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Summary

Information on the status of museum collections held in the British Isles suggests that 

over 25 million specimens are at risk from the effects of deterioration. It is widely 

acknowledged that this situation is reflected world-wide. One of the main causes of 

deterioration is attributed to the damage caused by pests, notably insects. This study 

examines aspects of pest control in museums and in particular, natural history 

museums. Surveys of museums in the British Isles, and also world-wide were 

undertaken to establish the current status of collections and to provide a basis for 

further study. Results show that the majority of collections surveyed have been 

recently damaged by pests, ranging from minor, isolated incidents to destruction of 

entire collections. The integration of new or loaned material into the museum 

environment was identified as a significant route of infestation. Strategies used by 

museums to protect collections against attack by pests include the use of chemicals, 

particularly dichlorvos impregnated resin strips, para-dichlorobenzene and 

naphthalene. Ironically, the use of these chemicals has in some cases, caused 

detrimental effects on museum specimens and materials. Reported damage includes 

discolouration, soiling, corrosion, tarnishing, weakening, embrittlement, weight loss 

and changes in surface appearance of specimens and materials. Respondents also 

related the use of certain chemicals to personal adverse health effects. The main pests 

of museums are identified and described, and information is given on their status, 

biology, behaviour and damage caused to collections.

The toxicity of three museum chemicals in the vapour phase: para-dichlorobenzene, 

naphthalene and dichlorvos impregnated resin strips, to all life stages of two 

recognised pests of museums, was investigated. The results indicate significant 

variation in toxicity susceptibility to the three chemicals used. This was consistent for 

developmental stages in both of the test species. Dichlorvos impregnated resin strips, 

and para-dichlorobenzene were the most effective of the three chemicals used. 

Naphthalene was the least effective of the test chemicals used having only a moderate 

effect on the developmental stages of both species despite long exposure periods. 

Based on these results an exposure/mortality relationship is proposed for the chemical 

treatment of insect infested collections in museums.



The toxicity and persistence of para-dichlorobenzene, naphthalene and dichlorvos 

against all stages in the life cycle of Dermestes maculatus (Coleoptera; Dermestidae) 

under simulated museum conditions over a twelve month period was evaluated. 

Naphthalene and para-dichlorobenzene were largely ineffective. Dichlorvos 

impregnated resin strip was the most effective of the treatments used, particularly 

against the adult stage showing significant residual activity over the twelve month 

experimental period.

Alternative non-chemical strategies for the elimination of pests in museum collections 

were evaluated. Time/temperature mortality relationships for all stages in the life 

cycles of D. maculatus and Anthrenus verbasci (Coleoptera; Dermestidae) are 

presented. The results show that while there was some variation in species 

susceptibility, exposure to temperatures of either 50°C or -20°C for six hours was 

sufficient to achieve 100% mortality throughout all stages of both species. Based on 

these results a lethal boundary limit is proposed as a guideline for the eradication of 

insect pests from museum specimens and artefacts, and as a potential ‘quarantine’ 

treatment for incoming material.

The use of a low oxygen atmosphere against various stages in the life cycles of eight 

insect pests was investigated. Apart from the larval stage of A. verbasci, results show 

that exposure to an atmosphere of 1.5% oxygen had a lethal effect on all of the stages 

tested. However, an increase in exposure time for this species resulted in 100% 

mortality. The results indicate that both techniques have potential for application in the 

museum environment, including galleries, zoological, anthropological, archival and 

herbarium collections.

The main causes of biodeterioration in museum collections are presented. Reference is 

specifically made to future developments, the prevention of deterioration, new 

technologies and innovations, and how these may be applied to museum situations. An 

integrated pest management strategy is proposed as a policy objective for natural 

history museums. This is based on a multi-component approach, largely dependent on 

prevention and committed participation, incorporating all aspects of collection 

management.
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Chapter 1

PEST CONTROL IN MUSEUMS: STATUS OF COLLECTIONS 

AND A PROFILE OF THE MAIN PESTS INVOLVED

An extract from this chapter has been published in The Irish Naturalists Journal, 

1990, 23(5/6): 219-220.

1.1 General introduction

A museum may be defined as an institution which collects, documents, preserves, 

exhibits and interprets material evidence and associated documentation. The role and 

importance of museum collections in supporting scientific knowledge has been 

accepted for some time and the long term accumulation of such collections throughout 

the world has greatly benefited taxonomic and systematic research. Specimens and 

their associated documentation have an inherent value which record presence in 

certain localities at given times. This knowledge has been used to validate past 

research and as a database to document the existence of new forms, where these forms 

occur, their habitat requirements and other aspects of their biology.

Natural history collections are used to reconstruct phylogenies - the historical 

relationship between species - and more recently as bio-indicators of environmental 

disturbance. Many scientific publications would not have been possible without the 

availability of museum collections and this has directly benefited other areas of 

science including medicine, genetics, population biology and ecology. Museums also 

have an important role in providing information to the general public by way of direct 

information or consultation in response to specific enquiries, or to special interest 

groups such as foresters, farmers, industry, health officers and environmental planners. 

The display of material in an educational format and the provision of specialist 

exhibitions are used as a teaching and information resource for schools, universities



and the general public. Increasingly, museums and local heritage centres provide 

tourist attractions, generating employment and revenue.

While it is generally acknowledged that museum collections contain considerable 

material resources of scientific, historical and educational importance, are in many 

cases impossible to replace, and should be maintained to the highest standards possible 

- insufficient resources and the modern demands placed on collections have increased 

their vulnerability. Information gathered from recent surveys suggests that many 

collections are deteriorating and urgently require a long-term protection strategy if 

they are to survive intact and undamaged for future generations.

One of the main causes of deterioration in museum collections arises from pest 

contamination. This is because the organic composition and dehydrated state of certain 

museum objects represents a potential ‘ready to eat’ food source for a range of pests, 

notably insects. Given the almost unlimited food supply available in museums 

combined with shelter, warmth and the relative ease of avoiding detection, it is not 

surprising that pests have managed to exploit the museum environment with such 

success. Damage to zoological and botanical material, textiles, books, paintings, 

wooden artefacts, archival material, cultural property, furnishings and buildings can 

result from the feeding, burrowing and other activities of pests, causing damage 

ranging from minor, localised deterioration of individual objects to extensive and total 

destruction of entire collections.

The quantity and value of museum specimens and materials damaged or destroyed by 

pests is difficult to assess, however information on the status of collections held in 

museums throughout Britain suggests that over twenty five million natural history 

specimens are at risk, or are currently in deterioration (Horie and Howie, 1986). 

Museum surveys (Bell and Stanley, 1980; Linnie, 1987; Linnie, 1994) support this 

view and indicate that the situation is reflected world-wide. Over the years, collection 

managers have been well aware of the dangers of biodeterioration in museum objects 

caused by insects and other pests. This has become indirectly familiar to museum 

visitors by the characteristic odours of chemical pest deterrents and insecticides, which 

permeate through many museums. The prevention of pest invasion and subsequent



damage to museum objects is an on-going process for museums, requiring constant 

effort and commitment and against a background of time and financial constraints is 

becoming increasingly difficult to achieve (Stansfield, 1985). Traditionally, museums 

have relied on the application of chemicals as the principal strategy for prevention and 

control of pest infestations in collections, however, the inadequate information and 

recommendations available on the use of chemicals in the museum environment has 

raised concern over the effectiveness of such treatments, hazards to human health and 

potential damaging influences on specimens and materials (Dawson, 1987). Such 

concerns have initiated research on the efficacy of chemical control treatments and 

have promoted investigation into alternative control methods.

1.2 Historical perspective

Pest infestations are not of course confined to museums. Commercially, pre-harvest 

losses of grain and cereal produce sustained by insect pests have been estimated at 

over 10% of the total world production (Monro, 1974), while post-harvest losses 

world-wide are estimated at 20% (Pimentel et al., 1975) ranging from 9% in the 

United States to between 40-50% in certain developing nations (United States Dept of 

Agriculture, 1965). Annual losses to furs, hides, skins and woollen textiles are valued 

at over 200 million U.S. dollars (Reagan, 1982). Despite the need for caution in 

interpreting such estimates of losses due to insect pests, there is considerable statistical 

evidence to demonstrate the range and level of damage that can be sustained.

The undoubted success of insects in exploiting field crops and harvested produce led 

to the introduction of chemical control methods and ultimately the widespread use of 

insecticides. Prior to 1940, the main insecticides used were derived from inorganic 

materials including hydrogen cyanide and lead arsenate, plant based organic 

compounds such as nicotine, or petroleum based compounds and tar-oil distillates. 

Over the following ten years, considerable advances by the chemical industry led to 

the development and introduction of highly toxic synthetic organic compounds which 

although very effective, unfortunately had a profound effect on the biology and control 

of injurious insects. The best known of these insecticides was DDT (dichloro-diphenyl 

trichloroethane). Although highly regarded at the time, the indiscriminate and largely



uncontrolled use of DDT and other compounds had serious adverse effects on wildlife 

populations, and ultimately led to a reduction of natural pest predators and 

significantly, subsequent development of resistant strains of pest species. Nowadays, 

the use of insecticides is tightly controlled through legislative compliance and a wide 

range of compounds and formulations with different modes of action have been 

developed to target specific pests and conditions. Although not designed for museum 

use, some of these compounds were adopted by the museum community largely on a 

trial and error basis to control and eradicate pests. Implications arising from their use 

are discussed in later chapters.

The earliest records of insects associated with the deterioration of stored objects are 

those of a ‘flour beetle’ found in an Egyptian tomb of the 6th Dynasty, 2500 BC and 

of the ‘biscuit beetle’, ‘spider beetle’ and ‘tobacco beetle’ found in the tomb of the 

boy King, Tutankhamun, 1390-1380 BC (Munro, 1966). Strong (1981), also reported 

damage to ancient Egyptian mummies (c.lOOO BC) caused by Dermestes frischi 

Kugelann and Dermestes ater De Geer (Coleoptera: Dermestidae). Extensive damage 

had been caused to the layers of wrapping used in the preservation process and to the 

head, neck, shoulder and arm regions of the mummified corpse. However, the 

complete absence of damage to the outer layers of bandage wrappings indicated that 

the beetles found had invaded the corpse prior to the final wrapping stage, and as such 

were over 3,000 years old. D. frischi has also been found in the heads and canopic 

jars of other Egyptian mummies (Hope, 1834; Lesne, 1930) and is recorded as being 

common in food storage areas in Egypt (Hinton, 1945).

Osborne (1977) reported evidence of Stegobium paniceum  (Linnaeus) (Coleoptera: 

Anobiidae), Tenebrio obscurus, Fabricius (Coleoptera; Tenebrionidae), Sitophilus 

granarius (Linnaeus) (Coleoptera: Curculionidae) and Oryzaephilus surinamensis 

(Linnaeus) (Coleoptera: Silvanidae), in 2nd century Roman sites at Alcester, 

Warwickshire. These species are cosmopolitan pests of stored products today and their 

spread is generally attributed to modern commercial traffic.

The habits of mature beetle larvae (Dermestidae) are referred to in ‘The Last Voyage 

of Thom. Cavendish’ (Ed. Goldsmid, 1890), where an account from 1593 AD is given 

of a ship with a cargo of dead penguins which sank following structural damage



arising from the burrowing activities of dermestid larvae. The earliest published 

record of insects damaging museum specimens is by Linnaeus (1767) who discovered 

Anthrenus museorum  (Linnaeus) (Coleoptera; D erm estidae) attacking dried 

entomological collections. Brown (1838) lists damage to over 2,000 herbarium 

specimens caused by insects, while Broadhead (1953), lists five species of book-lice 

(Psocoptera) known to cause damage to museum collections.

Early collectors of natural science objects, obviously aware of the potential damage to 

their valued collections by pests, were not slow to take whatever measures were 

available at the time to protect their specimens. Field collectors in particular, used a 

variety of chemicals and ‘poisons’ to protect specimens in transit, including arsenic, 

corrosive sublimate, ‘flour of sulphur’, nicotine and camphor. The type of treatment 

used depended on the material collected and whatever happened to be available at the 

time. Wet specimens were preserved in various alcohol mixtures, while dried 

specimens were preserved in salts, stuffed with herbs, heat treated, or rubbed, painted, 

immersed, or brushed with arsenical or mercuric compounds (Goldberg, 1996).

There is ample evidence to indicate that over the last hundred years at least, museums 

also used a variety of chemical applications to treat pest-infested collections A 

specimen of the now extinct Great Auk, Alca impennis Linnaeus held in the 

Zoological Museum of Trinity College in Dublin is reported to have been ‘cured’ with 

arsenical soap in 1834 (Thompson, 1835). and prevent further attack. Arsenical soap 

(a mixture of powdered soap and white arsenic) was a standard treatment for animal 

skins and skeletal material in the nineteenth and early twentieth centuries and was 

considered an essential commodity for collectors (Hawks and Williams, 1986). Other 

methods to eliminate pests were also tried. Peale (1864) describes the use of an oven 

for the eradication of ‘dermestides (sic) populations’ in collections of Lepidoptera.

The treatment of wood, textiles, skins and botanical materials with corrosive sublimate 

(mercuric chloride) or arsenic in alcohol was recommended in the annual report of the 

Smithsonian Institute in 1887 (Hough, 1889). The report also suggests using 

naphthaline (sic) for insect collections and costumes. Crystals of naphthalene were 

liberally sprinkled on objects as a preventative measure against potential moth



infestations. Para-dichlorobenzene was first mentioned as a fumigant solution for 

exhibition cases in 1931 (Kreiger, 1931). Both naphthalene and para-dichlorobenzene 

were used as volatile preservatives in closed cases and also as a deterrent measure.

In 1946 DDT was promoted as the new ‘wonder’ pest control solution for active 

infestations and as an insect deterrent in exhibition and storage cases. In the same 

year, the United States Department of Agriculture recommended the use of 5% DDT 

in deodorised kerosene for baseboards and floors, and 2% DDT in Stoddard solvent 

for the treatment of textiles (Goldberg, 1996). Around this time, chlorinated 

hydrocarbons, such as ethylene dichloride and carbon tetrachloride had come into use 

for periodic, in situ use as fumigants. When mixed with ethylene dibromide they 

formed a liquid fumigant commercially known as ‘Dowfume G ’. This was later 

formulated to exclude ethylene dibromide and was known as ‘Dowfume 75’. The use 

of these compounds continued until the 1970s, but they were eventually withdrawn on 

health and safety grounds.

Later, dichlorvos (2,2 - dichlorovinyl dimethyl phosphate, also known as DDVP or 

Vapona) was introduced as an alternative to gaseous fumigation. Dichlorvos in the 

form of impregnated resin strips gained popular usage in museums and remain widely 

used.

More recently, concerns about human health and safety have become prevalent, and 

consequently many museums have reduced or restricted the use of chemicals in their 

institutions. This has promoted the use of alternative control measures and has 

encouraged collection management policies, which eliminate or severely restrict the 

use of chemicals. These methods are discussed in later chapters.

1.3 Main pests of museums: general characteristics and behaviour

A popular account of insects recorded in Ireland which are of concern to museums is 

given by O’Connor and Ashe (2000). Full nomenclature for the insect species used in 

the experimental stages of the project follows in Appendix 1.



I

The pests most frequently found damaging museum collections are insects. 

Beauchamp, et al. (1981), in a reference listing of museum pests, loosely describe 123 

pests of museums of which 98 are insects. Flies, wasps and ants are also included in 

the list, but are considered of nuisance value only and not destructive to museum 

I  collections or buildings. Other pests listed include mites, fungi, bacteria and rodents.

Of the insects, certain beetles are considered the most damaging. According to Hinton 

I (1945), 600 species of beetles, representing 34 families have been associated with

damage to stored produce throughout the world. W ithin these fam ilies, the 

Dermestidae have achieved the most notoriety as pests of museum collections.

1.3.1 Order Coleoptera: Family Dermestidae

About 7(X) species of Dermestidae have been described (Hinton, 1945). They vary in 

length from 1.5mm to 10mm and are densely covered with hairs or scales that are 

often conspicuously coloured. The head, small and deflexed, usually bears a median 

ocellus, except in Dermestes spp. (Freeman, 1980), and can be withdrawn into the 

prothorax up to or beyond the eyes. The antennae are short, with between 5-11 

segments terminating in a distinctive and relatively large ‘club’, usually formed by 

two or three apical segments. The elytra completely cover the abdomen and five 

abdominal segments are visible ventrally. Hind wings are always present and usually 

well developed. The legs are short and retractile with the ventral surface of the femur 

concave for the receptior of the tibiae. All tarsi are five segmented.

Dermestidae are readily distinguished from other Coleoptera by the larval stages. 

These are campodeiform, elongate and sub-cylindrical in cross-section. The larvae are 

densely covered in setae, sometimes forming conspicuous ‘tufts’ on the abdominal 

tergites (Hinton, 1945; Freeman, 1980; Munro, 1966). Of the Dermestidae, the 

Anthreninae are considered the most successful and specialised (Armes, 1985) with 83 

described species mostly from the Palaearctic region (Mrocozkowski, 1968). Many 

are of considerable economic significance and are loosely referred to as ‘carpet 

beetles’ because of their predilection for processed animal products including woollen 

fabrics and dried proteinaceous materials. Larvae of Anthreninae are referred to as 

‘woolly bears’ because of the abundance of long setae covering their bodies (Plates 1 

and 2).
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Plates 1 and 2 Scanning electron micrographs of the larval stage of Anthrenus 
verbasci (L.) showing body setae.



Dermestids feed on a wide range of material of both animal and vegetable origin 

including skins, hides, feathers, furs, carpets, woollen fabrics, dried food products, 

bones, cereals and seeds. Virtually all products containing protein are susceptible to 

attack (Hinton, 1945; Freeman, 1980; Story, 1985). World-wide damage to stored 

food products valued at several million pounds has been attributed to the feeding 

activities of Dermestidae (Hinton, 1945), while Smit (1931) reported annual losses of 

sheepskins in South Africa estimated at £350,000. Damage is caused mostly by the 

larval stages as the adults generally feed outdoors on pollen and nectar. Some species 

of adult dermestids feed to a minor extent only, while others do not require either food 

or water. Considerable damage may also be caused by mature dermestid larvae, which 

after feeding, burrow into materials prior to pupation. Buildings, furnishings, electrical 

cables, ships, stonework, telephone installations and lead sheeting have all been 

affected (Hinton, 1945; Busvine, 1976; Story, 1985).

The proteinaceous composition of many museum objects also targets them as a 

potential food source. Twenty-two spp. of Dermestidae are known to have caused 

damage to museum materials, particularly insect collections. Anthrenus verbasci (L.), 

Anthrenus scrophulariae (L.), Anthrenus museorum  and Trogoderma versicolor 

(Creutzer) are considered the most significant insect pests of museum collections, 

responsible for bulk losses to entomological collections. Of these A. verbasci is 

considered the most important museum pest in temperate regions, if not world-wide 

(Hinton, 1945). This species is common in the south-east of England, but there are 

only two published records of its occurrence in Ireland (O’Connor and Nash, 1986; 

Linnie, 1990).

In Finland, Reesa vespulae (Milliron) is considered the main pest of museum 

collections (Hammalainen and Mannerkoski, 1984). Earlier, Mehl (1975) reported 

damage caused to zoological and botanical specimens in Finland, Sweden, Denmark 

and Norway by R. vespulae. The parthenogenetic capability of this species is 

considered a contributory factor in their successful exploitation of museum 

collections. Dermestes maculatus and Dermestes lardarius Linnaeus have also been 

recorded from museum collections in Finland, where damage was caused to study 

skins and furs (Hammalainen and Mannerkoski, 1984). Zaitseva (1987) lists A.



verbasci, Anthrenus picturatus (Linnaeus), Anthrenus flavipes Le Conte, Attagenus 

smirnovi (Linnaeus) and R. vespulae as the most serious pests of museum collections 

and attributes their success to the increased international exchange of museum 

specimens, resulting in a greater distribution range.

Armes (1985) lists Anthrenus sarnicus Mrocozkowski as the most serious pest of 

insect and skin collections in the British Museum (Natural History) where previous 

investigation had shown A. verbasci to be the museum’s most prevalent and damaging 

pest. A. sarnicus  was first described by Mrocozkowski (1962) after larvae were 

received by Rentokil Ltd. (U.K.) from a domestic infestation in Guernsey, Channel 

Islands. Edwards (1969) reported A. sarnicus as widespread in West London where it 

was overlooked by entomologists because of its close superficial resemblance to A. 

verbasci.

Hall (1988) surveyed 25 herbaria in South Africa and reported A. verbasci as the main 

pest, while A. flavipes, D. lardarius and Trogoderma spp. were considered more 

active on zoological collections. Other species of Dermestidae known to attack 

museums include Attagenus pellio (Linnaeus), Attagenus megatoma (Fabricius) and 

Anthrenus piceus (Brahm), (Pinniger, 1989; Munro, 1966).

