scale on V. vinifera shown here reflects the 

potential influence of this insect on wine grape production. Significant effects of 

grapevine stress and subsequent wine quality flavours have been attributed to insect 

pests and diseases (Bordeu et al. 2012, Cabaleiro et al. 1999, Cretazzo et al. 2010, Ocete 

et al. 2008). Bordeu et al. (2012) showed that infestation of mealy bug (Pseudococcus 

sp.) is likely to reduce compounds such as phenolics, anthocyanins and tannins that are 

crtical in wine production for influencing the flavours associated with certain wines. 

Further work is needed to identify whether such changes occur in the various varieties 

and how the varieties may differ in the fruit response to the presence of Frosted scales. 

The potential of varieties to act as barriers to scale dispersal within vineyards also needs 
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to be assessed as a part of biocontrol methods, as interspersal of varieties that are 

resistant to scale settlement may limit the need for spraying. 

 

5.0 Conclusion 

 

In the glasshouse, the Frosted scale population was relatively high on Riesling, 

moderate on Pinot Noir and least on Sauvignon Blanc. But the response of these 

varieties to insect feeding differed, with variation in some of the plant parameters 

measured. Overall both chlorophyll content and numbers of internodes were reduced in 

the presence of Frosted scale, but increasing scale numbers only affected internode 

numbers. The number of dry fallen leaves also increased in scale-infested plants, which 

could limit the numbers of scales that develop if leaf drop occurs soon after scale 

infestation and could also affect photosynthetic activity of the host plant. 
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Table 1. ANOVA for the numbers of frosted scale per grapevine branch across 

three grapevine varieties 

 

Source df F-value Probability 

Variety 8 32.52 <0.001 

Treatment 2 762.48 <0.001 

Date 1 1.61 0.188 

Variety x treatment 2 30.34 <0.001 

Variety x date 6 0.88 0.509 

Treatment x date 3 1.40 0.243 
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Table 2. Average grapevine growth parameters (± SEM) per grapevine exposed to frosted scale feeding across the three V. 

vinifera varieties 

 

 

 

 

 

 

 

Variety 
Leaf density/per 

grapevine 
Internode density/branch Leaf Area (mm2) 

Leaf chlorophyll content 

(SPAD units) 

 

Moisture content (g) 

 

Grapevine dry matter (g) 

 Control Treated 

 

Total 

 
Control Treated 

 

Total 
Control Treated 

 

Total 
Control Treated 

 

Total 
Control Treated Total Control Treated Total 

Pinot Noir 40.0 ± 3.7 
43.1 ± 

2.7 

41.5 ± 

3.4 

39.0 ± 

2.7 

31.8 ± 

3.6 
35.4 ± 1.9 

6527 ± 

342 
6013 ± 530 

6272 ± 

237 

20.9 ± 

1.5 

19.7 ± 

1.1 

20.3 

± 0.7 

301.8 ± 

40.8 

280.5 ± 

37.6 

291 ± 

30.5 

49.5 ± 

2.4 

47.7 ± 

2.1 

48.6 

± 2.4 

Riesling 75.1 ±5.1 
69.4 ± 

2.6 

72.8 ± 

3.5 

32.9 ± 

1.8 

26.3± 

4.0 
30.2 ± 1.9 

6442 ± 

290 
6339 ± 305 

6408 ± 

242 

17.0 ± 

1.1 

14.7 ± 

0.8 

16.1 

± 0.7 

326.3 ± 

72.0 

278.6 ± 

46.7 

307.2 

± 

31.2 

66.3 ± 

5.9 

55.9 ± 

2.9 

62 ± 

2.5 

Sauvignon 

Blanc 
64.2 ± 7.9 

75.1 ± 

4.9 

71.2 ± 

3.6 

32.1 ± 

2.3 

29.8 ± 

1.1 
30.5 ± 2.0 

4921 ± 

189 
4765 ± 260 

4808 ± 

250 

13.1 ± 

0.9 

11.6 ± 

0.8 

12.2 

± 0.8 

147.4 ± 

15.3 

159.2 ± 

21.7 

156.8 

± 

32.2 

43.8 ± 

2.7 

47.9 ± 

3.4 

45.5 

± 2.6 
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Table 3. ANOVA of grapevine performance parameters exposed to frosted scale across the three V. vinifera varieties, Pinot 

Noir, Riesling and Sauvignon Blanc. df = degrees of freedom, Wald statistic is similar to the F statistic for the stated degrees of 

freedom, p is the probability with p<0.05 accepted as a significant relation.  p values reported are exact, except when p<0.001. 

 

 

*Bold numbers indicate significant reduction in the infested grapevines 

 

Source Leaf 

number/Grapevine 

Internode/branch Leaf Area/Grapevine 

(mm2) 

Chlorophyll content 

(SPAD Units) 

Moisture 

content/Grapevine (g) 

Grapevine dry 

matter/Grapevine (g) 

 df Wald 

statistic 

p df Wald 

statistic 

p df Wald 

statistic 

p df Wald 

statistic 

p df Wald 

statistic 

p df Wald 

statistic 

p 

Varieties 2 47.15 <0.001 2 5.45 0.078 2 12.06 <0.001 2 77.80 <0.001 2 27.1 <0.001 2 23.2 <0.001 

Treatment 1 0.47 0.497 1 6.45 0.015* 1 0.81 0.73 1 5.29 0.027* 1 0.54 0.468 1 0.90 0.348 

Variety x 

Treatment 

2 2.79 0.260 2 1.05 0.596 2 0.20 0.817 2 0.41 0.816 2 0.87 0.650 2 4.72 0.108 
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Table 4. Values for regression analysis of total dropped dry grapevine leaves relative to total number of leaves at beginning of 

glasshouse trial using a binomial distribution and a logit link function.  

 

Parameter Estimate Standard error t value p 

Constant (Pinot noir) -2.67 0.235 -11.4 <0.001 

Treatment (infested) 0.4 0.19 2.09 0.042 

Variety - Riesling 1.10 0.26 4.25 <0.001 

Variety - Sauvignon 

Blanc 

0.34 0.25 1.35 0.184 

 

The interaction between treatment (infested versus control) and variety (Pinot Noir, Riesling and Sauvignon Blanc) was dropped from 

the final statistical model as it was not significant. df for model = 50 
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Figure 1. Experimental layout (a) Treatment grapevines raised on metal bench with a 

cone trellis for support, (b) Frosted scale release method on grapevines (arrow) and 

(c) floor plan and experimental layout 
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Figure 2. Differences in numbers of frosted scale (log (number +1)) on V. vinifera, 

showing differences in scale abundance between treatment (infested vs uninfested) 

and grapevine variety. 
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Figure 3. Relationship between the average number of internodes per grapevine 

branch of three V. vinifera varieties and scale abundance (Riesling, y = 32.9 – 3.32 (log 

x + 1), Pinot Noir, y = 38.0 – 3.32 (log x + 1), Sauvignon Blanc, y = 32.8 – 3.32 (log x + 

1)).  
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Figure 4. Relationship between the average leaf chlorophyll content of three V. 

vinifera varieties and scale abundance (Riesling, y = 16.7 – 0.87 (log x + 1), Pinot Noir, 

y = 21- 0.87 (log x + 1), Sauvignon Blanc, y = 12.8 – 0.87 (log x + 1). 
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CHAPTER 7 

 

Summary of Major Results, Implications and Future 

Research Directions 
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1.0 Introduction 

 

Grapevine scales P. persicae and P. pruinosum are significant pest of perennial crops 

including grapevines in the temperate regions of Northern and Southern Hemispheres. Both 

scale insects are exotic and widely distributed in the temperate and sub-tropical regions of 

Australia. Although the scale insects are occasional pests, they have the ability to increase 

their population rapidly to outbreak levels if control measures are ineffective. 

 

Using both the laboratory and field studies several questions on the life stage development, 

population growth, host plant preference, population dynamics and feeding effect on 

grapevine performance were investigated in this thesis. In this chapter, I will first 

summarise main results from each chapter, then discuss the implications of the work and 

conclude with future research directions. 

 

2.0 Summary of Major Results 

 

P. persicae and P. pruinosum typically have monocyclic (univoltine) life cycle on 

grapevines in Canberra Wine region. The number of life stages may differ between these 

scale insects with three juvenile instars and an adult stage in P. persicae and in P. 

pruinosum, two juvenile instars and an adult stage (Chapter 2). There is a possible third 

instar stage in P. pruinosum that can be found after the second instar towards the end of 

Winter and early Spring. The number of life stages may be caused by seasonality (abiotic), 

quality of environment (biotic) and abundant and availability of host plants (Hutchinson et 

al. 1997, Kivelä et al. 2013, Pöykkö et al. 2012). The third instar stage of P. persicae and 
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second instar stage of P. pruinosum are the important overwintering life stages. These 

juvenile life stages of both species develop into adults when environmental conditions are 

suitable in spring.  