1.3.2 Order Coleoptera: Family Anobiidae

The Anobiidae, commonly referred to as ‘furniture beetles’ include over ICKX) species 

the majority of which are confined to the tropics. They are sub-cylindrical, oval or 

globular beetles ranging between 2mm and 6mm in length and may be distinguished 

from other groups by the prothorax which partially envelopes the deflexed head 

(Freeman, 1980). The body surface is covered with fine recumbent or semi-erect setae 

and the antennae are 9-11 segmented, occasionally with the last three segments 

markedly elongated. As in the Dermestidae, the elytra completely cover the abdomen 

and there are five segments visible ventrally. All tarsi are five segmented and the legs 

are capable of being retracted into the singular cavities between the head and 

prothorax, prothorax and mesothorax and behind the declivity of the hind coxae 

(Freeman, 1980; Hickin, 1985). The larvae are scarabaeiform with two-segmented
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antennae and ten abdominal segments with the tenriinal segments generally larger than 

those preceding (Richards and Davies, 1977).

Fifteen species of Anobiidae have been recorded as pests of stored products. Many 

are woodborers, spending the entire larval stage within the wood (Freeman, 1980). 

Anobium punctatum  (De Geer) and Xestobium rufovillosum (De Geer) are considered 

the most damaging to buildings, furnishings and objects of wooden composition. 

Infestations of A. punctatum  in softwood structural timber in the U.K. account for an 

estimated £10 million annual expenditure on remedial treatment (Hickin, 1985). The 

species is distributed world-wide and has become well established, although it is not 

considered injurious to timber in tropical areas except where altitudes make conditions 

more favourable to development.

The wood-boring habits of A. punctatum  make it a potential pest of museum 

collections. Child and Pinniger (1987) list it as widespread throughout the U.K. and 

the predominant pest of wooden museum objects and furnishings, where it has been 

known to attack seasoned softwoods and hardwoods, animal glue bonded plywood, 

wicker work and wood with fungal decay. Infestations are initiated by adult beetles 

depositing eggs in irregularities on wooden surfaces. Following hatching, larvae 

burrow into the wood and may tunnel for three or more years before pupation. Books 

and papers may also be affected (Pinniger, 1989). In a survey of fifty herbaria in the 

United States, Croat (1978) found the Anobiidae to be the most serious pests of 

botanical material. Adults were found to oviposit directly onto dried plants causing 

considerable damage. Eight species of Anobiidae are considered common pests of 

museum collections (Beauchamp et al., 1981). Materials and objects affected include 

storage cabinets, bookbindings, dried plants, photographs and manuscripts.

Croat (1978) and Kingslover (1988), list Stegobium paniceum  and Lasio serricorne 

(Fabricius) as serious pests of museums, causing damage to books, insect specimens, 

cork sheeting, dried plants, and Egyptian mummies, while Hall (1988) and Story 

(1985) report L. serricorne as the main pest of herbaria, affecting botanical 

collections, glues, furnishings and leather book-bindings. Hickin (1985) lists S. 

paniceum  as an important pest of domestic and commercially stored produce where it 

will feed on a wide range of materials including flour, bread, meat and spices. It has



also been known to infest poisonous substances including strychnine, belladonna, and 

aconite, which account for its vernacular name, the Drug-store beetle. Hickin (1985) 

also lists damage to tin foil and lead sheeting attributed to S. paniceum, while Dawson 

(1987) records it as a pest of wool, hair and horn. Monroe (1966) reported L. 

serricorne as the major pest of stored tobacco, including dried leaves, cigarettes and 

cigars.

1.3.3 Order Coleoptera: Family Ptinidae

Other Coleoptera known to attack museum collections include the Ptinidae. The group 

is closely related to the Anobiidae but are separated by their moniliform antennae, 

long ‘spider-like’ legs and by the constriction at the base of the prothorax (Munro, 

1966). The larvae are superficially similar to the Anobiidae but the abdominal tergites 

lack rows of spinules and the anterior spiracle is in the prothorax region and not in the 

intersegmental (Richards and Davies, 1977). The Ptinidae are general feeders 

scavenging mainly on the debris surrounding insect and animal remains, dried beans 

and fruits, grains and cereals (Hickin, 1985). Ptinusfur (Linnaeus) has been recorded 

in museums where damage to feathers, animal skins, insects and plant collections 

occurred (Mallis, 1982).

Niptus hololeucus (Faldermann) is known to attack leathers, books, feathers, hair, 

bones and entomological collections (Hickin, 1985). Kingslover (1988) lists Gibbium 

psylloides (de Czenpinski) as a pest of wool, leather and paper, while Pinniger (1989) 

reports Ptinus tectus Boieldieu as widespread and common in birds nests, basements 

and stores where it will feed on a wide range of vegetable and animal detritus. There 

are over 500 species, 24 of which are associated with stored products. They are 

frequently found in granaries and warehouses (Freeman, 1980).

Other Coleoptera found to attack museum collections and furnishings include 

Dinoderus minutus (Fabricius) (Bostrichidae), Lyctus brunneus (Stephens) (Lyctidae), 

Necrobia rufipes De Geer (Bostrichidae), Tribolium confusum  Jacquelin du Val 

(Tenebrionidae) and Oryzaephilus surinamensis (Linnaeus) (Silvanidae) (Kingslover, 

1988).
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1.3.4 Order Lepidoptera: Family Tineidae and Family Oecophoridae

A characteristic feature of adult Lepidoptera is the structure of the wings. The setae 

covering the wing membrane are modified into flattened, overlapping scales. Scales 

may also be present on the head, thorax, legs and abdomen. The scales are often 

brightly coloured or reflect colours and may be arranged in definite groups. The 

presence of a tongue sometimes vestigial, but often long and coiled, adapted for 

sucking liquids is also characteristic. The Lepidoptera have been divided somewhat 

artificially into butterflies and moths, a division largely historical rather than 

taxonom ic, with the moths loosely divided into M acrolepidoptera and 

Microlepidoptera (Holloway et al., 1987). A number of species adapted to scavenging 

on animal and vegetable detritus have become pests of stored food products and 

textiles. The most important of these belong to the Tineidae, Oecophoridae, 

Gelechiidae and Pyralidae. Of these the Tineidae and Oecophoridae are considered 

most likely to attack museum collections (Busvine, 1980).

The Oecophoridae comprise approximately 6,000 species characterised by long, 

strongly recurved labial palpi and a proboscis partially set with dense scales (Freeman, 

1980). The Tineidae are distributed world-wide and comprise up to 3,000 species. 

They are characterised by erect, rough scales, which cover the head, and the labial 

palpi, which bear lateral bristles. The proboscis is short or absent and without scales 

and the maxillary palpi often long (Richards and Davies, 1977; Freeman, 1980). 

Adult Tineidae are weak fliers and have a characteristic ‘scuttling’ run. European 

species feed upon dried animal or plant material and will also attack carpets, furs, 

feathers and clothing (Richards and Davies, 1977). Busvine (1980) lists the Tineidae 

and Oecophoridae of economic importance. The Tineidae are important pests of the 

clothing industry (Munro, 1966). Damage caused can vary from irregular furrows or 

holes though the fabric (Dawson, 1987) to soiling and staining of garments following 

accumulation of frass (Pinniger, 1989).

As in the Dermestidae, both families possess the ability to digest keratin, the chief 

constituent of fur, wool and feathers. This is achieved in the clothes moths by highly 

alkaline conditions in the gut region combined with a low oxidation-reduction



potential. Pinniger (1989) lists Tinea pellionella Linnaeus and Tineola bisselliella 

(Hummel) (Tineidae) as the two most serious moth pests of museums. Hickin (1985) 

records damage to wool, hair and feathers by T. bisselliella, while Kingslover (1988) 

lists T. bisselliella as a pest of plant material and freeze dried specimens. Breeding 

and feeding activities are supported by a wide range of materials of both animal and 

vegetable composition. Fishmeal, albumen based products and cereals are susceptible 

to attack as are carpets, insect collections, felts and upholstery (Dawson, 1987). 

Trichophaga tapetzella (Linnaeus) (Tineidae) readily attacks materials with coarse 

fibres and will feed on tapestries, skins, carpets and furs (Busvine, 1980). Munro 

(1966) lists Hofmannophila pseudospretella (Stainton) (Oecophoridae) as a scavenger 

of cereal spillage, bulk wheat, bagged flour and other stored commodities, while 

Endrosis spp. (Oecophoridae) are also listed as general scavengers, widespread in 

granaries, farm buildings and domestic dwellings.

1.3.5 Order Psocoptera

The Psocoptera (psocids or book-lice) are soft-bodied, small to minute sized insects, 

with modified biting mouthparts and long multiarticulate filiform antennae. Some 

species possess two pairs of membranaceous wings although species found indoors are 

generally wingless. The immature stages resemble the adults but are always wingless. 

(Freeman, 1980). When outdoors, psocids occupy a wide range of habitats including 

caves and birds nests, although they are generally considered woodland dwellers 

where they may be found under bark, on tree foliage and amongst leaf litter. Food 

consists of unicellular algae, lichens, fungal hyphae, spores, plant and insect remains 

(Hickin, 1985) but they will also contaminate stored foods with their waste products 

and cause damage by direct feeding (Freeman, 1980).

Psocids prefer dark, humid conditions and given suitable conditions can develop large 

populations and become serious household and industrial pests. L ip o sce lis  

bostrychopilus Badonnel (Liposcelidae) is very common in heated buildings and is a 

particular problem where books and manuscripts are stored (Pinniger, 1989). 

Kingslover (1988) records Liposcelis corrodens Heymons (Liposcelidae) as a pest of 

books and paper, while Dawson (1987) lists damage to glue, paste and book-bindings 

by Liposcelidae and Trogiidae. Broadhead and Hobly (1944) recorded damage to



herbaria, insect collections, libraries and stored foods by Liposcelis spp., while Hall 

(1988), reports L. bostrychopilus and Trogium pulsatorium  (Linnaeus) (Trogiidae) as 

common in museums and herbaria where they are known to attack dried plants, 

particularly Steraceae, Brassicaceae and petaloid monocotyledons.

1.3.6 Order Thysanura

The Thysanura (silverfish) comprise 370 described species from four families, all 

wingless and readily recognised by the presence of long anal cerci and a covering of 

silvery scales which present a glistening appearance. The antennae are many 

segmented and the mouthparts are generalised, mandibulate and exposed externally. 

The abdomen is 11-segmented and bears eight or fewer pairs of segmental appendages 

(Davies, 1988). The Thysanura are considered to be among the most primitive of the 

insects. Most members of the group belong to the cosmopolitan family Lepismatidae 

and feed principally on material of vegetable origin including glues, bookbindings, 

photographs, wallpaper, cotton and linen (Dawson, 1987). Two species are commonly 

found indoors, Lepisma saccharina Linnaeus (Common silverfish) and Thermobia 

domestica (Packard) (Firebrat) (Lepismatidae) where they are general scavengers, 

feeding on mostly starch based materials and also dead insects (Freeman, 1980).

L. saccharina has been known to damage labels, postage stamps and paper currency 

(Pinniger, 1989). They are often serious pests of granaries, mills and bakeries and are 

common household pests. Silverfish tend to prefer locations, which are high in 

temperature and humidity and unusually for insects, continue to moult their skin 

periodically after they become adults. The presence of cast skins in museum 

collections is often an early indication of infestation.

1.3.7 Order Blattodea

The Blattodea comprise the cockroaches, a group previously included in the 

Orthoptera. Certain cockroach species occasionally become pests of museum 

collections and buildings. Cockroaches include about 4,000 species, mostly tropical in 

distribution and typically nocturnal and omnivorous. The antennae are nearly always 

filiform with many segments and the mouthparts are adapted for biting. The forewings



are usually thickened and overlap along the mid-dorsal line while the hindwings are 

more delicate and are folded under the forewings. Both pairs of wings may be reduced 

or even absent. The tip of the abdomen usually has segmented cerci. Immature stages 

are similar to the adults, except for the absence of wings (Freeman, 1980; Davies, 

1988). The success of cockroaches in exploiting man-made environments has been 

attributed to their omnivorous feeding activities, high reproductive behaviour, mobility 

and the secretive mode of existence, which limits their detection. Of the species found 

indoors, the German cockroach, Blatella gerrmnica (Linnaeus) has the shortest life 

cycle and the greatest reproductive potential.

Cockroaches will consume virtually any human food or beverage including 

individuals of their own species and their cast skins. In a museum context they are 

known to attack a wide range of materials including leather, parchment, clothing, dried 

insects, paper, glue and book bindings (Dawson, 1987). Blatella germanica and 

Periplaneta americana (Linnaeus) (Blattidae) have been recorded from herbaria (Hall, 

1988) where excretions and feeding activities caused damage and discolouration of 

specimens and storage sheets.

1.4 General outline of the thesis

While problems associated with pests and pest control policies have been widely 

acknowledged in museum circles for some time, a review of relevant literature at the 

outset of this project showed that little information had been published in museum 

journals and associated press on the scale of the problem and the status of collections. 

Personal communications with museum colleagues confirmed this author’s opinion 

however, that the issue was serious and required investigation. Against this 

background the aims of this research were determined as follows:

(a) to establish on a world-wide basis, by detailed survey the current status of museum 

collections and the museum environment, pest control management policies and 

associated problems.

The results of these surveys are outlined in Chapter 2 (Great Britain and Ireland) and 

in Chapter 3 (World survey).
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(b) to identify and assess the principal methods of chemical pest control in museums 

and based on the information gathered in the surveys, to evaluate their effectiveness 

against known pests of museum collections.

This is dealt with in Chapter 4, which is divided into two parts. Part 1 examines the 

effectiveness of three commonly used museum chemicals, when used in concentrated 

amounts against all stages in the life cycle of two insect species known to damage 

museum collections. Part 2 investigates the residual effectiveness of these chemicals 

over a twelve-month period under conditions of practical usage.

(c) to investigate and determine the effectiveness of certain non-chemical methods of 

pest eradication and assess their feasibility for museum applications (Chapter 5).

This chapter is also divided into two parts and investigates the use of extreme 

temperature regimes (Part 1) and anoxic micro-environments as potential pest 

eradication methods feasible for use in museums (Part 2).

(d) to propose a long term strategy based on an integrated pest management policy for 

the protection of museum collections and archival material against pest contamination 

(Chapter 6).

The general findings reported in the thesis are discussed (Chapter 7) and an overview 

is given on the present status of collections and how they will be affected by 

legislative compliance and future trends. It is intended that the results of these 

investigations will be used to develop a framework for a preventive conservation 

approach designed to mitigate against the deterioration of museum collections, cultural 

property and archival material caused by pest infestation.

Publications by the author, extracted from the main body of the thesis are presented 

after the index of cited references.



Chapter 2

PEST CONTROL: A SURVEY OF MUSEUMS IN GREAT BRITAIN 
AND IRELAND

Extracts from this chapter have been published in the International Journal o f 
Museum Management and Curatorship, 1987, 6; 277-290 and also in the Journal 
o f Museum Management and Curatorship, 1990, 9: 419-433.

2,1 Introduction

Until recently, little research had been undertaken on problems associated with pests 
in museums. Consequently the exact nature and scale of the problem was difficult to 
determine. Stansfield (1985) reported that no comprehensive survey had been 
undertaken to determine the status of collections in Britain and that inadequate 
information and few recommendations existed for pest control management 
programmes in museums. Elsewhere, the Association of Systematics Collections 
surveyed pest control practices in American museums and published the results in 
‘Pest Control in Museums: a Status Report’ (Bell & Stanley, 1980). This represented 
the first detailed report on pest control in museums and included information on the 
range of chemicals used, their reactivity with materials and specimens and range of 
pests encountered. Subsequently, a survey of pest control practices used in 27 New 
York city museums indicated that staff had little knowledge of the hazards, 
precautions and regulations relating to the use of pesticides in the museum 
environment (Peltz and Rossol, 1983).

However, despite the usefulness of these reports, there were limitations as far as 
museums in the British Isles were concerned. The use of chemicals in American 
institutions is regulated by United States federal legislation, specifically the Federal 
Insecticide, Fungicide and Rodenticide Act of 1947 (FIFRA) and administered by the 
Environmental Protection Agency. The Act seeks to protect pesticide users through 
safer product labelling and by ensuring that pesticide products are effective in 
achieving performance claims. Subsequent amendments, (1972, 1975 & 1978) 
allowed FIFRA to classify and regulate the use of pesticides. However, these Acts 
determine the pesticides approved for use in American museums only, and so, 
pesticides available for use in the British Isles may not necessarily be legally
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permissible in American institutions. This limits the usefulness of making direct 
comparisons between American and British museums. Also, information was not 
requested on health and safety aspects of pest control policies, so little was known 
about the occupational health of museum workers as a possible consequence of 
exposure to chemicals in the museum environment.
To clarify the situation and establish priorities for further research, a survey of natural 
history museums in Great Britain and Ireland was undertaken between 1985 and 1987. 
The survey was designed to gather as much information as possible regarding aspects 
of collection management related to pest control practices. Based on this information, 
it was anticipated that research strategies could be developed to examine the efficacy 
of current methods of pest control and to promote investigation into alternative 
methods using non-toxic and residue - free treatments.

2.2 Methods

A list of 123 natural history museums, comprising national, regional, university. 
County and society museums, was compiled from the Museums Association Yearbook 
(1976), the membership list of the Biology Curators’ Group (1985) and from personal 
contacts. Information was requested on pest control methods operated by museums 
including apparent effects, if any, on collections and materials, types and frequency of 
pests found, damage caused and adverse effects on health which workers associated 
with the use of pesticides.
The six-page questionnaire used is reproduced in Appendix 2. Questionnaires were 
circulated with an accompanying letter explaining the objectives of the survey during 
April 1985 and further reminders were sent to those museums from which returns had 
not been received after a period of approximately four months.

2.3 Results

Of the 123 museums contacted, 108 replies were received. However, this total was 
reduced by 12 incomplete returns, due to changes in/or absence of curatorial staff, or 
because in some cases respondents felt unable to answer specific sections. The 
following results represent percentages of completed returns received from 96 
respondents in 89 museums throughout Great Britain and Ireland and refer primarily 
to dried, perishable collections of animals and plants. The geographical distribution of 
museums surveyed is shown in Figure 2.1.
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Figure 2.1 Distribution of museums surveyed in Great Britain and Ireland
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2.3.1 Types of collections managed by respondents

The majority of respondents (68%) are responsible for more than one type of 
collection and as the survey was directed at mainly natural history museums with dried 
perishable material, zoological collections, comprising principally of entomological 
specimens, dried skins, mounted specimens and osteological material were the most 
frequently reported (89%). Botanical collections, consisting mostly of dried and 
pressed plant material held in herbarium sheets were also widely reported (68%). 
Other collections featured in the results include anthropological and archaeological 
material (19%), and ethnographical material (13%).

2.3.2 Quantities of specimens held in museums, types of containers and 
environmental conditions

Collections varied in size from small museums with fewer than 5000 specimens (25%) 
to national and university museums with over 1,000,000 specimens (8%) (Figure 2.2).
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Figure 2.2 Quantities of specimens held in museums 
(96 respondents in 89 museums)

Natural history museums vary considerably in size and form, consequently a wide 
range of containers are used for storage and display. Wooden storage units (82%), 
enclosed drawers within cases as in entomological collections (73%) and large



Exhibition type cases (71%) were the most frequently reported. 32% of respondents 
also use metal containers and a considerable number of museums store materials in 
cardboard boxes (27%), in polythene bags, open trays and on open shelving (17%). 
Most museums use all of the container types listed and two respondents reported the 
use of acid-free cardboard boxes.

Little information was provided on precise details of temperature and humidity levels 
in museums, although 32% of respondents use some form of controlled temperature 
throughout the museum building, including storage and display areas. However, these 
controls are not generally dictated by specific pest control strategies or special 
demands of particular collections. Controlled humidity levels throughout museum 
buildings were reported in five museums, while 19% control humidity in storage areas 
only. Four museums use air filtration systems and five museums have some form of 
air recirculation. Access doors which open directly from the storage area to the 
building exterior were reported by 25%, while 49% have windows which also open 
directly to the building exterior. The possibility of direct access by pests from these 
sources is high, although only 7% positively link past or existing infestations with 
entry through windows and doors.

2.3.3 Range of pests encountered in museums

A high percentage of respondents (88%) reported evidence of past or recent pest 
infestation. The range and frequency of pests encountered (Figure 2.3) show that the 
Dermestidae (hide, bacon and carpet beetles), Anobiidae (furniture beetles) and 
Lepidoptera (i.e. moths) were the most frequently found. The Ptinidae (spider 
beetles) accounted for four infestations, and ‘nuisance’ occurrences of thrips, woodlice 
and ants were also reported.
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Figure 2.3 Range and frequency of pests encountered 
(96 respondents in 89 museums)

s Anobiid beetles

m Tenebrionid beetles

□ Mites

□ Cockroaches

Moths

B Silverfish

Psocids

□ Rodents

13 Fungi

□ Unspecified

■ Others

Twelve different groups of pests were recorded, but not all of these posed a serious 
threat to collections. The Dermestidae were considered the greatest single pest 
problem by 35% of respondents, although despite high occurrence rates the Anobiidae 
(8%) and various moth species (16%) presented fewer reported problems. 
Unfortunately, most respondents did not identify the particular pests encountered and 
merely referred to these as "Dermestes' or ‘moths’. However, the genera Anthrenus 
and D erm estes  (Coleoptera: Dermestidae) were each identified by 19% of 
respondents.

Pests fully identified and recorded as ‘major problems’ were:

Coleoptera: Dermestidae
Anthrenus verbasci (L.) ‘Varied carpet beetle’ (5 accounts)
Anthrenus museorum (L.) ‘Museum beetle’ (1 account)
Anthrenus sarnicus Mroczk. ‘Guernsey carpet beetle’ (1 account)

Attagenus pellio (L.) ‘Two-spotted carpet beetle’ (1 account)
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Coleoptera: Anobiidae
Stegobium paniceum  (L.) ‘Drug store beetle’ (1 account)

Coleoptera: Ptinidae
Ptinusfur (L.) ‘White marked spider beetle’ (1 account)

Niptus hololeucus (PdldiCTmaxm) ‘Golden spider beetle’ (1 account)

Lepidoptera: Oecophoridae
Hofmannophila pseudospretella (Stainton)

‘Brown house moth’ (3 accounts)

Lepidoptera: Tineidae
Tineola bisselliella (Hummel) ‘Common clothes moth’ (1 account)

2.3.4 Damage to museum specimens and materials caused by pests

Some form of damage was recorded by 74% of respondents, categorised as ‘major’ by 
21% and attributed to Dermestidae by 35% (Table 1). This included damage to skins 
and mounted specimens (22%), stored insect collections (22%), plants and herbarium 
sheets (4%), and was associated with Anthrenus spp. by 17% with A. verbasci 
positively recorded in five cases.
Plates 3 and 4 show localised damage by Anthrenus spp. to the head and tail regions of 
a pheasant, and considerable damage to bird skins stored in polythene bags (Plates 5 
and 6). Similar damage was associated with Attagenus pellio (three accounts) and 
Anthrenus sarnicus (one account). Other collections damaged by Dermestidae 
included African basketwork, military uniforms, ethnographical material, osteological 
specimens, textiles and freeze-dried objects. Minor damage included localised fur and 
feather loss and isolated damage to insect collections.
Major damage ranging from ‘extensive’ to ‘total destruction’ of collections (including 
mammals, birds and insects) was recorded by 18%. One museum reported the loss of 
over 2,000 insects including type specimens, and extensive damage to study skins and 
mounted specimens caused by a combination of Anthrenus sp. and Attagenus sp. 
infestations (Plates 7 and 8). Anthrenus spp. were also responsible for the destruction 
of several thousand butterflies and other insects held in entomological cabinets (Plates 
9 and 10). Damage also occurred to insects contained in store boxes (Plates 11 and 12) 
and to the underside of a turtle shell (Plate 13). Two respondents reported the recent 
loss of over 50% of their insect collections due to Dermestidae.
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Table 1. Damage to museum specimens and materials caused by pests (Great Britain and Ireland Survey)

Pest Group Main collections affected Extent of damage Occurrence rate (%) Comments

Dermestidae 
(hide, bacon and 
carpet beetles)

Anobiidae 
(furniture beetles)

Ptinidae 
(spider beetles)

Moths

Skins, mounted specimens, 
dried insect coUectiorw, 
plants, paper.

Furniture, storage cabinets, 
wooden artifacts, musical 
instruments, plants.

Skins and mounted specimens, 
notably freeze dried material.

Mammal and bird skins, 
insect collections, textiles.

Localised to total 
destruction of material.

Minor to serious.

Localised, minor damage.

Minor to complete loss of 
m aterial.

35 Dermestes spp. (14%) 
Anthrenus spp. (18%) 
Attagenus spp. (3%)

Destruction of dried 
plants caused by 
Stegobium paniceum.

'Holes' in specimens 
associated w ith Ptinus fur  
andNiptus hololeucus.

Hofmannophila 
pseudospretella (4 acc.), 
Tineola bisselliella 
(1 acc.).

Psocoptera
('booklice')

Mites

Fungi

Plants, flower heads, books, 
herbarium  sheets.

Mammal and bird skins, 
insect collections, freeze 
dried material, animal glues.

Plants, insects, wooden cabinets, 
herbarium  sheets.

Minor to severs damage 
lioles' in pages and 
specimens.

Minor to serious damage to 
insect and bird collectiorw.

Minor, superficial damage, 
mostly localised.

Liposcelis simulans 
collected from one 
herbarium where serious 
damage had occurred.

Localised damage caused 
fur and feather loss.

One case of 'foxing' 
associated with fungi.

Rodents Mounted birds, polythene bags. Collection of 12 mounted birds 3
paper labels. destroyed overnight,

other damage minor.

Nuisance value mostly.



Plates 3 and 4 Damage to the head and tail regions of a mounted pheasant specimen 

caused by Anthrenus sp. (Coleoptera; Dermestidae).
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Plates 5 and 6 Damage to bird study skins caused by Anthrenus spp. 

(Coleoptera; Dermestidae).
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Plates 7 and 8 Damage to entomological collection caused by a combination of 

Anthrenus sp. and Attagenus sp. (Coleoptera; Dermestidae).



The Anobiidae and Ptnidae also caused damage. Six reports of serious damage to 
wooden objects were directly attributed to Anobiidae and included furniture, musical 
instruments, storage cabinets and wooden artefacts.

The destruction of dried plant material was caused in one case by S. paniceum, 
(Coleoptera: Anobiidae) while holes in specimens, notably freeze-dried material were 
positively associated with Niptus hololeucus (Coleoptera: Anobiidae). Extensive 
damage to plant specimens caused by Pscoptera was reported by one herbarium. Live 
specimens were collected from the affected area by this author and identified as 
Liposcelis simulans Broadhead (Liposcelidae). In some cases damage had reduced the 
flower heads to a powdery residue, while other specimens had received considerable 
damage to leaves, stems and to mounting sheets (Plates 14 and 15). This material had 
not been previously treated with pesticides. In a separate incident, unidentified beetles 
caused considerable damage to plant specimens (Plates 16 and 17).

Plate 18 shows evidence of an active infestation of H. pseudospretella (Lepidoptera; 
Oecophoridae) in a hymenopteran collection with both larval and adult stages present, 
while Plates 19 and 20 show the accumulation of frass and further damage to insect 
specimens by this species. Damage to a fossil collection by a combination of pests was 
also reported. Initially the glue used to mount the specimens was attacked by mites 
(Arachnida: Acarina). This caused some specimens to become separated from their 
original labels, creating confusion and considerably undermining the scientific value 
and potential of the material (Plate 21). Further damage to the polythene bags and 
labels was caused by mice (Rodentia: Muridae). Mice were also responsible for 
damaging freeze-dried material. Plate 22 shows damage to the skin area of a freeze- 
dried snake. The absence of chemical treatments in the process of freeze-drying makes 
such material a susceptible target for pests.

Plates (23 and 24) shows damage to a hoverfly collection by mites. In some cases 
entire specimens have been completely destroyed with only the mounting cards and 
information labels remaining undamaged.
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Plates 9 and 10 Damage to collection of butterflies caused by Anthrenus sp. 

(Coleoptera; Dermestidae).
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Plates 11 and 12 Damage to insect collection in storage boxes caused by Anthrenus sp. 

(Coleoptera Dermestidae).



Plate 13 Turtle shell infested with Anthrenus sp. pupal stage 

(Coleoptera; Dermestidae).
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Plates 14 and 15 Damage to dried plant specimens caused by Book-lice (Psocoptera).



s

Plates 16 and 17 Damage to dried plant specimens caused by unidentified beetles.
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Plate 18 Active infestation of entomological collection by Hofinannophila 

pseudospretella (Brown house-moth).

Note adult and larval stages in centre of image.
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Plates 19 and 20 Damage to entomological collection by Hojmannophila 

pseudospretella (Brown house-moth).



Damage to adhesive and labels in fossil collection caused by mites 

(Arthropoda; Acarina). As a result specimens and labels have become 

detached from mounting boards.



Plate 22 Damage to a freeze dried snake caused by mice 
(Rodentia; Muridae).
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Plates 23 and 24 Damage to a collection of flies caused by mites 

(Arthropoda; Acarina).
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Although 36% of respondents reported no known or identifiable source of pest entry, 
infestations were directly associated with the integration of new material by 33% and 
with the return of loaned specimens by 5% of respondents. Other suspected routes of 
entry included access through windows and doors (Dermestidae and moths - 7%), and 
entry via roof spaces (Dermestes spp. and A. verbasci - 7%). These latter infestations 
were traced directly back to swift and pigeon nests in attic eaves. Bird and mammal 
nests have frequently been associated with pests. Woodroffe and Southgate (1951) 
discussed the large numbers of H. pseudospretella found in sparrow, martin and robin 
nests, while A. verbasci larvae and cast skins were found in sparrow and wagtail nests. 
Herfs (1936) identified the significance of sparrow nests in particular, as a major 
source of carpet beetle infestation in German houses.

Single accounts of entries through pipe ducts, a disused chimney and from a colony of 
Dermestids (used for cleaning skeletons) were also recorded, while an infestation of S. 
paniceum  in rodent poison bait occurred. Three accounts of ‘resident’ museum 
populations were reported {Dermestes spp. - 2; moths - 1).

2.3.5 Pest control strategies used in museums

Some form of pest control strategy is employed by over half of the respondents 
surveyed and virtually all museums (96%), reported the use of pesticides in their 
collections. Respondents generally use a combination of pesticide based control 
measures although non-toxic methods, such as temperature and humidity controls and 
exposures to sub-zero temperature were also reported (Figure 2.4).

A wide range of pesticides and chemicals are used to deter pests and treat infestations 
(Figure 2.5). Three or more different substances are used simultaneously in 36% of 
cases. Para-dichlorobenzene (PDB), naphthalene and dichlorvos (2,2-dichlorovinyl 
dimethyl phosphate or DDVP) are most frequently used, the latter in the form of 
impregnated polyvinyl chloride slow-release resin strips (Vapona™). Combinations of 
two or all three of these substances were regularly used in different collections in the 
same museum. Para-dichlorobenzene, a halogenated hydrocarbon pesticide, came into 
use as a fumigant in 1913 (Martin and Worthing, 1977) and remains widely used in 
museums, generally as an insect repellent in drawers and storage cabinets, although 
recent information suggests that it is gradually being phased out by some museums. It 
is currently under review by the Environmental Protection Agency (USA) for 
institutional use. Present formulations include mothballs, flakes and crystals. 
Naphthalene, also a halogenated hydrocarbon is generally used in crystal form as an
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insect repellent in drawers and cabinets, although its effectiveness has been questioned 
(Peltz and Rossol, 1983).

Dichlorvos, an organophosphate pesticide, is a contact and stomach insecticide and 
apart from its application in museums, is widely used as a household and public health 
fumigant, especially against flies, for crop protection against certain insects, and for 
the protection of commercially stored products (Martin and Worthing, 1977). It has 
also been used in anti-flea dog collars (Tinker, 1972) and for the removal of parasites 
on farmed fish stocks (Ross and Horsman, 1988). Generally used in resin strip form in 
cabinets and drawers, Dichlorvos is reported to be in popular use world-wide but 
uncommon in Asian and African museums, possibly due to limited availability. The 
mammalian toxicology of dichlorvos is discussed later in this chapter.

Other substances recorded, but in limited use, include:

Beechwood creosote Ethyl Acetate Ammonia

Lauryl pentachlorophenate Formaldehyde Thymol
Potassium permanganate Bendiocarb Xylamon
Industrial alcohol Carbon disulphide Lindane
Ethylene oxide Mercuric chloride Formic acid
T richlorethylene

Widespread use of brand-named insecticidal aerosols, powders and dusts was also 
reported. Pesticides are replaced or topped up ‘only when considered necessary’ by 
46% of respondents. Annual replacement of pesticides is undertaken by six museums, 
while intervals of 2-3 years are used by three museums surveyed. Twenty eight per 
cent of respondents apply pesticides in predetermined quantities or concentrations, 
usually by filling integral containers in entomological collections. One museum uses 
levels recommended in the ‘Pest Control in Museums - a Status Report’ (Bell and 
Stanley, 1980). Dichlorvos impregnated resin strips are generally cut to approximately 
lcm3 blocks per standard entomological drawer as a deterrent measure, while entire 
strips are applied, ‘according to manufacturers instructions’, in galleries and display 
areas. Outside pest control contractors are used in a few cases but little information 
was provided on their effectiveness.

One account of up to 500g of naphthalene per cubic metre in display cabinets was 
reported, while similar quantities for para-dichlorobenzene were also noted. Tilbrooke

- 42 -



(1978) recommends that the use of naphthalene should be restricted to closed 
containers and that only sufficient quantities to saturate the enclosed atmosphere, with 
a small residual excess to allow for leakage, should be used. This would lead to 
reduced exposure levels, particularly if containers were opened under ventilated 
conditions such as fume hoods.

Reasons listed for using pesticides and other substances varied, although most workers 
consider them effective (60%), easy to handle (56%) and for health reasons, 
reasonably safe to use (37%). Choice was also governed, although to a lesser extent, 
by lack of safer economic alternatives, availability and perceived compatibility with 
conservation treatments (total: 6%).

Although 38% of respondents attributed infestations to the integration of new and 
returned material, only 17% of those surveyed routinely treat or fumigate incoming 
material before inclusion in the general collections, while 50% treat incoming material 
‘only if infestation is suspected’.

A total of 20% of respondents never treat incoming material and 11 % reported that 
they only ‘occasionally’ treat material before integration. This represents a disturbing 
trend in collection management as pest contamination is not always apparent, 
particularly where low activity levels are concerned, or where pests are present in egg 
or early larval stages only. Periodic or regular ‘fumigation’ of collections is practised 
by 28% of respondents, although this term was loosely defined and included placing 
specimens inside polythene bags or cardboard boxes with excess crystals of para- 
dichlorobenzene. However, 26% of respondents have never used any form of 
fumigation, while 47% fumigate collections “only when infestation is suspected”.

2.3.6 Effects of pesticides on museum specimens and materials

In this section, information was requested on observed changes in specimens and 
materials associated with the use of pesticides and other substances. 29% reported 
some form of damage or noticeable effect associated with chemical usage. 
Recrystallisation of naphthalene (10%), para-dichlorobenzene (5%), and DDT, thymol 
and ‘Xylamon’ (3%) onto specimens held in closed containers was the most frequent 
complaint, although this condition was usually reversed if specimens were exposed to 
appropriate ambient conditions.



Ten per cent of respondents attributed the discolouration of specimens and materials to 

a range of substances including carbon disulphide, para-dichlorobenzene, naphthalene, 

thymol, ‘X ylam on’ and Vapona, while one report of ‘blackening’ of non sulphur-free 

paper was traced to the use of mercuric chloride. Four per cent noticed that the 

presence of para-dichlorobenzene, caused certain plastics and pinning materials to 

melt, while other respondents (3%) reported that this also occurred with naphthalene, 

thymol and Vapona. There were no reports of adverse effects on glues or adhesives. 

Corrosion, mostly affecting pinned insect collections, was reported by 8% and was 

linked with Vapona (2%),  naphthalene (2%),  phosphine (1%) and am monia vapour 

(1%). Methyl bromide was reported to have caused odorous residues in three cases.

Para-dichlorobenzene is known to soften certain plastics particularly styrofoam and 

styrene (Hall, 1988). Dawson (1988) noted that styrofoam cubes exposed to vapours 

shrunk to 7 .9%  o f their original volum e and that their weight increased by 15.9%. 

Similar changes were also observed after ten days of direct contact with crystals of 
para-dichlorobenzene. Samples of lead were not affected after two years of exposure 
to para-dichlorobenzene at 22°C and 50% relative humidity. Fleider (1969) found that 

the chemical resistance of three different papers tested was decreased and that colour 
changes had also occurred. However, Toskina (1975) found no effect o f para- 

dichlorobenzene on paper, paints and almost all mineral and organic pigments treated. 

M ori (1978) reported that para-dichlorobenzene was found to affect some plastics, 
w hile T ilbrooke (1978) noted that it softened certain  resins. A rthur (1982) 

recommended against the use of para-dichlorobenzene in ethnographical collections 

con tain ing  resins, w axes and gum s. H ow er (1979) suggested  tha t para- 

dichlorobenzene may be responsible for dissolving fats in biological specim ens, 

resulting in the migration of fats to the surface of specim ens where oxidation would 

occur, possibly causing damage.

Lehmann (1964) reported that in the presence of water, naphthalene produced a red- 

brown discolouration in wool, which was attributed to the formation of decomposition 

products arising from bacterial oxidation. Tilbrooke (1978) noted a softening of 

hydrocarbon based resins and tree based resins associated w ith naphthalene. 

Im purities in technical grade naphthalene such as phenols can corrode m etals, 

particularly  if  the reaction is catalysed (Tilbrooke, 1978). R ecrystallisation of 

naphthalene onto materials, resulting from a decrease in ambient temperature can form 
deposits on specimens which may be difficult to remove (Dawson, 1988).

In the presence of moisture, dichlorvos will hydrolyse to dimethyl phosphoric acid.
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(a non-volatile  acid) and dichloracetaldehyde (W illiam s et a i ,  1 9 8 6 ) .  
Dichloracetaldehyde is volatile and may be oxidised to dichloroacetic acid or peracetic 
acid. Although the PVC polymer used in resin strips is considered resistant to 
degradation, it may gradually become decomposed by oxidation, hydrolysis, excessive 
heat and solar radiation to yield acidic products (Decker, 1976). Resulting long-term 
storage of museum objects in the presence of dichlorvos resin strips may be damaged 
by the acids and oxidising agents generated during such decomposition. Oily or fatty 
components of museum material are capable of dissolving dichlorvos (Williams et 
a i, 1986). If such objects retain concentrations of dichlorvos then they may act as a 
reservoir for this substance until hydrolysis takes place. This could result in the 
accumulation of degradation by-products, which may have implications for personnel 
handling such material, and also the compositional integrity of the specimens 
concerned.

Dichlorvos is readily sorbed by most plastics and adsorbed onto most surfaces 
including metals, fur, cotton, fabric, paper and wood (Gillet et al., 1972: Williams, 
1986). It is also known to produce colour change in acid red dyes used in carpets 
(Dawson, 1987) Fumigation with high concentrations of dichlorvos resin strips 
caused chemical, physical and mechanical changes in keratin fibres (Hammick, 1989). 
Williams et al., (1989) found an increase in pH levels following fumigation with 
dichlorvos, while Spivak, et a i, (1981) recorded increased tensile strength in materials 
after fumigation with dichlorvos resin strips. Dichlorvos is known to fade colours in 
Lepidoptera (Hall, 1988) and to cause tackiness in resins and glues (Peltz and Rossol, 
1983). Dawson (1987) found dichlorvos to be corrosive to mild steel and iron, and 
damaging to copper, silver and brass. Williams et al., (1989) exposed a range of 
organic and inorganic materials and specimens to dichlorvos concentrations over a 
twelve month period. Subsequent examination involved visual and weight change 
observations, pH and oxidation analysis. Results showed that virtually all of the 
proteinaceous materials evaluated exhibited little change. However, there was an 
obvious darkening of bone and skin material associated with fats and/or oils in the 
samples used. The report concluded that dichlorvos reacted with animal fats, plant 
resins and certain organic and inorganic compounds and also contributed to weight 
change, a lowering of pH and an increase in oxidation of organic and inorganic 
compounds.



2.3.7 Health and safety

The occupational exposure limits issued by the Health and Safety Executive (1985) 
recommend maximum long-term and short-term exposure limits for certain airborne 
substances in the workplace considered hazardous to human health. These are 
expressed as time weighted average (TWA) concentrations and relate to airborne 
concentrations averaged over a specified period. The TWA periods for long-term and 
short-term exposure to such chemicals are given as eight hours and ten minutes 
respectively. Concentrations of gases and vapours are expressed as parts per million 
(ppm), a measure of concentration by volume, and in milligrams per cubic metre of air 
(mg/m^) a measure of concentration by mass. For para-dichlorobenzene the long-term 
exposure limit is set at 75 ppm, (450 mg/m^) while the short-term limit is 110 ppm 
(675 mg/m^). The strong odour of this substance is detectable at between 15 ppm to 30 
ppm (Dawson, 1987) and because of its high volatility, loss of vapour from non- 
airtight cabinets and drawers may result in unacceptable concentrations in the museum 
atmosphere, particularly in unventilated areas.

Information obtained from this part of the survey provides a record of medical 
complaints which respondents associated with their own working conditions. All 
those surveyed claimed to be of good general health, ranging from ‘average’ to 
‘excellent’, although the majority (62%) associated some form of recurring medical 
complaint with occupational conditions, including ambient temperature, relative 
humidity and chemical usage, while 39% reported two or more recurring disorders. 
Significantly, substances used as pest control agents were closely linked with a range 
of medical problems by 32% of respondents. Symptoms or adverse medical 
conditions generally occurred when working in storage and laboratory areas (18%) 
and when using particular materials.

Naphthalene, para-dichlorobenzene, and Vapona type products, as the most widely 
used substances, were also linked with the majority of complaints, and were directly 
associated with headaches, sore throats, dizziness, sore eyes, nausea, dermatitis, 
increased salivation and chest pains (Figure 2.6). In the case of naphthalene, the 
maximum short-term exposure limit should not exceed 15 ppm (75 mg/m^), and 
prolonged exposure over an 8-hour day should not average more than 10 ppm (50 
mg/m^) (Health and Safety Executive, 1985). As naphthalene odour is detectable at 25 
ppm (Dawson, 1987), this suggests that some respondents are exposed to unacceptable 
limits. Health-related effects associated with naphthalene include profuse sweating.
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nausea, acute kidney failure, headaches and abdominal pain (Peltz and Rossol, 1983). 
Inhalation of high concentrations may cause haemolysis of red blood cells.