 

The length and width of stylet bundle increased with instar in P. pruinosum. Length of 

stylet bundle in first instar was two times longer than the body length (0.39 mm vs 0.7 

mm), equal to body length in second instars (0.91 mm vs 0.9 mm) and shorter than body 

length in adults (3.6 mm vs 1 mm). Stylet length to the body length ratio decreases with 

instar, which suggests differences in the feeding location. 

 

Insects reproducing asexually (parthenogenesis) have been considered to be serious pests in 

agricultural systems (Hoffmann et al. 2008) as a result of high intrinsic growth rate across 

this group (Ross et al. 2013, Silvertown et al. 2002). Gravid females of grapevine and 

frosted scales have high fecundity, produce a high percentage of viable offspring and thus 

have a high intrinsic growth rate (Chapter 3). Gravid females of frosted scale had reduced 

fecundity when present on Sauvignon Blanc compared with individuals present on 

Chardonnay and Riesling grapevines. The differences in fecundity were not a result of 

reduced body size, although smaller individuals were present on Sauvignon Blanc and 

Riesling. Gravid females of grapevine scale have a higher reproductive output compared 

with frosted scales (Chapter 3), despite general body size of frosted scale females being 

typically larger than grapevine scale females (Chapter 2). The reason for this difference is 

unclear, but suggests differences in their capacity for producing eggs and growth patterns, 

as frosted scale eggs, first instar and second instar stages are larger than grapevine scale 

eggs, first instar and second instar stages.   
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Pest status of grape scale complex across the wine regions is not associated with climate, 

although vineyard size and intra-varietal cropping system can result in differences in scale 

numbers (Chapter 4). Differences between white wine compared with red wine varieties 

does appear to indicate differences in the presence of scale though. In individual vineyards, 

pest status can be associated with certain grapevine varieties and several varieties can be 

favoured by the presence of scales more than others even amongst the white wine varieties.  

 

Effects of plant defence chemicals on plant sap-feeding insects are more pronounced than 

the leaf structural properties (Guerrieri et al., 2008). Susceptible varieties may have weak 

defence chemicals and/or the insect may have developed detoxifying enzymes to 

manipulate plant defence chemicals (Barrett et al., 2012). Chapter five demonstrated that 

there are varietal effects on population dynamcs. The populations of grapevine and frosted 

scales were higher on Riesling and Chardonnay (white wine varieties) than on Sauvignon 

Blanc (white wine variety) and Pinot Noir (red wine variety). 

 

In instances where grapevine and frosted scales are both present on the same grapevines, 

infestation tends to be higher than it does with individual species infestation. However, in 

grapevines infested only with frosted scales, numbers of scales were higher on Chardonnay 

and Riesling compared with Pinot Noir and Sauvignon Blanc (Chapter 5)  

 

First and second instars for both scale species were present in the summer months 

(December to February) (Chapter 5). In the autumn and winter months (March-Aug), third 

instars of grapevine scale and second instars of frosted scale were the most common life 
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stages. Both scale species reached adulthood in the spring between September and 

November. First and second instars were present on the leaves in the summer, but in 

autumn to spring, the scales were present on the branches and cordons.  

 

In Chapter 6, a glasshouse experiment considered the population growth and development 

of first and second instars of P. pruinosum on three varieties of grapevine (Riesling, Pinot 

Noir and Sauvignon Blanc) and how their feeding affected grapevine growth. Frosted scale 

population was relatively high on Riesling, moderate on Pinot Noir and lowest on 

Sauvignon Blanc. Feeding activity reduced chlorophyll content and branch internode 

density in the three grapevines. In other parameters, the responses of the varieties differed, 

indicating that the plants respond differently in the presence of scales. Differences in plant 

response suggest that some varieties are tolerant of infestation, and other varieties may have 

resistance traits that are sensitive to the presence of scale. 

 

3.0 Implications 

 

As each chapter had its own discussion, this section will only discuss those aspects that 

may extend across more than one chapter. The areas that will be examined are: 1) the 

location of feeding and the role this might play among instars and across species; 2) trade-

offs between body size and egg size and how this might differ with species and plant 

variety; and 3) tolerance versus resistance characteristics of grapevine varieties and how 

that might vary with climate and cropping within vineyards. 
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Stylet structure and feeding sites changed with development in the two scale species.  The 

long and narrow stylet in crawler stages of P. pruinosum can penetrate and access plant 

tissues, even vascular bundles (Foldi 1997), but the process of feeding once the later instars 

move onto the woody material is less clear. Presumably the access to nutrients on the leaves 

may require less force, as the first instars may not be able to use the anchoring to the 

substrate to help with generating the forces necessary to penetrate woody plant material.  