Individuals with glucose-6-phosphate dehydrogenase deficiency (a genetic disorder 
found mainly in blacks and M editerranean’s), are particularly susceptible to 
haemolytic anaemia, as are new-born infants (Dawson, 1987). Direct eye contact with 
naphthalene ‘dust’ has produced irritation and cataracts (Stanley and Me Cann, 1980). 
Tests on carcinogenic effects of naphthalene exposure indicated little risk of cancer 
(Purchase et al., 1978), although Wormersley (1981), Hamick (1989) and Babin, 
(1990) state that naphthalene is carcinogenic. In a study of causes of death and cancer 
of the larynx in naphthalene workers, W olf (1978) reports a carcinogenic link 
associated with naphthalene while Irwin (1987) cites a case of naphthalene induced 
toxic hepatitis in a museum curator at a South Australian museum.

In this survey one respondent reported severe chest pains, headaches and sore throat 
after spending three working days in a poorly ventilated area topping up naphthalene 
levels in storage cabinets, while three workers attributed the onset of migraine to this 
substance. Many workers complained of persistent odours on clothes and belongings 
associated with the use of naphthalene and para- dichlorobenzene, and expressed 
concern over their inability to detect low levels of naphthalene in their museum, 
although casual visitors regularly complained.

Para-dichlorobenzene and dichlorvos were also linked with adverse health effects. 
Para-dichlorobenzene is rated for use with caution. Chronic effects of long-term 
exposure include liver and kidney damage, haemolytic anaemia, weight loss, profuse 
rhinitis and periorbital swelling. Individuals with pre-existing pathology (hepatic, 
renal, blood, central nervous system) or individuals on certain prescribed drugs are at 
an increased risk (Dawson, 1987; Hall, 1988). With one or two years exposure 
hepatitis and cataracts are possible (Negherbon, 1959). The physiological effect of 
para-dichlorobenzene is reflected in its use by cytologists to inhibit spindle formation 
in meiosis (Hall, 1988).

Dichlorvos resin strips, possibly because of their ease of application and perceived 
effectiveness are receiving popular use in museums (Casey and Walston, 1980). They 
function by the sustained release of active ingredient into a relatively enclosed air 
space. The effect is considered to be insecticidal, but not fungicidal (Stone and 
Edwards, 1988).
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Dichlorvos is rapidly metabolised in mammalian tissue to relatively non-toxic 
metabolites which are rapidly excreted, but individuals with hepatic insufficiency may 
be less tolerant to its toxic effects (Tinker, 1972). Above the stated threshold 
concentration, damage to neuro-transmission in the human central nervous system has 
been reported (Hall, 1988). Current threshold standards for an eight-hour working day 
specify a maximum concentration for inhalation of 1 ppm. A 3ppm exposure is 
allowed for fifteen minutes and this is equivalent to approximately one and three 
milligrams per cubic metre (Stone and Edwards, 1988).

Gillet et al., (1972) reported that other than potential cholinesterase inhibition, 
dichlorvos resin strips possess no acute or imminent hazard and represent a significant 
improvement over other formulations containing dichlorvos. Slomka (1970) reports 
that dermal reactions to dichlorvos appear to be very rare, although dermatitis has 
been observed in children and animals associated with dichlorvos plastic flea collars 
(Gillet et al., 1972). Circumstantial reports from several countries of high individual 
sensitivity to dichlorvos have also been reported (Tinker, 1972).

Other health-related adverse effects include headaches, nausea, dizziness, tremor and 
muscular cramp, salivation, unconsciousness and chest discomfort (Peltz and Rossol, 
1983). In severe cases of over-exposure symptoms include fever, cyanosis, coma, 
heartblock, shock, respiratory failure and pulmonary oedema (Dawson, 1987).

Exposure to dichlorvos can result in acute toxicity or chronic illness (Hammick, 
1989). General symptoms of toxicity occur when plasma cholinesterase is depressed to 
75% of pre-exposure value. Constant biotic exposure by inhalation, ingestion and 
dermal absorption poisons insect and mammalian nervous systems by inhibiting 
acetyl-cholinesterase enzymes (ACNE) at the synaptic nerves resulting in 
accumulation of toxic levels of acetylcholine. Loss of ACNE activity leads to a range 
of physiological effects resulting from excessive nerve stimulation (Matsumura, 1985; 
WHO, 1986;). These include nausea, headache, tension, blurred vision, chest 
tightness, mental confusion and muscular spasm.
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Figure 2.6 Medical complaints associated with pesticide usage 
(96 respondents in 89 museums).

Experimental data from microbial assays and animal studies imply that dichlorvos is 
mutagenic, carcinogenic and tetragenic (ACGIH, 1986). Dichlorvos is a chlorinated 
organophosphate with a toxicity based on its ability to inhibit the activity of 
acetycholinesterase enzymes in the nervous system. Technical grade dichlorvos 
contains a minimum of 93% dichlorvos. Resin strips consist of approximately 19% 
active ingredient of dichlorvos and 1% related insecticides dispersed in 80% inert 
plasticised polyvinyl chloride. Dichlorvos is characteristically volatile, slightly water 
soluble (approx. 1% at 20oC) and stable at temperatures under 150oC (Harein et al., 
1970: Gillett e ta i ,  1972; Martin, 1972 ).

In this survey, products containing dichlorvos were associated with a range of medical 
disorders among museum workers and include headaches, sore throat, dizziness, 
nausea, chest pains and digestive disorders.
Adverse health effects on other museum staff were noticed by 12% of respondents and 
included the same range of disorders listed in Figure 2.6. These conditions occurred 
in workers using naphthalene and para-dichlorobenzene.
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The number of working hours spent in close proximity to pesticide usage varied, 
although 18% of respondents spend over 75% of their working time in rooms where 
pesticides are in constant use. Other workers had regular access to these areas, but 
were often engaged on a voluntary or part-time basis only. Minor sources of complaint 
were related to exposure to chemicals, resins, paints and dusty materials, while 
ambient temperature and humidity levels were listed as direct or contributory factors 
in headaches, sore throats and sore eyes by 30% of respondents. One account of 
digestive problems, headaches, sore throat, sore eyes, nausea and dizziness was 
attributed directly to the use of methyl bromide.

Precautions taken to minimise potential health risks of pesticide usage were taken by 
64% of those surveyed, although these were generally observed only during the 
application of pesticides. Basic hygiene rules, protective coats and disposable gloves 
were often the only precautions taken. Restricted access and limited exposure time to 
areas of high pesticide usage were operated by 17% of the respondents, and five 
museums have confined the use of these substances to properly sealed units. Other 
precautions included regular visits and inspections by an appointed health and safety 
officer, while four museums have discontinued the use of pesticides, or apply them in 
very low concentrations only. No evidence is available to date on the effectiveness of 
these methods.

The results outlined represent information on aspects of pest control gathered from 96 
respondents in 89 natural history museums throughout Great Britain and Ireland. A 
more detailed discussion on the results of this survey and a subsequent survey on pest 
control in museums world-wide is presented in the following chapter.
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Chapter 3

Pest Control: a survey of museums world-wide

Part of this chapter has been published in the Journal o f Biological Curation, 1993, 

1: 43-58.

3.1 Introduction

Recent surveys on aspects of pest control in natural history museums provided 

valuable information on the status of collections in the United States (Edwards et al. 

1980) and the British Isles (Linnie, 1987). The information gathered provided clear 

indication that the problems presented by pests were widespread and of serious 

concern to museum workers. However, because these surveys concentrated 

exclusively on museums in the United States and the British Isles, the overall situation 

remained incomplete, as little information existed on the status of collections and the 

extent of the problem on a world-wide basis.

To provide an overview of the status of collections and management policies in 

relation to pest control issues on a more widespread basis, a survey of selected natural 

history museums world-wide was undertaken during 1987 and 1988. Information was 

requested on building design and environmental conditions relating to the control of 

pests, types of pests found, damage caused, collections affected, existing control 

strategies and the effects if any, of control practices on personal health. The six page 

questionnaire and accompanying letter was identical to that used in the survey of 

museums in Great Britain and Ireland.

It was anticipated that the information gathered in both surveys would achieve the 

following;

• provide information on the status of museum collections on a world-wide basis

• highlight the extent and scale of the problem in relation to pest infestation
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• provide generalised information on the occupational health status of museum 

personnel

• provide a focus for applied research into the efficacy of current protection treatments 

and the development of alternative control methods.

3.2 Results

The survey focussed primarily on national, regional, city and university museums. A 

circulation list of 121 natural history museums world-wide was compiled from the 

Directory of Museums and Living Displays (Hudson and Nicholls, 1985). The United 

States, Great Britain and Ireland were excluded from the mailing list as these countries 

had been surveyed by previous workers (Bell and Stanley, 1980; Linnie, 1987). From 

the museums initially contacted, 92 completed questionnaires were received 

representing 72 museums in 46 countries (Figure 3.1). The response was not biased 

geographically. The results outlined represent percentages of completed returns and 

refer primarily to dried, perishable collections of animals and plants.

3.2.1 Quantities of specimens held in museums, types of containers and 

environmental conditions

The survey was directed primarily at museums containing collections of zoological 

and/or botanical material. However, although zoological collections were managed by 

19% of those surveyed, the majority of respondents were responsible for more than 

one type of collection. Botanical collections were managed by 22% of respondents 

followed by anthropological/ethnographical collections by approximately 16%. Other 

collections managed include decorative arts (1%), technological (1%), mineral (6%) 

and palaeontology collections (3%).
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Collections varied in size from small museums with fewer than 5000 specimens to 

national and regional museums with several million specimens (Figure 3.2). Thirty 

one per cent of the museums surveyed have over one million specimens in their care.
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Figure 3.2 Quantities of specimens held in museums 

(92 respondents from 72 museums in 46 countries)

A wide range of storage containers and display cases is used in museums. Wooden 

storage units (92%), large exhibition type cases (74%) and enclosed drawers within 

cases as in entomological collections (62%) are the most widely used. Metal storage 

cases are used in 50% of the museums surveyed and a considerable amount of material 

is stored on open shelving (35%). Cardboard boxes are used to store specimens in 8% 

of museums. 18% of respondents reported controlled temperature levels throughout 

their museums including storage and display areas while 11% reported controlled 

humidity levels, although little information was provided to indicate if such controls 

were dictated by specific collection requirements. Twenty one per cent of museums 

have some method of recirculating air although only 8% use air filtration units. Fifty 

nine per cent of museums have storage areas with windows opening directly to the

- 54 -



building exterior with no evidence of screening to prevent pest entry, while 17% have 

doors in storage areas which open directly to the outside.

3.2.2 Range of pests encountered in museums

Ninety seven per cent of respondents reported evidence of past or recent pest 

infestations, with the hide, bacon and carpet beetles, (Coleoptera; Dermestidae) the 

most widely encountered and distributed, affecting 54 museums in 37 countries. 

Twelve different 'groups' of pests were reported by respondents (Figure 3.3). Of these, 

the Dermestidae were considered the most serious threat to collections by 47% of 

respondents followed by ‘moths’ at 17%, and anobiid beetles (Coleoptera; Anobiidae) 

at 10%.
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Figure 3.3 Range and frequency of pests encountered 
(92 respondents from 72 museums in 46 countries)
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Other pests which created serious problems for some museum workers although at 

very low occurrence rates included, mites, psocids, flour beetles, rodents and 

miscellaneous unidentified beetles. Fungi, loosely included as ‘pests’ presented 

‘serious’ problems for 19% of respondents and are therefore included in the results.

Pests fully identified and described as ‘serious’ problems were;

COLEOPTERA: Dermestidae Number of occurrences

Trogoderma angustum (Solier) (1 account)

Reesa vespulae (Milliron) (3 accounts)

Anthrenus verbasci (L.) 

'Varied carpet beetle'

(2 accounts)

Anthrenus sp. (7 accounts)

Attagenus sp. (2 accounts)

COLEOPTERA: Anobiidae Number of occurrences

Stegobium paniceum  (L.) 'Biscuit beetle' 

or 'Drugstore beetle'

(2 accounts)

Lasiodenna serricorne (Fabricius) 

'Cigarette beetle'

(2 accounts)

COLEOPTERA: Tenebrionidae Number of occurrences

Tribolium sp. (1 account)

LEPIDOPTERA: Tineidae Number of occurrences

Tineola bisselliella (Hummel) 

'Common clothes moth'

(1 account)

RODENTLV: Muridae Number of occurrences

Mus sp. (1 account)
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3.2.3 Damage to museum specimens and materials caused by pests

Damage to collections resulting from the activities of pests was reported by 78% of 

respondents. Most of this damage (35%) which ranged from minor isolated accounts 

to major and extensive damage to entire collections was caused by Dermestidae (Table 

2: Page 69a). Significantly, 13% of those surveyed attributed the total loss of insect 

and other collections to Dermestidae. Reesa vespulae, (Coleoptera; Dermestidae) a 

parthenogenetic species responsible for extensive damage to insect and herbaria 

collections in Finland (Makisalo, 1970; Hammalainen and Mannerkoski, 1984) was 

positively associated with three separate accounts of serious damage to insect and bird 

collections while freeze dried material was also attacked.

Other damage caused by the range of pests listed includes weakening and surface 

damage to ethnological material, loss of strength and appearance of holes in wooden 

artefacts, the complete destruction of a collection of musk-ox horns and the general 

spoiling of objects due to accumulation of insect frass, while the value of one 

particular collection was seriously undermined by the destruction of labels and 

supporting documentation caused by mice. Fungi were responsible for general 

degradation of zoological, botanical and ethnographical material including severe 

discolouration and staining of specimens.

Forty per cent of respondents directly associated pest infestations with the integration 

of new acquisitions and the return of loan specimens while 37% linked pest entry with 

ventilation systems. Other suspected modes of entry were associated with visitors 

clothing (one account), entry through unscreened windows (three accounts) and one 

account of entry from a birds nest in a museum wall. Two accounts of collection 

damage were attributed to endemic pest populations within other areas of the museum. 

38% reported a seasonal pattern in the occurrence of infestations with noticeable 

increases in late spring and early summer.
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3.2.4 Pest control strategies used in museums

In the majority of museums surveyed, 83% use some form of pest control strategy and 

80% reported the use of pesticides in collections. However, non-chemical methods 

including humidity and temperature controls are also used (Figure 3.4).
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Figure 3.4 Pest control strategies used in museums 

(92 respondents from 72 museums in 46 countries)

Pesticides are used in fumigant treatments and for ongoing residual protection in 

display and storage cabinets. Forty eight per cent of respondents use three or more 

different pesticides with naphthalene and para-dichlorobenzene being the most widely 

used substances (Figure 3.5). Dichlorvos, (2,2-dichlorovinyl dimethyl phosphate or 

DDVP) in the form of polyvinyl chloride slow-release resin strips is also in popular 

use but uncommon in Asian and African museums.

Other substances recorded but of minor use include, ethylene oxide, magnesium 

phosphine, eulan, camphor, phenol, alcohol, formaldehyde, cobalt acid, creosote, 

aluminium phosphine, carbon tetrachloride, magnesium chloride, silica gel and 

thymol.
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(92 respondents from 72 museums in 46 countries)

One account of arsenic was reported and 13% of respondents reported the presence of 

DDT in collections but it is not clear if these substances are still being applied. DDT, 

an organochloride insecticide was invented in 1939 and came into widespread use 

after it was successful in controlling the spread of typhus and malaria during the 

Second World War. It is now restricted for use in many countries because of its 

persistence in the environment and in human tissues. However, it is still used in some 

tropical countries and received considerable use in museums in the past, but has now 

largely been withdrawn because of associated health and environmental risks. 

However, given its persistent, residual properties it may remain in museum objects for 

considerable time (Dawson, 1987).

Studies into the use of DDT have shown that trace amounts of hydrogen chloride and 

chlorine can be produced by this substance under normal conditions. The rate of 

production can be increased by light, heat, and the presence of catalysts such as 

aluminium, chromium and certain iron salts (Metcalf and Flint, 1962; Martin and 

Worthing, 1977). The presence of these by-products in museum specimens and

- 59 -



materials may lead to adverse effects, such as bleaching, discolouration and general 

deterioration.

Despite the number of infestations attributed to the integration of material (47%), only 

37% of respondents routinely fumigate or otherwise screen incoming material for 

potential pests, while 37% treat collections ‘only if infestation is suspected’. Pesticides 

are replaced or topped up ‘only when needed’ by 38% and between three and six 

months by 30%. While 45% of respondents apply pesticides in predetermined 

quantities or concentrations 42% do not specifically control or measure the amounts 

used.

Respondents choose pesticides and other chemicals used for a variety of reasons 

including apparent effectiveness (66%), availability (36%), ease of handling (36%), 

traditional reasons (30%), safety (30%), economical reasons (22%), and legal 

obligations (13%).

3.2.5 EfTects of pesticides on museum specimens and materials

Thirty four per cent of respondents reported ‘noticeable’ changes in specimens related 

to the use of pesticide treatments while 36% recorded adverse effects on storage and 

display materials. Accounts of specimen discolouration were attributed to para- 

dichlorobenzene (2 accounts) and with naphthalene, formalin, phenol, carbon 

tetrachloride, DDT and carbon disulphide (single accounts).

General deterioration of specimens was reported by 5% and was associated with 

naphthalene, arsenic acid, phenol, formalin and Neocidal 60. Recrystallisation of 

pesticides (mainly para-dichlorobenzene and naphthalene) onto specimens was 

reported by 28% of respondents. Paper discolouration reported by 10% of workers was 

linked with naphthalene and naphthalene impurities, arsenic, phenol, camphor and 

para-dichlorobenzene.

Ten per cent of respondents reported the melting of pinning foam associated with the 

use of para-dichlorobenzene. Single occurrences of melted pinning foam were also
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linked with carbon disulphide, phenol and carbon tetrachloride, while adverse effects 

on plastics also including melting, were observed by 12%. These were attributed 

mainly to para-dichlorobenzene (8%), but also phosphine, phenol, carbon disulphide, 

carbon tetrachloride, and vapona.

Corrosion, mostly affecting pinned insect collections was reported by 11% of 

respondents and linked with para-dichlorobenzene, carbon disulphide and Vapona. 

Other effects reported include the ‘fogging’ of glass in display and storage cabinets 

caused by para-dichlorobenzene and ‘unsightly’ brown deposits caused by 

naphthalene.

3.2.6 Health and Safety

Respondents were also requested to provide information on personal medical ailments, 

which they associated with their particular occupational conditions and practices. The 

results are primarily drawn from the personal experiences and opinions of the 

particular respondents and not on actual medical reports. Where diagnosis has been 

confirmed by medical opinion, this is stated in the text.

Respondents claimed to be of satisfactory health ranging from ‘average’ to ‘excellent’ 

although 71 % attributed some form of medical ailment to working conditions, while 

46% reported more than one recurring ailment. Complaints included digestive 

disorders, headaches, sore throat, sore eyes, chest pains, dizziness and dermatitis. 

Factors attributed to these conditions include ambient temperature (17%), ambient 

humidity (17%) and pesticide and chemical usage (47%). Other contributory factors 

but considered of minor importance include prolonged microscope use, dust particles, 

specific allergies, fluorescent lighting and ambient pollution.

Pesticide and chemical usage were frequently associated with headaches, sore eyes, 

and sore throat (Figure 3.6) while other complaints included dermatitis, loss of smell 

and sensitivity to naphthalene, dizziness, digestive disorders, skin and nasal irritation, 

breathing problems, chest pains and general body weakness. One incidence of 

hepatitis was associated with pesticide usage and another worker reported a severe
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glandular throat reaction after exposure to methyl bromide following chamber 

fumigation of specimens (actual medical diagnosis).

Headaches 

Sore Eyes 

Dermatitis 

Chest pains 

Sore Throat 

Vomiting 

Dizziness

usage

Twenty six per cent of respondents reported medical complaints in colleagues 

associated with the use of pesticides. The main complaints noted in other workers 

include headaches (15%), dizziness, dermatitis, sore eyes and sore throat, while 

reports of nausea, chest pains and digestive orders were also reported. Of major 

concern was one report of exposure to phosphine, which induced vomiting and chest 

pains and resulted in lung, heart and immune system damage (actual medical 

diagnosis).

Other incidents included the loss of consciousness in one worker caused by exposure 

to naphthalene, while two cases of vomiting caused by exposure to para- 

dichlorobenzene and naphthalene were also reported (actual medical diagnosis). 

Symptoms associated with pesticide usage generally occurred when working in 

particular areas or when working with particular materials. Thirty per cent of workers 

associated their medical complaints with the application of pesticides, the handling of
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Figure 3.6 Medical complaints associated with pesticide 

(92 respondents from 72 museums in 46 countries)
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museum material previously treated with pesticides, and with working in close 

proximity to areas of pesticide usage. Para-dichlorobenzene and naphthalene being the 

most widely used substances were also associated with the majority of complaints 

particularly in relation to headaches, sore eyes, sore throat and dermatitis. Other 

substances associated with medical complaints include dichlorvos, phosphine, phenol, 

and formaldehyde.