The ability to generate force for stylet penetration may be associated with the capacity of 

the different instars to adhere to the surface.  The first and second instars are still relatively 

mobile, and their leg contact points limit the downward force for penetration.  As the scales 

age, the mobility is reduced and the substrate adherence may increase so that penetration 

force can be greater. The lower populations observed on Pinot Noir and Sauvignon Blanc in 

the field (as well as the difference between reds and whites; Chapter 4) may be caused by 

the force needed to penetrate cell walls, as the presence of phenolics can affect cell wall 

toughness (Santiago et al. 2013). Differences in cell wall toughness can confer resistance to 

feeding by herbivorous chewing insects (Clissold 2008), but such a relationship has not 

been established for piercing mouthparts. Although nutritional differences can also play a 

role in the variation observed in insect numbers on the plants, if the early instars cannot 

penetrate the leaves, then population numbers would be reduced as a direct result of 

starvation.  

 

Adults grew rapidly in both species prior to oviposition commencing.  However, body size 

in scale insects is variable (Chapter 2), and the eggs of the two species differed in size.  P. 

persicae had the higher fecundity, although mortality of eggs may be higher as a result of 

parasitism (Rakimov, 2010), while P. pruinosum has fewer eggs, but no egg mortality 
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(Rakimov 2010).  Although the fecundity studies were done on the largest and gravid P. 

persicae (Chapter 3), P. pruinosum was larger than P. persicae in all instars as well as adult 

(Chapter 2). The difference in numbers of scales on Chardonnay and Riesling when both 

species were present (Chapter 5) indicated that either the nutritional quality of the two 

varieties favoured one species over the other in terms of development, or that adult 

fecundity or survivorship of early instars was enhanced differentially.  These observations 

suggest that trade-offs between adult body size and fecundity or survivorship may permit 

one species to do better than the other on these plants.  Further work is necessary to 

determine whether species reach larger body sizes depending upon the variety that they 

colonise and thus influence the number of offspring produced. 

 

When scales are present, varieties had different responses for the various parameters 

measured (Chapter 6). Clearly, the greenhouse study demonstrated that the response of the 

varieties during early growth could differ, although a reduction in photosynthesis and 

number of internodes seemed to be a common response.  However the number of scales 

present on Pinot Noir was higher in the greenhouse compared with Sauvignon Blanc, but 

just the opposite effect was observed in the field study (Chapter 5).  Two components 

differed in these studies, 1) age of the vines and 2) environment to which the scales and 

plants were exposed.  In both conditions, the highest number of scales was found on 

Riesling. These results suggest that varieties have at least three different methods for 

dealing with the scales. The grapevines can tolerate the presence of the scales, even at 

relatively high infestations, such as may occur with Chardonnay and Riesling.  

Alternatively, some type of resistance mechanism may be present, either a constitutive 

resistance such as cell wall composition as suggested previously, or an inducible defence 
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that is only present when the scales are feeding.  Examples of the inducible defences can be 

leaf drop when first and second instars are present, such as may have occurred with 

Sauvignon Blanc in the greenhouse, or a change in nutrient levels that could explain the 

lower levels of scales on Pinot Noir. Again, the mechanisms that could cause these changes 

are currently unknown and further examination of potential resistance mechanisms is 

needed. 

 

4.0 Future Research Directions 

 

Future Research directions relating to study areas feeding behaviour, biology and ecology 

of grapevine and frosted scales covered by this thesis are highlighted below. 

 

4.1 Insect Development and Feeding Location 

 

To obtain sufficient nutrition for growth and reproduction, grapevine and frosted scales 

were assumed to feed within vascular bundles. Measurements of the stylet bundle showed 

that that the stylet length changed with changes in feeding location and instar. Further 

studies using electrical penetration graph (EPG) and histological studies may improve our 

understanding on nutrient acquisition and the role of nutrients on life history structure and 

population.  

 

As the scales develop from first instars to adults, leg length decreases, so that contact with 

the substrate increases.  As previously suggested, force generation for stylet penetration 
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may be improved as more contact occurs. Two questions that need to be addressed with 

regards to feeding are: 1. Does feeding location within grapevines vary with life stage? 2. 

What is the role of stylet bundle and tentorial muscle structures for penetration of plant 

substrate and does anchorage in scale insects aid in force production? 