Precautions taken to minimise health risks associated with pesticide usage were taken 

by 67% of respondents and included the use of facemasks, protective clothing and the 

ventilation of work areas (Figure 3.7). Other measures taken involved controlled or 

restricted access to storage areas and the provision of special drinks (usually milk) 

after work with pesticides. Alternative control methods using sub-zero temperature, 

microwave and gamma radiation were also reported but did not produce adverse 

symptoms.
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Figure 3.7 Precautions taken to reduce exposure to chemicals 
(92 respondents from 72 museums in 46 countries)

3.3 Discussion

Information gathered in this and recent surveys suggests that many important natural 

history collections are under serious threat of irreversible damage through attack by
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pests, particularly insects. Virtually all museums surveyed have experienced some 

level of pest infestation and in certain cases, entire collections have been destroyed or 

damaged. Despite differences in geographical and climatic conditions between 

countries, members of the Coleoptera and Lepidoptera were the most frequently 

recorded pests, while the Dermestidae caused the most damage and were considered 

the greatest threat to collections. This suggests that it may be worthwhile to focus 

control strategies around the biology and behaviour of these groups, particularly in 

relation to seasonal emergence, feeding preferences, temperature requirements and 

length of life cycle.

The integration of infested material into established collections transmitted through 

specimen loans, exchanges and gifts, was the most frequent source of pest entry 

recorded; however, few museums routinely screen, fumigate, treat or quarantine 

incoming material before integration. Clearly, it is of considerable importance that a 

starting point for pest control management should involve automatic screening and 

eradication procedures for all incoming material, whether or not infestation is 

suspected. Where it is undesirable to chemically or physically treat objects, then a 

suitable quarantine or isolation period should be provided so that material can at least 

be monitored to confirm the absence of pest contamination.

Entry of pests via ventilation systems was also defined as a significant route of 

infestations, particularly in the world survey. The design of ventilation systems 

whereby air is delivered to different areas within the museum building via a network 

of ducts, often originating from an unfiltered exterior source, can provide an accession 

route for potential pests. This can be minimised by the use of a central mechanical 

filtering system which filters dust particles from the air source or by the use of air 

filtration media which capture or breakdown pollutants using activated charcoal 

columns or molecular sieve devices. If these two areas were addressed by introducing 

more stringent requirements for the treatment of incoming museum material and by 

improved pest proofing and climatic control of buildings, the potential for the entry of 

pests into the museum environment could be significantly reduced.
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Pesticides are used to control or deter pests in virtually all of the museums surveyed, 

with naphthalene, para-dichlorobenzene, and Vapona reported as the most widely used 

substances, although naphthalene and para-dichlorobenzene appear to be declining in 

use among American institutions.

Choice of chemical appears to be based on availability, ease of application and the 

belief that such chemicals kill invading pests or at least deter them from entering the 

museum environment. However, there is little evidence that this is correct, particularly 

in relation to chemicals used in storage cabinets. Some workers have questioned the 

efficacy of chemicals, notably naphthalene, while others suggest that unless chemicals 

are replaced on a regular basis, their effectiveness may be considerably reduced. 

Given the demands on time and resources, it is often not possible to formally regulate 

the replacement of chemicals and significantly, there are few published guidelines on 

appropriate application rates and residual activity.

Recent reports also suggest that ironically, certain chemicals ostensibly used to protect 

museum collections from pest attack may also damage and spoil their appearance 

(Dawson, 1987). Damage may be caused by the chemicals directly, by their residual 

components and impurities, or by products of their decomposition (Jedrzejewska, 

1967). The evidence presented suggests that chemicals, may cause significant damage 

to museum specimens and materials including discolouration, soiling, corrosion, 

tarnishing, weakening, embrittlement, weight loss and changes in surface appearance 

of specimens and materials. Objects affected include leathers, metals, skins, textiles, 

bones, feathers, entomological collections, paintings and books.

The majority of respondents expressed concern over the use of chemicals in museums, 

particularly in relation to potential adverse health effects. Concern has also been 

expressed by various authors regarding health hazards associated with chemical usage 

and the potential risks to which museum workers may be exposed (Croat, 1978; Peltz 

and Rossol, 1983; Irwin, 1987). Contact with chemicals may occur directly during 

pesticide application and by handling previously treated materials or indirectly by the 

inhalation of airborne particles. Unless adequate safety precautions are observed, this 

may result in an acute poisoning condition, i.e. over-exposure to a significant amount 

of chemical.
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Many museum workers are familiar with the acute effects of exposure to para- 

dichlorobenzene and naphthalene resulting in headaches, and eye and respiratory 

irritation. Less well known are the effects of chronic exposure where low level 

exposure to a range of chemicals occurs on a daily basis. While the symptoms and 

long-term effects of acute poisoning for most chemicals are well documented, there is 

little information available on cumulative low-level exposure. Poorly designed 

buildings, inadequate ventilation and non-airtight specimen containers contribute to 

the problem and often result in unacceptable levels of chemical vapour in the museum 

atmosphere.

Chemicals have been associated with adverse health conditions ranging from mild 

disorders to chronic illness and death. In the results of the world survey presented, the 

range of medical ailments occurring at work were linked with chemical substances 

used for pest control by 32% of those surveyed, and were most frequently associated 

with exposure to naphthalene, para-dichlorobenzene, and Vapona type products. 

While this has highlighted the need for research into alternative methods of prevention 

and control, virtually all of the museums surveyed continue to use chemical methods 

for the protection of collections against pest attack.

Concern over potential health risks to museum workers is reflected in the regulation of 

threshold limits of airborne chemicals in the museum environment. Consequently, 

some countries have introduced statutory powers, which seek to control the use of 

chemicals by detailing specific regulations governing their use. In some cases, 

chemicals may need to be ‘approved’ or ‘registered for museum use’ before they can 

be used on collections. This has often led to confusion as to the precise definition of a 

‘pesticide’. In the United Kingdom, the use of chemicals in the workplace is controlled 

under the Food and Environmental Protection Act 1985 (FEPA, 1985). The summary 

objective of the Act is to protect the health of humans, plants, and animals; safeguard 

the environment; secure safe, efficient and humane methods of controlling pests; and 

also, to provide information on pesticides.

Under the Act, the definition of a ‘pesticide’ includes any substance used to protect 

plant products from harmful organisms; to regulate the control of plant growth; to
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provide protection against harmful organisms; and to render such organisms harmless. 

Effectively, this means that ‘pesticides’ include herbicides, fungicides, insecticides, 

rodenticides and wood preservatives. M useums using naphthalene, para- 

dichlorobenzene or dichlorvos to protect collections against pest attack would 

therefore be using a pesticide and would be required to comply with the Act.

In the United States the regulation of exposure to chemicals at work is controlled 

jointly by the Environmental Protection Agency (EPA) and the Occupational Safety 

and Health Administration (OSHA). The former regulates licensing and precautions 

for pesticide applicators and the latter regulates workplace exposure levels. OSHA 

also sets permissible exposure levels (PELs) for certain toxic chemicals. Such 

legislative policy governing the use of chemicals in museums has resulted in a general 

trend towards a gradual reduction in usage. Several substances previously cleared and 

considered safe for museum applications are now recognised as hazardous to health 

(Hall, 1988) and as safety threshold limits move increasingly downwards (Health and 

Safety Executive, 1985) and more information becomes available on popularly used 

chemicals this may lead to a reassessment of collection management policies.

An encouraging aspect of the surveys presented was the high level of replies, and 

although the questionnaires were designed to produce short, specific answers, many 

respondents included supplemental material outlining in detail the control measures 

used and the problems experienced. This is indicative of the growing awareness of 

museum pest control management and the need to exchange views and develop ideas. 

When this research began, little information was available on the subject, but 

nowadays, publications appear regularly in museum journals relating to various 

aspects of pest control in museums. Despite this, current evidence suggests that pests 

continue to cause serious problems in museums.

The main defence mechanisms against pest attack in the museum environment is the 

continued use of chemicals, largely derived from habit and a long tradition, and 

generally achieved through trial and error. However, many museums are now 

balancing this against the consequence to human health and potential damage to 

collections. Against this background, there remains an urgent requirement to fully 

investigate established museum pest control practices and also non-chemical methods
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of pest control feasible for long term use in museums. Specifically, research is needed 

to investigate physical methods of pest control notably anoxic microenvironments and 

modified temperature regimes.

The information gathered from these surveys indicates that insect pests, despite 

traditionally used chemical deterrent measures, continue to cause significant damage 

to museum specimens and materials. The gradual, although inevitable reduction in 

chemical usage arising from legislative compliance and natural concern may mean that 

such changes could result in collections becoming more vulnerable to attack. It will 

therefore be incumbent on museums to incorporate alternative strategies to protect 

collections. In the future, this should benefit both collections and personnel by 

utilising a more targeted and controlled use of chemicals, a greater use of non

chemical measures and an institutional approach incorporating integrated pest 

management policies.

Given the limited resources of time and finance currently experienced by museums, 

combined with the modern trend of audit and accountancy practices, it may also be 

necessary for museums to prioritise the care of collections on a risk assessment basis 

so that pest control efforts can be directed at especially sensitive or valuable material. 

For management purposes such collections can be given an acceptable minimum level 

of care based on their replacement status, monetary, scientific, and cultural 

importance.

Overall, there is no single approach to the protection of museum collections that can 

be considered suitable for all situations. Museums differ widely in size, type and 

design and the introduction of protection measures is often dependent on the 

availability of staff and financial resources. Clearly, museums remain reliant on 

chemicals to protect collections against pest attack although as analytical techniques 

become more sophisticated and more knowledge is accumulated on the effects of 

chemicals on museum materials a decline in usage is anticipated.

In time, legislative compliance, safety threshold limits and health surveillance of 

personnel exposed to toxic substances in the workplace may ultimately force museums 

to dispense with their often liberal use of pesticides. In the longer term, the prevention
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of pest access to the museum environment through the use of improved building 

design and management, combined with integrated maintenance programmes will 

reduce the current requirement to expose collections and their users to potential 

chemical risk.

One of the most welcome developments in the area of museum pest control is the 

introduction of integrated pest management schemes for use in museums (Story, 1986; 

Zycherman and Schrock, 1988; Pinniger, 1989). These are designed to minimise the 

use of chemicals through a targeted approach concentrated on preventive rather than 

remedial action, and although some are restricted to specific collection types, they 

contain common guidelines, which may be applied to collections generally. A detailed 

strategy for an integrated pest management system considered appropriate for a 

museum environment is proposed later in this thesis.
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Table 2. Damage to museum specimens and materials caused by pests (World survey).

Pest Group Main collections affected Extent of damage Occurrence rate (%) Comments

Dermestidae 
(hide, bacon and 
carpet beetles)

Skins, mounted specimens, 
dried insect collections, 
skeletal material.

Minor and localised to total 
destruction of material

■35 Mostly by 'dermestids', 
also included A n th r e n i i s  
s p p . , A t t a g e n u s  spp., and 
Reesa vespiilae.

Anobiidae 
(furniture beetles)

Pulverisation of dried plants, 
powdering of wooden artifacts, 
holes in herbarium sheets and 
wooden artifacts.

Minor to serious 7 Caused by S te g o b iu m  
p a n ic e u m  and 
Lasioderma serricorne.

Moths Fur and feather loss in 
mammal skins. Insect 
c ollections and 
ethnographical material

Minor to serious 13 Feather and skin damage 
b y  T in eo la  bisse llie lla .

Psocoptera
('booklice')

Insect and botanical 
collections

Minor to total destruction 4 C ru c i fe ra e  and 
Ranunculaceae  affected.

Fungi Zoological, botanical and 
ethnographical collections

Minor to serious 20 Disfigurement, 
discolouration and 
staining of material. 
Weakening and 
rotting of wooden 
artefacts.



Chapter 4

THE USE OF CHEMICALS IN MUSEUMS: AN EVALUATION OF 

CERTAIN PEST CONTROL STRATEGIES

Extracts from this chapter (Part 1) have been published in International 

Biodeterioration and Biodegradation, 2000, 4; 1-13.

Part 1

Toxicity of para-dichlorobenzene, ‘Vapona’™, and naphthalene against all stages 

in the life cycle of Dermestes maculatus De Geer, and Anthrenus verbasci (L.), 

(Coleoptera: Dermestidae).

4.1 Introduction

Camphor and Beechwood creosote are among the earliest of the volatile chemicals 

used to protect museum collections from pest attack (Armes, 1985), but their use has 

now been superseded by the halogenated hydrocarbons, para-dichlorobenzene and 

naphthalene and more recently by the organophosphate, dichlorvos (2,2-dichlorovinyl 

dimethyl phosphate) in the form of impregnated resin strips (Busvine, 1980; Linnie, 

1993) commercially known as ‘Vapona’™. Although the use of para-dichlorobenzene 

and naphthalene may be declining, they are still widely found in museums, yet as in 

the case of Vapona, few recommendations exist on their effectiveness, the quantities 

or concentrations required or the pests affected. The situation is further confused by 

conflicting reports on the ability of such chemicals to control insect infestations. Some 

have been reported as totally ineffective, others selectively effective and/or slow 

acting (Attfield and Webster, 1966; Ryckman, 1969; Croat, 1978; Williams et al., 

1986; 1989). Childs et al. (1966) questioned the toxicity of dichlorvos (the active 

ingredient of Vapona resin strips) when used to kill insect eggs, while Williams et a i, 

(1989) has shown dichlorvos to be effective in controlling Dermestes maculatus at 

different developmental stages. Scudamore (1980) found that Vapona slow release
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strips if used between one and six times the recommended rate for domestic 

applications provided sufficient protection against pest attack for over six months 

while Ryckman (1969) found Vapona strips to be effective in protecting insect 

specimens for up to two years. However, Dawson (1987) reports dichlorvos not to be 

effective against insect eggs, but useful against emerging larvae.

Williams (1990) used para-dichlorobenzene in museum storage cases over a two week 

period and found it to be 80% successful in eliminating insects, principally Thylodrias 

contractus (odd-dermestid beetle), however details of quantities used were not given 

and subsequent monitoring showed a gradual return of the infestation. Dawson (1987) 

suggests that a two week exposure to excessive amounts of para-dichlorobenzene is 

sufficient to kill the larval stages of Attagenus unicolor (black carpet beetle) and 

Tineola bisselliella (Common or Webbing clothes moth), while McKenny-Hughes 

(1952) suggests that para-dichlorobenzene is only effective in concentrations above 

lkg /m \ Batth (1971) exposed larvae of T. bisselliella  to vapours of para- 

dichlorobenzene and achieved 98% mortality after nine days exposure at 

approximately 21°C.

Tilbrooke (1978) reports naphthalene as a good repellent against insect pests although 

other workers have questioned its effectiveness. Frey (1939) found that naphthalene 

killed all adults of T. bisselliella after five days exposure, 99.6% of eggs in four days 

and 40% of larvae in fifteen days. No indication of concentrations used was given. 

Herrick and Griswold (1933) found that mature larvae of A. verbasci were resistant to 

naphthalene vapours applied at a rate of 1.6kg/m^ Dawson (1987) reports that for 

naphthalene an exposure period of two to six weeks is required for use against insect 

eggs. Parkin and Woodroffe (1961) found that certain insecticides when used against 

A. verbasci were more effective against the adult stages and newly hatched larvae 

than against other stages.

The effectiveness of a particular chemical treatment will depend on the precise 

application. However, the wide variety of collections and storage conditions 

encountered in museums limits the benefit of making direct comparisons. For the
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purposes of this investigation, attention was focussed on routine applications found to 

be prevalent in most museums.

These may be summarised as follows:

• in storage and display cabinets, drawers and boxes as a deterrent or insecticide 

against potential pest contamination

• to treat material with confirmed or suspected infestations

• as a pre-integration quarantine treatment for incoming material

• to fumigate entire areas, collections or large amounts of material

In many cases, chemicals are applied in an ad hoc manner, without prior knowledge of 

effectiveness, quantities required and residual persistence. A review of the relevant 

literature highlights the lack of research into the use of pesticides in museums. 

However, despite the trend towards a gradual reduction in pesticide usage, chemicals 

continue to experience widespread use. Against this background, there is a 

requirement to determine the effectiveness of the main chemicals used in museums 

and in particular the susceptibility of different insect life stages to specific chemical 

treatments, the concentrations required, the length of exposure required to achieve 

maximum mortality and the length of time that chemicals will remain effective under 

typical museum applications.

The objective of this study was to evaluate the performance of three chemicals 

commonly used in museums, against all stages in the life cycle of two recognised pests 

of museum collections under conditions of practical usage. If it could be demonstrated 

that such chemicals are effective against the pests selected, then it is proposed that 

such information could be used to provide reference guidelines on the application 

rates, exposure periods required and effectiveness of these chemical treatments in the 

museum environment and specifically for infested material requiring ‘fumigation’. 

Such information could also be used for comparison or in combination with alternative
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methods of control, notably modified temperature regimes and exposure to low 

oxygen tensions.

4.2 Materials and methods

4.2.1 Test chemicals used

In the museum environment, chemicals are applied in close proximity to, or directly 

onto museum objects and also to premises and furnishings. It is often undesirable to 

apply chemicals directly onto specimens and artefacts and for this reason formulations 

which gradually release their toxic vapours over a reasonably long time scale are 

generally favoured.

Three ‘insecticides’, para-dichlorobenzene, naphthalene, and Vapona (dichlorvos 

impregnated resin strip) all currently experiencing widespread use in natural history 

museums (Bell and Stanley, 1980; Linnie, 1987; Linnie, 1993/94) were chosen for 

evaluation. Technical data for each chemical cited was provided by BDH chemicals, 

Dorset, U.K. with additional information obtained from Bell and Stanley (1980), 

Worthing and Walker (1983), Windholz, (1983), the Occupational Exposure Limits 

(Health and Safety Executive, 1985), Dawson (1987) and Parker (1988).

Para-dichlorobenzene

Technical information. Other names: p-dichlorobenzene, PDB, 1,4- dichlorobenzene, 

Paracide, Paradow. Vapour Pressure; 92pa at 20“C. Molecular weight 147g. Rat acute 

LD50; 500-5000mg/kg (Dawson, 1987). Formulation: 99.8% (minimum) A .l crystals, 

BDH chemicals Ltd. Registration classification: as a repellent in museum storage 

cases. Long term time weighted average (TWA) = 75ppm (450 mg/m^). Short term 

TWA = 1 lOppm (675 mg/m^) (Health and Safety Executive, 1985). 

Para-dichlorobenzene is currently under review by the Environmental Protection 

Agency (USA) for institutional use. Generally, it is used in crystal form in the comers 

of storage and display cases as a first line defence against pest invasion. The high 

volatility of this substance encourages the use of excess crystals to minimise the 

laborious and time-consuming task of replacement and ‘topping-up’. This practice can
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lead to raised levels of para-dichlorobenzene in the general atmosphere particularly 

when used in non-airtight containers. Para-dichlorobenzene is also used as a 

‘fumigant’ to treat infested material or in cases where infestation is suspected.

Naphthalene

Technical information: Common names: moth flakes, mothballs, white tar.

Vapour Pressure: 4.92 x 10  ̂mm at 20“C. Molecular weight: 128.17g. Rat acute oral 

LD50 = 2200mg/kg (Dawson, 1987). Formulation: 100% A. 1 crystals, BDH 

chemicals Ltd. Registration classification: as a repellent in museum storage containers.

Naphthalene is the most widely used chemical in museums in the British Isles and has 

also widespread use worldwide (Bell and Stanley, 1980; Linnie, 1987; Linnie, 1993). 

Maximum short-term exposure limit should not exceed 15 ppm (75 mg/m^), and 

prolonged exposure over an 8-hour day should not average more than 10 ppm (50 

mg/m^), (Health and Safety Executive, 1985).

Odour is detectable at 25 ppm (Dawson, 1987). Naphthalene is generally used in 

crystal form as an insect repellent in drawers and cabinets, although its effectiveness 

has been questioned (Peltz and Rossol, 1983). It has a long tradition of use in 

museums, and is easily recognised by its characteristic ‘moth-ball’ odour. Current 

information suggests that it is becoming less prevalent.

Vapona

Technical information: Common names and registered trade names: 2,2-dichlorovinyl 

dimethyl phosphate, DDVP, Vaponite™, Nuvan™, Vapona™, No-pest strip™, 

Herkol™, Dedevap-71™, Nogos-273™, Insectigas. Vapour pressure: 0.012 mm at 

20"C. Molecular weight; 220.98g. Rat acute LD50, oral 56-108mg/kg, percutaneous 

75-210mg/kg (Dawson, 1987). Formulation: technical 96.0% A .l, Shell Chemical Co. 

Ltd. Registered classification: general use, recommended for use in museum storage 

and display cases.

Long term exposure limit (TWA) is O.lppm (Img/m^). Short-term TWA limit is 

0.3ppm (3mg/m^) (Health and Safety Executive). The Environmental Protection 

Agency has designated dichlorvos as a category ‘A ’ material with an LC50 of less 

than Img/L, but greater than O.lmg/L.
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Vapona is receiving popular interest in museums, particularly among entomologists 

where it is used in strips of approximately one centimetre square in insect storage 

drawers. The resin strip formulation allows the slow release of the active ingredient, 

dichlorvos over a period of up to two years (Ryckman, 1969). Vapona is also 

frequently used in large strips (as purchased) in large display cases and storage 

cabinets as a deterrent against pest attack and also as a ‘fumigant’ to treat infested 

material.

For the purpose of this study, the target insect species chosen were exposed to 

concentrated vapours of each of these chemicals over specific pre-determined periods 

to establish overall effectiveness and exposure/toxicity relationships. In a later study, 

the effectiveness and persistence of para-dichlorobenzene, naphthalene, and Vapona 

are assessed under simulated museum conditions.

4.2.2 Profile of test insects used

The variety of pests known to cause damage to museum collections is extensive. 

Beauchamp (1981) lists 96 species of pests in the United States, of which 82 are 

insects. The potential threat to museum collections represented by pests has been 

discussed previously (Chapter 2).

In this part of the study, two insect species, D. maculatus and A. verbasci (Coleoptera: 

Dermestidae) were selected primarily due of their recognised status as museum pests 

(Linnie, 1987) and because adequate numbers of all life stages are easily reared from 

culture. This was an important consideration as it was envisaged that large numbers of 

each stage would be required given the number of chemicals under investigation and 

the exposure periods proposed. Also, the Coleoptera are considered less susceptible to 

certain chemicals than other insects (Stern, 1968).

Dermestes maculatus De Geer, (Coleoptera: Dermestidae).

Common names: Leather beetle. Hide or Tallow dermestid (USA), Hide or Leather 

beetle (Canada), Skin beetle (South Africa). D. Maculatus is distributed world-wide 

and is considered common in most countries. Larvae and adults damage a wide variety
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of materials containing a high protein content including, meats, leather goods, biscuits 

and animal feed. It is reported as being common in bone factories and hide warehouses 

(Hinton, 1945).

Given the predilection of D. maculatus for dried protein, it is not surprising that they 

have been recorded in museums feeding on skins, bone, feathers, antlers and dried 

insects. This ability of dermestid beetles to digest protein has been utilised by 

museums to deflesh material for skeletal purposes. Unfortunately, this has in some 

cases been responsible for infestations of this species in museums.

A considerable part of the economic importance attached to D. maculatus is attributed 

to the habit of the mature larvae of boring into commodities in order to find a safe area 

to pupate. As well as causing direct damage, this activity can complicate subsequent 

eradication procedures as the pupae may be insulated from the treatment being 

applied.

Cultures of D. maculatus are not difficult to maintain and given suitable conditions, 

large numbers can be established in a relatively short period. Fecundity and frequency 

of oviposition are dependent on temperature and availability of water and food 

(Williams, 1989). Eggs are usually laid in batches of three to twenty (Kimura & 

Takakura, 1919) but batches of two to four have been recorded (von Dibkiewicz, 

1928). The eggs are oval, approximately 1.5mm in length and 0.5mm diameter. They 

are white when laid, gradually changing to brown. This change in colour is caused by 

the development of the setae, which appear as a series of semicircular stripes through 

the membranous chorion. Eclosion occurs as the larvae breaks through the chorion 

(Williams, 1989). The egg stage incubation period varies considerably according to 

temperature (Hinton, 1945). Cultures held under ambient laboratory conditions 

ranging from 18.5”C to 25°C at 29% to 50% relative humidity resulted in an 

incubation period of between 96 to 124 hours (Williams, 1989).

Emerging larvae are approximately 2mm in length, initially white with brown setae 

and similar to later larval instars, very active and negatively phototropic. Larvae 

normally moult six times before pupation, although Gay (1938) has shown 

considerable variation in the number of larval moults with up to eleven recorded.
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The entire larval period may last from two weeks to several years depending on 

temperature, relative humidity, moisture content of food and amount and type of food 

available (Hinton, 1945). Larvae feed on a wide variety of material but generally of 

proteinaceous composition including bone, skin, horn, feathers, dried insects and hair. 

When fully grown, larvae measure between 15 and 20mm in length. At this stage a 

suitable site for pupation is sought and in doing so, larvae may cause serious damage 

to materials by their burrowing activities (Hinton, 1945). Larvae become sedentary for 

between four to six days before pupation commences (Williams, 1989). Newly formed 

pupae are cream-white, dorsoventrally curved, possess conspicuous eyespots and 

measure approximately 9mm in length. Under close examination developing adult 

features may be observed, including wings, abdominal segments, legs and antennae. 

During late development a slight darkening occurs in the thoracic region followed by a 

darkening of the wings. When the head and wing regions conspicuously darken, 

eclosion usually taken place within one or two days. The pupal period is usually 

between five to fourteen days, but may be as long as thirty -five days depending on 

temperature (Hinton, 1945).

Adults of D. maculatus measure 5.5-10.0 mm in length and may live for over 90 days. 

Females require access to water to achieve normal fecundity and appear not to produce 

eggs if deprived of food (Dick, 1937), although observations by this author indicate 

that eggs are produced without access to food. Adult beetles will copulate above 

temperatures of 16-18“C. for periods of three to five minutes (Hinton, 1945). The pre- 

oviposition period varies from ten to fifteen days (Illingworth, 1918), being ten days at 

a temperature of 27”C (Grady, 1928). Adults are known to actively feed on the same 

range of protein based materials as the larval stages.

Eradication, treatment and deterrent measures for the control of D. maculatus in 

museums is typically by chemical application. While naphthalene appears to be the 

chosen method for deterrent purposes, para-dichlorobenzene and Vapona in excess 

quantities are often used for the treatment of confirmed localised infestations. Because 

of the general absence of information relating to quantities and exposure times 

required, the general practice is to treat infestations ‘in-situ’ with excessive amounts of 

chemical so that saturation concentration of vapour can be maintained over a period 

sufficiently long enough to achieve maximum mortality. The inherent disadvantages
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of this method are that unless satisfactory concentration/exposure relationships are 

maintained, insects (particularly egg and pupal stages) may be given a sub-lethal dose, 

resulting in a re-emergence and subsequent infestation at a later date.

Anthrenus verbasci (L.), (Coleoptera: Dermestidae).

Common names: Varied carpet beetle, Buffalo carpet beetle (Canada).

A. verbasci is a cosmopolitan species, but is more usually confined to temperate 

regions. Adult beetles are attracted to certain flowers particularly hogweed 

(Heracleum sphondylium) where feeding upon nectar and pollen takes place (Blake, 

1958). However, the most important natural habitat of A. verhasci in Britain is birds 

nests where it has been recorded as present in over 60% of all sparrow, martin and 

swallow nests examined (Woodroffe and Southgate, 1953). It is considered the most 

important pest of dried insect collections in temperate regions (Hinton, 1945) and 

there are numerous reports in the literature of the damage caused to entomological 

collections.

The eggs are cream-white, 0.6mm in length and bear spine-like projections at the 

posterior end. Oviposition begins four to seven days after copulation (Kalandadze, 

1927) and continues over a period of fourteen days. Blake (1958) found that pre- 

oviposition ranged from three to fourteen days. The duration of the egg stage is greatly 

influenced by temperature, ranging from seven to ten days (Yamada, 1937) to seven to 

eighteen days (Pescott, 1938). Upon emergence from the egg stage, larvae begin to 

feed immediately on materials of proteinaceous composition and occasionally become 

serious pests of woollens, carpets, leathers and museum collections. They have also 

been recorded feeding on whalebone, horn, skeletal material, feathers and hair. The 

duration of the larval stage and the number of moults depend on the quality and 

quantity of food, temperature and relative humidity (Hinton, 1945). Mature larvae 

measure up to 5mm in length and possess three conspicuous tufts of golden coloured 

hairs on the posterior abdominal segments. Larvae avoid light and feign death when 

disturbed. Under natural conditions larvae survive for up to ten months and can 

overwinter, but in unfavourable conditions development may be suspended and larvae 

may survive in a state of diapause for several years (Hinton, 1945).
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Pupation takes place in the last larval skin. This may serve as a protective covering 

against mechanical impact and as a protection against predation by other insects. 

Larvae generally pupate where they have been feeding. In entomological collections 

this will often take place within the bodies of insects on which they have been feeding. 

Pupae measure approximately 4mm in length and are cream-like in colour. Close 

examination of the pupae reveals a morphological difference between sexes. The 

female possesses two clearly visible papillae on the posterior end of the abdomen. 

These papillae which are absent in the male can be observed through the surrounding 

larval skin, without disturbance of the pupa.

Following emergence from the pupal stage, adults remain quiescent within the last 

larval skin (Plate 25) for a period dependent on conditions (Hinton, 1945), but 

generally between four to seven days (Kalandadze, 1927). The adults are 2.4mm long, 

strongly convex with elytra bearing variegated colour patterns of brown, black, yellow 

or white scales. Under natural conditions or in unheated buildings adults emerge from 

the end of March to May or June and commence egg laying from April onwards. The 

resulting larvae feed until winter, when hibernation takes place. Pupation generally 

takes place in February or March but in outdoor conditions in temperate climates, 

larvae require at least one, but generally two years to complete development (Blake, 

1958).

Control methods for A. verbasci in museum collections are similar to those described 

for D. maculatus. Infested objects in localised areas are generally subjected to the 

vapour of either para-dichlorobenzene or Vapona, while naphthalene is more often 

used as a deterrent.

4.2.3 Culture methods

Start-up colonies of D. maculatus and A. verbasci were obtained from the pest control 

laboratory at the Ministry of Agriculture, Fisheries and Food (MAFF), Slough,
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Plate 25 Scanning electron micrographs of the emerging adult stage (quiescent)
Of Anthrenus verbasci (L.) in last larval skin.
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England (currently the ‘Central Science Laboratory’). Both species were maintained 

on a diet of fishmeal containing approximately 70% protein (lAWS Group PLC, 

Dublin), non-fermenting food yeast, (Irish Yeast Company, Dublin) and cholesterol 

(BDH Chemicals, Dorset, UK). These were mixed together in 450g, 112g and 12g 

proportions respectively. Approximately 250g of this media were used in wide

mouthed glass containers of one litre capacity. A single leaf of loosely folded filter 

paper was placed on the surface of the media to provide an oviposition site, to increase 

the surface area available for larvae and beetles and to provide space for water 

application.

For D. maculatus cultures, access to liquid was provided by pipetting 3ml of distilled 

water onto the filter paper at weekly intervals. Adult beetles responded immediately 

by moving onto the moistened filter paper. Egg laying frequently followed the uptake 

of water. Water was not provided for A. verbasci as it has been observed to have an 

adverse effect on fecundity (Blake, 1958). Each container was covered with fine 

butter-muslin cloth, bound with an elastic band and placed inside a Perspex aquarium 

tank with lid (33cm x 22.5cm xl9cm). Three culture containers were held in each 

tank.

During the early stages of culture, relative humidity was maintained at 65% ± 5% by 

enclosing 150ml of saturated ammonium nitrate solution in each tank. This was 

measured at two week intervals using a ‘Valsala’ humidity probe with ‘Grant Squirrel’ 

data recorder and adjusted by the addition of distilled water or ammonium nitrate 

solution as appropriate. However, the use of a humidifying solution was later 

withdrawn as parallel cultures held under similar conditions but without controlled 

humidity were found to have similar levels of fecundity. This has also been noted by 

other workers (e.g. Blake, 1958). Cultures were maintained in darkness at 20“C. ± 1°C 

in a ‘Gallenkampf cooled incubator.

From initial stocks of approximately fifty individuals per container a ten-fold increase 

of D. maculatus was achieved within twenty weeks under the culture conditions 

described. Serial cultures were obtained by transferring newly emerged adults to fresh 

media for mating and egg production. Fresh cultures were established at monthly 

intervals to prevent overcrowding and cannibalism. Old cultures were destroyed by



incineration after six months. A. verbasci however, have a circa-annual life cycle 

under constant culture conditions and consequently large populations are more 

difficult to achieve. Also, the life span of the adult stage is quite short (approximately 

two to four weeks under laboratory conditions). For this reason, greater emphasis was 

placed in rearing these cultures in order to provide sufficient numbers of young adult 

beetles for the experimental work. Serial cultures were obtained by transferring 

emerging adults to separate containers with fresh media from the main stock at regular 

intervals.

In the course of this investigation (Chapter 4: Parts 1 and 2), over 10,000 insects at 

various stages of development were used

4.2.4 Collection of test insects

D. maculatus

Adult beetles were randomly selected from stock cultures and provided with 200g of 

ground culture medium. Water was provided daily for five days by pipetting a small 

amount onto folded filter paper placed on the surface of the media. Eggs, up to three 

days old, were collected by passing the media through a 625|am ‘Endecott’ sieve. Eggs 

retained by the sieve were individually collected using a dissection seeker. Fully- 

grown larvae of known age (circa thirty days) and similar size (10-12mm) were 

obtained from serial cultures and provided with a small amount of medium (25g). 

Pupal stages were collected from stock larval cultures and individually tested for 

viability by observing a positive response to gentle prodding with a round-tipped 

dissecting probe. Once viability was confirmed, pupae were placed into 9cm diameter 

petri dishes. Adults of known age group (fourteen to twenty days) were randomly 

selected from serial cultures using a spatula. Mature adults were preferred to avoid 

immature cuticle susceptibility inherent in young beetles (Parkin, 1966). These were 

transferred to petri dishes and provided with media and access to moistened filter 

paper.

A. verbasci

A. verbasci adults were isolated from stock cultures and provided with lOOg of media. 

Eggs were collected daily by manually sorting through the media and retrieving each
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egg with a blunt seeker. Mature larvae were collected from serial cultures using a 

spatula. Pupae (five to ten day old) and non-quiescent adults (circa five to ten day old) 

were collected as described for D. maculatus.

All stages of A. verbasci and D. maculatus were held at 20“C ± 1°C prior to exposure 

to test conditions.

4.2.5 Experimental methods

Larvae, pupae and adults of A. verbasci and D. maculatus were retained separately in 

standard 9 cm diameter plastic petri dishes (without lid) during test conditions. To 

facilitate accurate monitoring of egg development following exposure, circular 

cardboard discs, 8 cm in diameter were marked into 40 individual squares and a layer 

of ‘Transparseal’, a self-adhesive clear film, glued onto the disc surface. This was 

positioned on the grid so that the natural self-adhesive surface faced upwards. The 

marked divisions remained visible through the clear adhesive film and a single egg 

was placed in each square. Each disc with its complement of eggs was placed in a 

petri dish for exposure to experimental conditions. The adhesive surface simplified 

the counting of hatched and unhatched eggs as emerging larvae became trapped on the 

‘sticky’ surface. This method also eliminated potential predation of unhatched eggs 

by emerging larvae.

Prior to exposure all eggs were examined under a dissecting microscope for 

mechanical damage and replaced where necessary. Insects contained in their 

individual petri dishes, were placed directly into the experimental chambers containing 

the appropriate test chemical. These consisted of glass dessicators of six-litre capacity. 

To ensure an airtight seal, the glass lids were held in place by smearing a thin film of 

silicon grease over the contact surfaces of both lid and chamber. A metal grid was 

elevated above the bottom of each chamber to support the petri dishes containing the 

test insects (Figure 4.1).
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Figure 4.1 Diagram of chamber used to contain insects during 

exposure to test chemicals

For D. maculatus, the number of individuals used for each life cycle stage was forty. 

Eggs and larvae of A. verbasci were also used in groups of forty, but as this species is 

more difficult to cultivate in large numbers, only twenty pupae and twenty adults were 

used per test. Each test was repeated twice and mean values calculated. The mean 

mortality response values for each exposure period are shown under the time and 

response columns in Appendix 2. Insects were exposed to the appropriate test 

chemical for pre-determined time duration, ranging from one hour to seventy-two 

hours depending on susceptibility. A fresh batch of insects was used for each separate 

time exposure. For example, given an exposure range of three hours to twenty-four 

hours, using three-hourly increments, a total of eight separate batches of test insects 

would be required.

4.2.6 Determination of saturation concentration exposure.

The saturation concentration of a volatile chemical at a specific temperature can be 

calculated from the following relationship (Armes, 1985):
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C = P X 273 X M X 1 X 10̂

760 T 22.4

where C = saturation concentration (mg/m^) 

P = vapour pressure (mm Hg)

M = molecular weight (g)

T = absolute temperature (K)

Using this formula, the saturation concentration values at 20”C for naphthalene, 

dichlorvos and para-dichlorobenzene are calculated as 344mg/m^, 144mg/m^ and 

5.6g/m^ respectively. To maintain sufficient concentration of vapour during the 

experimental period 333mg of para-dichlorobenzene crystals and 20.7mg of 

naphthalene crystals were evenly distributed at the base of the appropriate six litre 

desiccator, thus giving an approximate ten fold increase of estimated saturated 

concentration. For exposure to dichlorvos vapour, a Vapona resin strip containing 1.7g 

of the active ingredient dichlorvos was removed from its plastic holder and cut into 

three equal sections. One of these sections was placed at the bottom of a six-litre 

desiccator prior to the introduction of the test insects. This amount is approximately 

equivalent to the manufacturer’s maximum recommended rate of one unit per 3m^.

Desiccators containing each insecticide were held for one week at 20”C ± 1"C prior to 

introduction of test insects. As temperature was held constant and the chambers 

remained airtight throughout the experimental period, saturation concentration of 

vapour was maintained. Dosage was therefore dependent on duration of exposure. All 

experiments were performed in a Gallenkamp cooled incubator held at 20°C ± 1°C. 

After a pre-determined time, test insects were removed from their respective 

chambers, transferred to fresh petri dishes, labelled and held at 20“C ± 1°C for 

observation. A small amount of media (20g) was provided. The condition of each 

insect was monitored on removal from the chamber and subsequently on a daily basis.
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4.2.7 Determination of death in test insects

One of the main difficulties encountered in toxicity studies on insects is the 

establishment of a suitable criterion of death. Clearly, the most unequivocal procedure 

is to expose samples of insects to a lethal chemical dose for a specific period and then 

to return them to their holding temperature so that the proportion killed can be 

estimated by counting the number that fail to recover. This has the inherent 

disadvantage of requiring large numbers of animals as each dose/exposure time 

combination requires a separate batch of animals. However, this is unavoidable when 

the lethal conditions of eggs or other immobile stages of a life cycle are being 

determined. This was the case in these series of experiments and so it was necessary to 

define the symptoms of death or more specifically the ‘inability to recover’ in advance 

so that mortality could be accurately assessed.

For adult beetles the lack of movement and failure to respond to gentle prodding have 

been considered a moribund condition (Boles, 1974); such a condition could also 

indicate paralysis (O’Brien, 1960). In this study the loss of the righting posture and 

absence of spontaneous movement or an irreversible, uncontrolled, lethargic condition 

was used to determine death in larval and adult stages. Such criteria cannot be used 

for egg and pupal stages, therefore the cessation of normal development followed by 

obvious physical deterioration such as discolouration and shrinkage was considered an 

indication of death.

Insects were exposed to the appropriate test chemical for pre-determined time 

duration, ranging from one hour to seventy-two hours depending on susceptibility. A 

fresh batch of insects was used for each time exposure. On introduction to the test 

chamber containing either para-dichlorobenzene or Vapona concentrations, adult 

insects of both D. maculatus and A. verbasci exhibited increased mobility. This was 

immediately followed by uncoordinated activity eventually resulting in the insect 

lying in the dorsal position. On removal from the test chamber adults remained in the 

dorsal position and erratic twitching movements of legs, antennae and mouthparts was 

observed. This behaviour continued for up to ten days after exposure.
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Recovered larvae and adult stages capable of controlled, co-ordinated behaviour were 

recorded daily. Emerging larvae from the test eggs were also counted daily. 

Observation and counting of recovered stages continued until death was determined as 

described. Control experiments were carried out for each life-cycle stage using the 

same test conditions, but without exposure to the test chemical.

4.2.8 Correction for control mortality

The magnitude of death among test insects from causes unrelated to experimental 

conditions is generally estimated from ‘control’ batches held under identical 

circumstances to the test species except for exposure to the trial parameter. This 

‘control mortality’ if it is appreciable will affect the accuracy of the results and to 

allow for this, a correction is usually applied (Busvine, 1966). This is commonly 

known as Abbott’s Formula (Abbott, 1925) where.

Pt = P o- Pc X 100 

100- Pc

where, Pt = corrected mortality

Po = observed mortality

Pc = control mortality (all in %).

The mortality of the test insects was assessed using the procedure described and 

results corrected using Abbott’s formula.
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4.3 Results

The data presented shows the proportion of insects dying (separate batches of insects 

were used for each exposure period) over a range of exposure periods using a constant 

amount of chemical. In the model chosen, an evaluation of the potency of known 

stimuli, in this case the length of exposure to the chemical used is given. Since 

different insects can be expected to have different tolerances to the chemicals used, an 

evaluation is formulated in relation to the proportion of individuals responding at each 

level of the stimuli (Systat, 1992). Thus for each time exposure used, the number of 

individuals exposed and the number of insects responding were recorded. Data was 

initially analysed by expressing the total mortality as a proportion and fitting a 

bounded monotonic response function of the following form;

Equation 1 (Systat, 1992)

Proportion dying =

1 + a

a + ____________________

1 + e b - c logg(dose)

where,

a = the background response, or rate of dying

b = a location parameter for the curve

c = a slope parameter for the curve

log g = a natural logarithm to the base e

The usual purpose of this type of study is to estimate the lethal exposure conditions 

required to kill a given percentage, say 50% of the sample. This can be done in two
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ways: by exposing the sample to a single lethal chemical dose and monitoring the 

mortality of animals subjected for increasing periods of time (the median lethal time or 

LT50), or to monitor the mortality of animals exposed to different dose amounts for a 

given exposure period (the median lethal dose or LD50). In each case the percentage 

mortality is plotted as a function of dose amount or exposure time respectively, and 

Equation 1 is fitted, thus allowing the estimation of the LT/LD50.