 

As second instars of P. pruinosum can move and re-establish feeding between leaves and 

woody stems (and can even move to other locations on woody stems if temperatures are 

high enough during Winter) (Simbiken pers. obs.), studies using electrical penetration 

graph (EPG) would permit characterisation of feeding locations within the vines. 

 

How substrate contact and leaf toughness interact to determine location of feeding and 

potentially contribute to differences in grapevine variety resistance to scale infestation is 

more difficult, but such work is necessary to determine if these parameters are involved in 

choice of feeding site. Typically, the stylet sheath and the pressure generated by the 

insertion of the stylet are thought to anchor the insect, but further work would clarify this 

aspect of feeding biology in these insects. 

 

How might differences in plant nutrition among grape varieties affect the body size of 

scales, and could this regulate scale population by influencing their fecundity? Although 

nutritive differences may exist, either as a response to feeding location or resource 

availability, differences in scale body sizes could be affected by climate or other 

environmental variables as well, so a detailed study of microclimates would need to be 

included to control for that level of difference between grapevines. Previous studies on 

scale insects showed that mothers might determine the number and size of eggs and 
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therefore offspring performance depending on the quality of environment (Speight 1994, 

Spitzer 2004, Tanga et al. 2013). Some suggestion of resistance to population growth 

occurring by this method was suggested as Sauvignon Blanc did have more of the smaller 

sized insects at maturity (Chapter 3). 

 

Chapters 5 and 6 showed that considerable variation in grape scale numbers can be found 

on different grapevine varieties. These differences may be associated with differential 

response of grapevine varieties to insect feeding. Grapevine varieties may have different 

phenolic and tannin compounds that can affect their nutrient composition. Comparison of 

the salivary secretions with honeydew of scales on different grapevine varieties might 

indicate what materials are different among the varieties that scales are ingesting.  

Alternatively, direct measurement of proteins and other chemicals from the digestive 

system could characterise how ingesta differs among varieties. 

 

4.2 Management of Grapevine and Frosted Scales 

 

Temperature and availability of resources are important factors controlling development of 

insects (Kim et al. 2008, Tanga et al. 2013). Movement of second instars of P. pruinosum 

in the winter months was observed, suggesting that diapause could be facultatitive, 

although development to the second instar stage was within a certain time interval (Chapter 

5). P. persicae under prolonged warm temperatures can develop a partial second generation 

(Rakimov, 2010).  Adult growth and reproduction are restricted to the spring and early 

summer. Some phenotypic variation in the number of generations is present within the 

Parthenolecanium genus, but the consequences on body size development, reproductive 
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output and population growth is unknown. Further study on the effect of temperature on the 

association between numbers of generation and body size is needed to understand the 

climate effects of population growth, and whether this may be important under climate 

change scenarios, so that scales may become a larger problem for grapevines. 

 

Application of insecticide is implemented in the off-season, especially in the winter 

months. Such practise avoids detrimental effects on biological control agents, such as 

parasitoids. Chemical application during warmer periods in winter when instars are active 

could be an effective control method. Further work is required to identify the temperatures 

than can induce movements of second or third instars in winter.  

 

Future studies are required to investigate the effect of mixed cultivation of Pinot Noir, 

Sauvignon Blanc, Riesling and Chardonnay on the distribution, population growth and pest 

severity in vineyards. The current study showed increase grape scale population in 

vineyards planted with suitable varieties. However, mixed cultivation of grapevine varieties 

tends to reduce pest populations. Alternate management strategy utilising a resistant 

variety, such as Pinot Noir, as a barrier crop against grapevine and frosted scales may 

enhance integrated pest management strategy in vineyards.  

 

5.0 General Conclusions 

 

Grapevine and frosted scales can cause significant economic damage to grapevines. 

Currently sporadic outbreaks can occur due to extensive use of pesticides in the viticulture 

industry. However, crop losses due to insect feeding activity and population growth can be 
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localised resulting in vineyard and region specific problems. Factors correlating outbreaks 

are scarcely known, although availability and abundant host plant and reduction in the 

effectiveness of natural enemy population have significant influence on pest outbreak. 

Rigorous studies relating these factors to the pest status of grapevine and frosted scales 

have not been considered. It is unclear under what basis current control measures are 

implemented. This thesis reports on a number of advances in our knowledge of grapevine 

and frosted scales feeding behaviour, biology and ecology that significantly influence 

insect-plant interactions and pest outbreaks. The continued research in the feeding 

behaviour, nutrition and ecology of grapevine and frosted scales is essential for the 

improvement in pest management against these pest insects.  
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