The LT50 is given as: 

Equation 2 (Systat, 1992)

e b / c  (1-2 a) 1 / c

The model expressed in equation 1 is intrinsically non-linear, both in the data and the 

parameters. It cannot be transformed, using logs or other mathematical operators, to a 

linear form and hence cannot be fitted using standard linear regression techniques. 

Instead, least-square non-linear regression was used. This is analogous to ordinary 

least squares: both methods minimise squared deviations of the dependent variable 

values (mortality) from values estimated by the function at the same independent 

variable data points. Non-linear regressions were performed using a Microsoft™ 

EXCEL spreadsheet, which utilises a quasi-Newton minimisation routine to find those 

values of alpha, beta, and gamma which minimise the sum of the squared residuals 

across all the available data points.

The time required to kill 50% of exposed individuals and the time required to kill 99% 

of exposed individuals (LT99) were calculated. These are shown in Tables 3 and 4. 

The calculated values of alpha, beta and gamma together with exposure periods and 

corresponding mortality levels are given in Appendix 3.

Table 3 shows the LT50 and LT99 values required for egg, larval, pupal and adult 

stages of D. maculatus following exposure to concentrated vapours of para- 

dichlorobenzene, Vapona and naphthalene.
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Table 3. LT50 and LT99 values (hours) for stages in the life cycle o f D. maculatus following  

exposure to concentrated vapours of various chemicals.

Chemical Eggs Larvae Pupae Adults

LT50 LT99 LT50 LT99 LT50 LT99 LT50 LT99

PDB 4.29 6 8.78 12 19.06 33 22.02 33

Vapona 6.99 27 <1 8 <1 27 <1 <1

Naphthalene 23.03 N.D 15.04 27 31.86 N.D 15.36 36

* N.D = Not Detected

Exposure (Hours)

Figure 4.2 Exposure/toxicity relationship of eggs of Dermestes maculatus 

to concentrated vapours of para-dichlorobenzene

For para-dichlorobenzene, the egg stage with an LT50 of 4.29 hours showed the 

highest susceptibility (Figure 4.2). As exposure increased, mortality also increased 

giving 99% mortality in less than 6 hours. Post egg stages were more tolerant



however, requiring up to 33 hours exposure to reach LT99 values for pupal and adult 

stages (Figures 4.3 to 4.5). These later stages thus appear considerably less susceptible 

to vapours of para-dichlorobenzene at concentrated levels than either the egg or larval 

stage.
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Figure 4.3 Exposure/toxicity relationship of larvae of Dermestes maculatus 

to concentrated vapours of para-dichlorobenzene

Vapona, although less effective than para-dichlorobenzene against the egg stage of D. 

maculatus, performed considerably better against larval, pupal and adult stages. While 

27 hours exposure was required to reach the LT99 level for the egg stage, the LT50 

value was reached in less than 7 hours (Figure 4.6). Larvae were highly susceptible to 

Vapona: almost 100% mortality was reached after 1 hour exposure (Figure 4.7).

High mortality levels were recorded for the pupal stage after 3 hours exposure (Figure 

4.8) although 27 hours exposure was required to achieve the LT99 value. The adult 

stage was the most susceptible with 1(X)% mortality recorded after less than 3 hours 

exposure (Figure 4.9).
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Figure 4.4 Exposure/toxicity relationship of pupae of Dermestes maculatus 

to concentrated vapours of para-dichlorobenzene
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Figure 4.5 Exposure/toxicity relationship of adults of Dermestes maculatus 

to concentrated vapours of para-dichlorobenzene
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Figure 4.6 Exposure/toxicity relationship of eggs of Dermestes maculatus 
to concentrated vapours of Vapona
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Figure 4.7 Exposure/toxicity relationship of larvae of Dermestes maculatus 

to concentrated vapours of Vapona
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Figure 4.8 Exposure/toxicity relationship of pupae of Dermestes maculatus 

to concentrated vapours of Vapona
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Figure 4.9 Exposure/toxicity relationship of adults of Dermestes maculatus 

toconcentrated vapours of Vapona
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Of the three chemicals tested, naphthalene proved the least effective (Figures 4.10 to 

4.13). Eggs of D. maculatus required 45 hours exposure to reach over 80% mortality. 

Experiments were terminated at 54 hours exposure for the egg stage, as LT99 values 

were still not established. This was also the case for the pupal stage where only 65% 

mortality was reached after 48 hours.

Larval and adult stages did however show susceptibility within a reasonable time 

scale, with 99% mortality established at 27 hours for larvae and 36 hours for adults.
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Figure 4.10 Exposure/toxicity relationship of eggs of Dermestes maculatus 

to concentrated vapours of naphthalene
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Figure 4.11 Exposure/toxicity relationship of larvae oiDermestes maculatus 

to concentrated vapours of naphthalene
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Figure 4.12 Exposure/toxicity relationship of pupae oi Dermestes maculatus 

to concentrated vapours of naphthalene
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Figure 4.13 Exposure/toxicity relationship of adults oi Dermestes maculatus to 

concentrated vapours of naphthalene

Table 4 shows the LT50 and LT99 values required for egg, larval, pupal and adult 

stages of A. verbasci following exposure to concentrated vapours of para- 

dichlorobenzene, Vapona and naphthalene. A pattern, similar to that found with D. 

maculatus was evident.

Table 4, LT50 and LT99 values (hours) for stages in the life cycle o f A. verbasci following  

exposure to concentrated vapours of various chemicals.

Chemical Eggs Larvae Pupae Adults

LT50 LT99 LT50 LT99 LT50 LT99 LT50 LT99

PDB 8.14 9 33.95 54 14.81 24 2.18 6

Vapona 8.14 24 <1 <1 <1 6 <1 < 1

Naphthalene 73.19 N.D N.D N.D N.D N.D 11.38 30

* N.D = Not Detected
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For para-dichlorobenzene, LT50 levels for the egg stage were reached in 

approximately 8 hours with a significant mortality increase after 9 hours exposure 

(Figure 4.14).
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Figure 4.14 Exposure/toxicity relationship of eggs of Anthrenus verbasci 

to concentrated vapours of para-dichlorobenzene
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Figure 4,15 Exposure/toxicity relationship of larvae of Anthrens verbasci to 

concentrated vapours of para-dichlorobenzene



Larvae and pupae of A. verbasci were least susceptible to para-dichlorobenzene 

requiring 54 hours and 24 hours respectively to achieve LT99 levels (Figure 4.15 and 

4.16).
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Figure 4.16 Exposure/toxicity relationship of pupae of Anthrenus

verbasci to concentrated vapours of para-dichlorobenzene
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Figure 4.17 Exposure/toxicity relationship of adults ol Anthrenus verbasci to 

concentrated vapours of para-dichlorobenzene



Adult stages however, were highly susceptible with 99% mortality achieved after 6 

hours (Figure 4.17).

Larvae and adults of A. verbasci exhibited high susceptibility to Vapona. There were 

no adult recoveries recorded after 1 hour exposure and only 2 hours exposure was 

required to reach LT99 at the larval stage. While 6 hours exposure was required to 

achieve the LT99 level for pupae, the egg stage proved the most tolerant with 24 

required to achieve a similar result (Figures 4.18 to 4.21).
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Figure 4.18 Exposure/toxicity relationship of eggs of Anthrenus verbasci to 

concentrated vapours of Vapona

Overall, Vapona was significantly more effective than para-dichlorobenzene, 

particularly for larval, pupal and adult stages. For example, 54 hours exposure to para- 

dichlorobenzene was required to reach LT99 levels for larvae, while less than 1 hour 

was required to reach the same level using Vapona. Para-dichlorobenzene also took 

four times longer than Vapona to achieve LT99 levels for the pupal stage and six times 

longer for the adult stage.
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Figure 4.19 Exposure/toxicity relationship of larvae oi Anthrenus verbasci 

to concentrated vapours of Vapona
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Figure 4.20 Exposure/toxicity relationship of pupae of Anthrenus verbasci 

to concentrated vapours of Vapona
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Figure 4.21 Exposure/toxicity relationship of adults of Anthrenus verbasci to 

concentrated vapours of Vapona

Once again given the time scales used, naphthalene proved the least effective of the 

chemicals tested. Apart from the adult stage, low mortality rates were recorded for all 

stages of A. verbasci. Figure 4.22 shows an unpredictable mortality pattern for the egg 

stage.
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Figure 4.22 Exposure/toxicity relationship of eggs of Anthrenus verbasci 

to concentrated vapours of naphthalene
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Although 60% mortality was reached after 12 hours exposure, further tests over a 60 

hour exposure period failed to yield an increase in mortality levels and were 

discontinued. Larval and pupal stages appeared unaffected by exposure to naphthalene 

and tests were discontinued after 72 hours and 42 hours respectively (Figures 4.23 and 

4.24).
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Figure 4.23 Exposure/toxicity relationship of larvae of Anthrenus verbasci to 

concentrated vapours of naphthalene
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Figure 4.24 Exposure/toxicity relationship of pupae of Anthrenus 

verbasci to concentrated vapours of naphthalene
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The adult stage did show susceptibility to naphthalene vapours, with 50% mortality 

recorded after approximately 11 hours and 99% mortality recorded after 30 hours 

exposure (Figure 4.25).
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Figure 4.25 Exposure/toxicity relationship of adults of Anthrenus verbasci to 

concentrated vapours of naphthalene

Tests on A. verbasci adults exposed to naphthalene vapours were continued for 48 

hours and it was observed that eggs laid during the exposure period remained viable 

and subsequently produced apparently normal larvae.

4.4 Discussion

Exposure/mortality relationships of three chemicals commonly used in museums, 

against all stages in the life cycle of two museum insect pest species were investigated. 

The results show considerable variation in susceptibility between egg, larval, pupal 

and adult stages. This is consistent for both species and for each of the three chemicals 

used. There are also susceptibility differences between D. maculatus and A. verbasci.
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Exposure periods required to achieve 99% mortality for various stages in the life cycle 

of both species are presented in Tables 3 and 4. Excluding naphthalene which had a 

low mortality performance (with minor exceptions) over the time scales used, the 

maximum exposure period required to achieve 99% mortality for D. maculatus was 33 

hours using para-dichlorobenzene and 27 hours using Vapona. For A. verbasci a 

maximum exposure period of 54 hours was required for 99% mortality using para- 

dichlorobenzene and 24 hours using Vapona.

The reservations expressed by some museum workers regarding the effectiveness of 

naphthalene as a suitable killing agent against insect pests of museums appear to be 

justified by these results. LT99 levels were not reached for eggs and pupae of D. 

maculatus and for eggs, larvae and pupae of A. verbasci following exposure to 

naphthalene vapours for periods of between 48 and 60 hours. In general, Vapona was 

more effective than para-dichlorobenzene, requiring in most cases, considerably less 

time to kill the test insects and also to reach LT50 levels. Apart from the egg stage, 

this was consistent for both of the species tested. Exposure periods of less than 1 hour 

were sufficient to achieve LT99 values for adults of D. maculatus and larvae and 

adults of A. verbasci.

Various factors can impact on the insecticidal performance of chemicals used to kill 

pests by vapour action. These include:

• quantity and concentration of chemical used

• surface area under treatment

• sorbitive quality of contact surfaces

• insulating properties of objects and materials

• control of air flow in the area being treated

• ambient temperature

• relative humidity.

Susceptibility variation to test chemicals between different insect developmental 

stages and different species may also be a factor as was demonstrated in this study. As 

test temperature and relative humidity were maintained at a constant rate throughout
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the experimental period in sealed containers with little sorbitive quality, variation in 

susceptibility was most probably a function of the individual properties of the test 

chemicals used and the age and developmental condition of the test insects. Such 

response differences have been discussed by various authors.

Childs (1966) and Vardell et al. (1975) questioned the effectiveness of dichlorvos on 

insect eggs. Given that respiration of the embryo takes place through the chorionic 

aeropyles, it is assumed that eggs would be affected by fumigant activity although 

variation in the properties of the chorion between insect species may result in some 

species being less susceptible to chemical action. Age differences between egg stages 

may also affect susceptibility. Chapman (1982) and Smallman and Mansingh (1969) 

suggest that dichlorvos does not become effective against egg stages until the nervous 

system has developed and neuromuscular abilities become functional. Williams et al. 

(1989) suggests that variation in larval response to dichlorvos may be due to variations 

in fumigation conditions or differences in metabolic rates between instars while 

Wigglesworth (1972) reported that respiratory metabolism in pupae is relatively low 

and that this may affect the toxicity performance of certain chemicals.

Adults of many adult insect species appear very susceptible to organophosphates 

(Childs, 1966; Stern et al., 1968; Zettler and Jones, 1977)), possibly because the 

nervous and cholingic systems are fully developed at the final developmental stage 

(Smallman and Mansingh, 1969). Dichlorvos is known to poison insect and 

mammalian nervous systems by inhibiting acetyl-cholinesterase enzymes (ACNE) at 

the synaptic nerves resulting in accumulation of toxic levels of acetylcholine. Loss of 

ACNE activity leads to a range of physiological effects resulting from excessive nerve 

stimulation (Matsumura, 1985; WHO, 1986). This may explain the extreme 

susceptibility of adults of both D. maculatus and A. verbasci to Vapona. Both species 

reacted instantly on exposure to Vapona. Controlled movement was severely inhibited 

and adults were observed to die in less than one hour exposure.

Despite such variation in susceptibility potential, and apart from naphthalene which 

generally delivered poor toxicity performance, para-dichlorobenzene and Vapona may 

be considered as effective ‘fumigant’ agents against insect pests. Both of these
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chemical agents proved successful in killing all of the insect stages tested and although 

the mortality response time may have varied, in a museum context this would not be 

considered of great significance. The primary objective of museum workers when 

faced with dealing with insect infestations is to ensure that the eventual choice of 

treatment achieves the desired effect, i.e. total mortality of the invading insect.

In the experiments described, both para-dichlorobenzene and Vapona, achieved the 

optimum result, albeit over a different time scale. However, because of health and 

safety concerns relating to the use of para-dichlorobenzene in the museum 

environment, Vapona is offered here as the most appropriate and effective choice of 

the three chemicals tested for the short-term treatment of infested museum material. 

Compared to other chemical treatment methods such as methyl bromide fumigation 

and phosphine fumigation, which may involve high cost, specialist equipment and 

potentially harmful effects, the results show that Vapona provides a potentially 

effective treatment tool for the eradication of pests in localised conditions.

Factors which may effect chemical performance and insect susceptibility potential, 

have been discussed earlier in this chapter. In addition, the precise exposure periods 

and application rates to ensure effective ‘kill’ under museum conditions will also 

depend on the size and quality of the storage containers used, their frequency of 

opening, the museum specimen(s)/material(s) being treated and the particular target 

species involved.

The experimental procedures and results outlined relate to two insect species exposed 

to vapour saturated conditions at controlled temperature and humidity levels under 

laboratory conditions. There were no allowances made for actual infestation 

conditions, where it is possible that invading insects may be protected from chemical 

vapours by the insulating properties of the museum objects. In theory, this could arise 

in such objects as wood, cavities within taxidermy mounts and objects stacked on top 

of each other. If a chemical treatment of infested or potentially infested museum 

material is proposed then allowances for such variations should be considered.

A comparative review of the performance of the three chemicals tested against all
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stages in the life cycle of D. maculatus and A. verbasci indicates that in general, 

Vapona was the most effective over the time scales used. Given an application rate of 

approximately 0.57g/m^ of dichlorvos impregnated resin strip, a maximum exposure 

period of 27 hours for D. maculatus and 20 hours for A. verbasci was sufficient to 

achieve 99% mortality over all developmental stages. In order to sustain sufficient 

vapour concentration, a two-fold increase (1.14g/m^) in the above application rate of 

Vapona over a minimum exposure period of 48 hours is recommended by this author. 

As discussed earlier, various factors may affect insecticidal performance and therefore 

appropriate allowances such as prolonged exposure or increased quantities of the 

chemical agent should be considered. Treatment should be followed by a suitable 

quarantine and inspection period before the introduction of specimens/materials into 

the museum environment.

4.5 Summary

All stages in the life cycle of D. maculatus and A. verbasci were exposed to 

concentrated vapours of para-dichlorobenzene, naphthalene and Vapona (dichlorvos 

impregnated resin strip) to determine potential exposure/mortality relationships. The 

results are summarised as follows;

• Exposure to para-dichlorobenzene.

The egg and larval stages of D. maculatus and the egg and adult stages of A. verbasci 

were most susceptible to vapours of para-dichlorobenzene. Larvae of A. verbasci were 

over three and half times more tolerant to para-dichlorobenzene vapours than D. 

maculatus larvae.

• Exposure to Vapona (dichlorvos impregnated resin strip).

Larval and adult stages of both D. maculatus and A. verbasci showed very high 

susceptibility to Vapona vapours. Pupal stages of both species also showed high 

susceptibility although D. maculatus pupae took four and a half times longer to reach 

maximum mortality. Eggs of both D. maculatus and A. verbasci were the most 

tolerant of the developmental stages.
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• Exposure to naphthalene.

Naphthalene was the least effective of the three test chemicals used, although in 

general D. maculatus was more susceptible than A. verbasci. Egg and pupal stages of 

D. maculatus were less susceptible to naphthalene vapours than larval and adult 

stages. Naphthalene vapours had little effect on larval and pupal stages of A. verbasci, 

adults being the most susceptible stage. Despite long exposure to naphthalene, adults 

of A. verbasci continued to produce eggs during the exposure period. Emerging larvae 

appeared unaffected by the presence of naphthalene vapours.

• Vapona was the most effective of the three test chemicals. This was consistent for 

both species, particularly larval and adult stages.

• There was considerable variation in susceptibility to the three chemicals used. This 

was consistent for developmental stages in both of the test species.

• Based on these results an exposure/mortality relationship is proposed for the 

chemical treatment of insect infested collections in museums.
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Chapter 4 (continued)

Extracts from this chapter (Part 2) have been published in Museum Management and 

Curatorship, 1997, 4: 414-435.

Part 2

Toxicity of para-dichlorobenzene, naphthalene and ‘Vapona against all stages 

in the life cycle of Dermestes maculatus De Geer, (Coleoptera: Dermestidae) 

under simulated museum conditions.

4.6 Introduction

The common practice in natural history museums of using chemical insecticides in 

storage cases, entomological drawers and display cabinets to protect specimens against 

potential attack from insects and other pests has been discussed earlier. The agents 

most frequently used are para-dichlorobenzene and naphthalene in crystalline form 

and Vapona with the active ingredient dichlorvos, impregnated onto polyvinyl 

chloride (PVC) resin strips. In the previous study (Chapter 4: Part 1) the insecticidal 

performance of these chemicals when used in concentrated amounts was assessed to 

determine potential effectiveness and suitability for the immediate eradication of 

established infestations or in situations where infestation was suspected. However, as 

museums routinely apply chemicals in relatively small amounts in the belief that they 

also provide long-term protection against potential pest invasion, it would be 

important to determine the residual effectiveness of these chemicals under simulated 

museum conditions. Such information would be useful in determining the toxicity of 

the chemicals in relation to the quantities used and significantly, the time intervals 

necessary for chemical replacement.

For the long-term protection against pest attack, naphthalene and para- 

dichlorobenzene crystals are generally sprinkled around the comer areas of cabinets or 

in the case of low volume containers such as entomological drawers, inserted into 

glass vials held in the corner of each drawer or placed in the integral side channels
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where provided. Vapona resin strips are used uncut as purchased for large cases or 

removed from their plastic retaining units and cut into pieces of different sizes 

depending on capacity of specimen container requiring treatment.

Despite their ‘popular’ and frequent use, there remains considerable confusion among 

museum workers as to which of these chemical treatments are the most effective, how 

often they should be replaced and the quantities required to maintain effectiveness. 

This is reflected in the results of a recent survey of museums world-wide (Linnie, 

1993) where 30% of respondents claimed that pesticides used in museum storage 

containers were replaced or ‘topped up’ every three to six months, while 38% reported 

that pesticides were replaced ‘only when needed’. The consequences of such practices 

may result in exceeding chemical threshold limits (if replaced too often) or inadequate 

protection against pests (if not replaced often enough). The routine inspection of 

stored collections followed by removal of ‘expired’ insecticides and their subsequent 

replacement is a very labour intensive and tedious procedure and as many museums 

are both under-staffed and under-resourced, there is an obvious requirement to ensure 

that the choice of chemical used will actually provide the protection and longevity that 

is anticipated.

Information on using chemicals for the long-term protection of collections is very 

sparse and where provided is generally non-specific and based on personal experience 

rather than actual scientific study. Early accounts of chemicals used in museum 

storage containers relate mostly to naphthalene and para-dichlorobenzene. More 

recently however, dichlorvos impregnated resin strips have in many museums replaced 

para-dichlorobenzene and naphthalene as the standard chemical protectant in storage 

and display cases and results appear more promising. Scudamore et al ,  (1980) found 

that dichlorvos used in PVC resin strip formulation in museum cases at a rate of 

between one and six times the recommended level for domestic use protected 

specimens from pest attack for periods of six months or more, while Ryckman (1969) 

found that 4.5cm x 6.3cm pieces of Vapona strip in wooden insect containers provided 

up to two years protection against insect larvae (Coleoptera; Dermestidae).
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In this study, the effectiveness of para-dichlorobenzene, naphthalene and Vapona 

against all stages in the life cycle of Dermestes maculatus, (Coleoptera; Dermestidae) 

under collection storage conditions typically used in museums was investigated, 

particularly in relation to the period for which specific treatments may remain 

effective. The main aim of the study was to compare chemical treatment efficacy over 

a twelve month period to determine which of the three chemicals was the most 

effective so that a strategy for application rates and potential insecticidal longevity 

under actual museum conditions could be proposed.

4.7 Materials and methods

In order to determine the effectiveness and specifically, the residual effectiveness of 

the test chemicals in a typical museum situation, it was necessary to simulate as far as 

possible actual museum conditions for the duration of the study. Entomological 

cabinets with multiple drawers, in addition to housing arthropod collections are 

frequently used in natural history museums to store a wide range of specimens 

including mammal and bird skins, bird eggs and skeletal material. (Linnie, 1987; 

Linnie, 1993). They are generally designed with concealed integral side channels 

provided for the application of chemicals to protect against invasion by pests. As the 

chemical vaporises, migration of vapour takes place through perforations in the 

interior wall of the side channels to the main drawer area. Alternatively, chemicals are 

often placed in a glass vial held in place by pins at one corner of each drawer. Vials 

are generally covered with butter muslin cloth or sealed with porous cork bungs 

allowing vapour to diffuse gradually.

Because of their widespread use and general conformity of design, standard type 

entomological storage drawers as described above were used in this investigation. 

These were of wooden construction with a glass lid typical of the type used by many 

museums. Care was taken to ensure that the drawers selected had not been previously 

treated with, or exposed to insecticides. Each drawer measured 365mm x 425mm x 

40mm and contained a single sheet of cork pinning board at the base. The base and 

interior walls of each drawer were lined continuously with paper. All drawers were of 

sound construction, without cracks or damage and with tight fitting lids.



The basic experimental concept was to place individual chemicals in pre-determined 

amounts into separate entomological drawers at the start of the experimental period, 

leave them in place without replacement or topping-up and at monthly intervals, 

introduce new batches of test insects to assess residual insecticidal activity. Given the 

difficulties involved in determining a moribund state in insects, particularly in egg and 

pupal stages, it was considered necessary to set a standard exposure period for each 

batch of insects. It would not have been feasible to leave insects under exposure 

indefinitely, as the point at which death actually occurred could not be established 

with certainty. This had been observed in the earlier study where insects which 

appeared dead, subsequently made a full recovery (Chapter 4: Part 1).

Given the volatile nature of the test chemicals used, it would be expected that over the 

twelve month experimental period, evaporation would take place and that insecticidal 

performance would be affected. The standard exposure time for each batch of test 

insects was set at twenty-four hours. This was because the earlier study had shown that 

in most cases, mortaUty had occurred before twenty-four hours was reached. Also, in a 

museum context it would be desirable that invading insects would be killed by the 

chemical protectant within this time period, to limit possible damage and to prevent 

the infestation becoming established and potentially spreading to other areas in the 

museum.

Experiments were performed using Dermestes maculatus as the test species. Culture 

methods and selection of egg, larval, pupal and adult stages used, were performed as 

described previously (Chapter 4; Part 1). Control batches of insects were subjected to 

the same experimental conditions but without exposure to the test chemical. Each 

exposure test was repeated twice and mean values calculated.

4.8 Insecticides used

Naphthalene, para-dichlorobenzene, and Vapona were used in this study because of 

perceived effectiveness and their widespread use in museums. Technical information 

and formulations of these products have been described previously. The amount of 

chemical used in each drawer was based on the generalised information supplied on
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application quantities in recent surveys (Linnie, 1987; Linnie, 1993/94). Experiments 

were conducted using three different quantities of each chemical to determine whether 

increased amounts had an effect on toxicity or duration of chemical activity. Vapona 

was used in the formulation of dichlorvos impregnated resin strips (Ashe Consumer 

Products Ltd.) containing 1.7g of the active ingredient, dichlorvos. Strips were 

removed from their plastic retaining holder and cut into single pieces measuring Icm^, 

2cm^ and 3cm^ respectively. A single square of cut resin strip was pinned to the lower 

left-hand corner of each storage drawer.

Naphthalene was used in quantities of 3g, 6g and 9g proportions. These amounts were 

held in glass, 100mm diameter petri dishes, placed in the lower left-hand corner of 

each drawer. Para-dichlorobenzene was also applied in these quantities, although 

because of its high volatility it was placed in glass vials measuring 55mm in length x 

15mm in diameter, thus giving a smaller exposed surface area. The vials were 

covered with muslin cloth secured with cotton thread allowing free release of vapour.

4.9 Experimental conditions

The entomological drawers were held in darkness throughout the experimental period 

at ambient temperature (~18° C - 23“ C). Each drawer was held in a separate area of 

the laboratory to avoid contact with escaped vapours from adjacent drawers. The 

appropriate chemical for each drawer was placed in position seven days prior to the 

introduction of the test insects to allow accumulation of vapour. Insects were freely 

exposed to the chemical vapours by placing them into 9cm diameter petri dishes 

located in the centre of each drawer. To prevent escape of larvae and adults from the 

petri dish into the surrounding drawer, a lid with an opened centre section (Figure 

4.26) was used in each test. Drawers were kept closed at all times except for brief 

periods to allow for the insertion and removal of insect batches.

- 114-



Figure 4.26 Container used to retain insects during experiments 

The lid has been partially cut to allow exposure to chemical vapour.

As the main objective was to determine residual effectiveness, chemicals introduced to 

the drawers at the beginning of the study period remained in place without being 

disturbed, replaced or topped up throughout the twelve-month experimental period. 

Fresh insect stages were introduced to each drawer at monthly intervals over a total 

period of twelve months apart from the para-dichlorobenzene tests which were 

discontinued after ten months because of the total evaporation of crystals.

Each group of insects was exposed to test conditions for twenty-four hours. So, at the 

end of each month, a fresh batch of test insects was introduced to the drawer 

containing the appropriate chemical and held there for twenty-four hours. This 

procedure was repeated at the end of each month and on removal from the test 

conditions, insects were transferred to fresh uncovered petri dishes and held at 

20°C with a small amount of food. The condition of each group of insects was 

examined under light microscopy immediately on removal from the test drawers and 

subsequently monitored at daily intervals. Post exposure emergence of larvae from 

egg stages, emergence of adults from pupal stages and recovery of larvae and adults 

were recorded until it was evident that no further survivors were probable. Moribund 

conditions for all insect stages were determined as previously described (Chapter 4; 

Part 1).

4.10 Results

As each test was repeated twice, the results given here represent the mean values for 

all three tests combined. Mortalities in the control batches were negligible and did not
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affect the overall trend. Results recorded at an early stage of the experimental work 

indicated little variation in mortality levels between the different quantities of test 

chemicals used. Because of this, the results outlined are based on the lower 

concentration levels used in each experiment, i.e. 3g per drawer for both para- 

dichlorobenzene and naphthalene (~483g/m^) and Icm^ per drawer for Vapona 

(~13cmVm^).

Eggs of D. maculatus introduced into the test drawer containing para-dichlorobenzene 

after one month elapsed period, showed high susceptibility following 24 hours 

exposure, where a mortality rate of 90% was recorded. However, when the second 

batch of eggs were introduced after the second month the mortality rate declined to 

65% indicating reduced insecticidal activity. This trend generally continued over the 

following months, falling to 5% after the 10 month (Figure 4.27).
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Figure 4.27 Effectiveness of para-dichlorobenzene against eggs of Dermestes 

maculatus over a twelve-month period under simulated museum conditions (% = 

average of two observations).

Larval stages showed little susceptibility to para-dichlorobenzene vapours under the 

test conditions. A maximum mortality level of 10% was reached after the third month

- 116-



and there were no larval mortalities recorded in subsequent months (Figure 4.28). 

Pupae showed similar susceptibility rates to the egg stage, reaching 50% mortality 

after the fifth elapsed month, although this declined from 20% after month six to 5% 

after the ninth month (Figure 4.29).

The adult stage showed early indication of reasonably high mortality rates, when 45% 

mortality was reached on exposure after the first month. However, mortality declined 

dramatically over subsequent months, falling to between 0% and 5% after the third 

elapsed month (Figure 4.30). Tests for months eleven and twelve were not performed 

because of the complete evaporation of the para-dichlorobenzene crystals from the test 

drawers. Egg, larval, pupal and adult stages survived and showed normal behaviour 

patterns following exposure to the test drawer for 24 hours after the tenth elapsed 

month.
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Figure 4.28 Effectiveness of para-dichlorobenzene against larvae of Dermestes 

maculatus over a twelve-month period under simulated museum conditions (% = 

average of two observations).
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Figure 4.29 Effectiveness of para-dichlorobenzene against pupae of Dermestes 

maculatus over a twelve-month period under simulated museum conditions (% = 

average of two observations).
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Figure 4.30 Effectiveness of para-dichlorobenzene against adults of Dermestes 

maculatus over a twelve-month period under simulated museum conditions (% = 

average of two observations).
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All stages of D. maculatus were highly susceptible to Vapona after the first elapsed 

month. However, of the four stages of development, eggs showed the least 

susceptibility. 70% mortality was reached after the first month, although mortality 

levels declined significantly to an average of 27% over the remaining months (Figure 

4.31). High mortality levels were achieved for larval stages, ranging from 90% after 

the first month to 100% after the third month. This trend was maintained throughout 

the experimental period with a slight decline evident over months eleven and twelve 

(Figure 4.32).
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Figure 4.31 Effectiveness of Vapona against eggs of Dermestes maculatus over a 

twelve-month period under simulated museum condition (% = average of two 

observations).

Pupal mortality, despite reaching 75% after the first month declined to an average of 

29% over subsequent months and was negligible over months ten to twelve (Figure 

4.33). In contrast, adult stages of D. maculatus were highly susceptible to Vapona 

where 60% mortality was reached after the first month. This increased to 100% 

mortality after the second month and was maintained over the subsequent eleven 

months (Figure 4.34).
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Figure 4.32 Effectiveness of Vapona against larvae of Dermestes maculatus over a 

twelve-month period under simulated museum conditions (% = average of two 

observations).

100

8 0 Pupae

6 0

4 0

20

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

Elapsed Months

Figure 4.33 Effectiveness of Vapona against pupae of Dermestes maculatus over a 

twelve-month period under simulated museum conditions (% = average of two 

observations).
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Figure 4.34 Effectiveness of Vapona against adults of Dermestes maculatus over a 

twelve-month period under simulated museum conditions (% = average of two 

observations).
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Figure 4.35 Effectiveness of naphthalene against eggs of Dermestes maculatus 

over a twelve-month period under simulated museum conditions (% = average of 

two observations).
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Figure 4.36 Effectiveness of naphthalene against eggs of Dermestes maculatus 

over a twelve-month period under simulated museum condition (% = average of 

two observations).
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Figure 4.37 Effectiveness of naphthalene against pupae of Dermestes maculatus 

over a twelve-month period under simulated museum conditions (% = average of 

two observations).
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Figure 4.38 Effectiveness of naphthalene against adults of Dermestes maculatus 

over a twelve-month period under simulated museum condition (% = average 

of two observations).

Naphthalene had little effect on all the development stages of D. maculatus (Figures 

4.35 to 4.38). Mortality levels were highest for the egg stage, reaching a peak of 30% 

after the first month, but declining over the following months. Larval, pupal and adult 

stages showed even less susceptibility with mortality levels negligible over the entire 

experimental period.

4.11 Discussion

When selecting chemicals for use in museum storage cases against potential insect 

infestations, the main criteria to consider are:

• the effects of the particular chemical on the actual specimens,

• the health implications for museum staff and visitors,

• the cost involved and the ease of application,

• the toxicity of the chemical to potential pests, and

• the residual life of the chemical agent.
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The potential deleterious effects of chemicals on museum material and safety 

threshold limits for chemicals used in the museum environment have been discussed 

previously. For material stored in cases such as entomological cabinets, the main 

factors influencing the toxicity and residual life of the chemical agent are the volatile 

characteristics of the chemical used, ambient temperature, the air-space involved, the 

frequency under which cases are opened and the fabric and condition of the particular 

cases. Armes (1985) suggests that the contents of museum cases will gradually adsorb 

the chemical agent at the vapour phase eventually resulting in a dynamic relationship 

whereby the specimens themselves act as ‘slow-release’ units which release sorbed 

insecticide as the vapour phase concentration declines, thereby affecting toxicity and 

residual life.

Given the lack of resources in the majority of museums today, it is desirable to 

achieve the maximum toxicity/residual life relationship whenever chemicals are used 

as protectants in storage cases against potential pest attack. The majority of museum 

cases and cabinets are rarely opened and regular inspection for the presence of pest 

activity is time consuming and often difficult to assess. It is therefore critical that the 

choice of a particular chemical is based on efficacy as well as potential health 

implications and potential adverse effects on specimens and materials. While it is 

accepted that both para-dichlorobenzene and naphthalene may act as insect deterrents, 

discouraging pests from entering collections in the first place, the results of this study 

suggest that in general and in the concentrations normally used, they are not effective 

control agents once pests have gained access to collections.

Para-dichlorobenzene failed to sustain the high mortality rates against the egg stage of 

D. maculatus reached in the early months of the study and surprisingly, considering its 

widespread use in museums, proved largely ineffective against larval, pupal and adult 

stages. Adult beetles were unaffected after 24 hours exposure to para-dichlorobenzene 

following the first elapsed month. While the previous study (Chapter 4; Part 1) had 

shown para-dichlorobenzene to be reasonably effective when used in saturation 

concentrations, it would appear both unrealistic and undesirable to maintain such high 

amounts for the long-term protection of collections. Very often, it is the mobile 

stages of insect pests (larvae and adults) which gain initial entry to museum



collections. Consequently, because of the highly volatile nature of para- 

dichlorobenzene, the more time that has passed since the application of the crystals, 

the greater the chance of survival of the invading pest. Overall, para-dichlorobenzene 

showed low toxicity and poor residual effectiveness against all stages of D. maculatus. 

under the experimental conditions described. In this study, para-dichlorobenzene 

crystals had completely dissipated after ten elapsed months.

Given that the decline in mortality levels was most likely the result of the sub-lethal 

concentrations used and the high volatility of para-dichlorobenzene, this would imply 

that if used in crystal form, cabinets and drawers would need to be ‘topped-up’ or 

replaced with fresh para-dichlorobenzene on a very regular basis, possibly every three 

months or that excessive amounts would be required to yield higher mortality levels 

and increased residual effectiveness. As this would very likely exceed acceptable 

safety threshold limits and possibly adversely affect the actual specimens and 

materials, its continued use as a long-term protectant treatment in museums is 

seriously questioned. However, for short term use, e.g. the treatment of suspected 

infested material or as a quarantine agent for incoming material, para-dichlorobenzene 

in concentrated amounts has been shown to be effective against both D. maculatus and 

A. verbasci (Chapter 4; Part 1).

Vapona was particularly effective against the adult stage of D. maculatus and because 

of the slow release nature of the resin strip formulation, maintained high residual 

toxicity throughout the experimental period. Overall, it was less effective against egg 

and pupal stages. Such susceptibility differences between life-cycle stages of the same 

species have been discussed previously (Chapter 4; Part 1) Factors such as age 

differences between eggs, affecting development of the nervous system (Chapman, 

1982; Smallman and Mansingh, 1969) and low pupal respiratory metabolism 

(Wigglesworth, 1972) may be responsible for the lower mortality levels recorded. 

Larvae and adult stages, being very mobile and therefore with a higher rate of 

metabolism would receive a higher uptake of vapour and consequently would be more 

susceptible. It is very possible that longer exposure periods would have resulted in 

increased mortality levels for egg and pupal stages, thereby further increasing overall 

effectiveness. Also as stated previously, in a museum context, it is generally the



mobile larvae and adults, which represent the initial threat to collections, so it is 

important that the chemical treatment used is effective against these stages. Overall, 

the high mortality levels achieved for the mobile stages of D. maculatus, the ease of 

application and replacement combined with the relative longevity of the treatment, 

promote its use as a long term chemical protectant against insect and other arthropod 

pests of museum collections.

Naphthalene had low toxicity and low residual effectiveness against all stages of D. 

maculatus, including the early months of exposure when vapour concentrations would 

be highest. Given that the use of naphthalene as an insect deterrent has been 

questioned by other workers (Bottimer, 1929; Billings, 1934) and the results of this 

and the previous study which confirm its low toxicity (even when used in saturated 

concentrations) and poor residual effectiveness, there would appear to be little 

justification for the continued use of naphthalene in the museum environment whether 

as a long term protectant or even as a short term ‘fumigant’ agent.

4.12 Summary of Chapter 4, Part 2.

The toxicity and persistence of three chemicals, para-dichlorobenzene, naphthalene 

and Vapona (dichlorvos impregnated resin strip) were evaluated against all stages in 

the life cycle of D. maculatus under museum storage conditions. The results show that 

naphthalene had a low toxic effect on eggs, larvae, pupae and adults of D. maculatus 

including the early stages of exposure. It has also been shown that the highly volatile 

nature of para-dichlorobenzene crystals significantly decreased residual performance 

and overall toxicity.

Vapona was clearly the most effective of the test chemicals used. After the first month 

of exposure, 100% mortality was reached for the adult stage and was subsequently 

maintained over the twelve-month period. It was less effective against egg and pupal 

stages, possibly because of the lower metabolic rate of these stages, but maintained 

high performance at the adult stage up to the end of month ten. The results also 

indicate that with Vapona effective control was still maintained, even when used at 

levels considerably less than those reported by other workers.
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The results of this study are summarised as follows;

• Although high mortality rates for the egg stage were reached during the early period 

of exposure, para-dichlorobenzene was largely ineffective against D. maculatus, rarely 

reaching beyond 50% mortality. Mortality levels generally decreased over time. This 

was attributed to the highly volatile nature of para-dichlorobenzene resulting in 

evaporation of crystals through the storage containers. Larvae and pupae showed the 

least susceptibility to para-dichlorobenzene vapours under the test conditions.

• In general naphthalene and to a lesser extent para-dichlorobenzene showed low 

toxicity and low residual effectiveness against D. maculatus.

• Apart from a peak egg mortality level of 30% during the early stages of exposure, 

naphthalene had virtually no effect on all stages in the life cycle of D.maculatus.

• Vapona (dichlorvos impregnated resin strip) was the most effective of the three test 

chemicals, particularly against larval and adult stages of D. maculatus. Vapona was 

also the most persistent treatment used, yielding a significant residual toxicity over the 

twelve-month experimental period.

• Despite using considerably lower application rates than those suggested by other 

workers (Scudamore et al., 1980; Ryckman, 1969) Vapona maintained high toxicity 

levels throughout the experimental period.

• Part of the difficulty in attempting to establish guidelines for the application of 

chemicals in the museum environment lies with the wide variety of storage conditions 

and in particular, storage containers found in museums. Given the difficulties and

I  labour intensive requirements of chemical replacement, an important consequence of

this is the necessity to replace chemical protectants only after toxicity has significantly 

decreased. The unreliability of naphthalene both as a deterrent and as an insecticidal 

agent and the highly volatile nature of para-dichlorobezene (combined with health 

implications) render both of these chemicals unsuitable for long-term use in storage 

and display cabinets.
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• Based on these results Vapona is recommended by the author as the preferred 

chemical treatment of the three chemicals evaluated for the ongoing protection of 

museum specimens against potential insect invasion. An application rate of Icm^ 

provided useful and long-term protection against all stages in the life cycle of D. 

maculatus, notably at the adult stage.
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Chapter 5

EVALUATION OF TEMPERATURE REGIMES, AND ANOXIC 

ENVIRONMENTS FOR THE CONTROL OF INSECT PESTS OF 

MUSEUM COLLECTIONS

Extracts from this chapter have been published in Collection Forum, Society for the 

Preservation of Natural History Collections, 1999. 13(2): 76-89.

Part 1

Evaluation of temperature regimes for the control of insect pests in museum 

collections

5.1 Introduction

The use of chemicals to protect museum collections against damage by pests has a 

long tradition. Although much of this tradition has evolved through trial and error, the 

quality and integrity of collections has, in general, remained intact. This is witnessed 

by the considerable quantity of collections, many dating back several hundred years, 

held in storage in museums throughout the world. However, concern over the health 

and safety implications of the use of chemicals in the museum environment, (Babin, 

1990), their effectiveness and potential adverse effects on museum specimens and 

associated materials (Kerr and Hammick, 1989) has led to a reappraisal of collection 

protection policies (Peltz and Rossol, 1983; Irwin, 1987; Dawson and Strang, 1992; 

Strang, 1996; Linnie, 1996). This has focussed attention on alternative non-chemical 

methods of controlling and eradicating pests from museums which are effective, safe, 

easy to use and importantly, non-harmful to users, the environment and not least, the 

museum specimens and materials.
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The growing interest in the use of non-chemical methods of pest control in the 

museum environment has led to the investigation of a range of novel techniques. The 

use of high and low temperature regimes (Strang, 1992), gamma, infrared and 

microwave radiation (Brower and Tilton, 1971; Kirkpatrick, et a l,  1973; Hall, 1981), 

have each received attention as potential alternatives to conventional control methods. 

Of these, exposure to high and low temperature regimes and, in particular, sub-zero 

temperatures have generated the most interest among museum workers. Although the 

technology required to kill insects by manipulating the ambient temperature exists in 

the form of simple, low cost conventional ovens and freezers, the absence of reliable 

information on the precise exposure rates and temperature

regimes required for controlling various insect species and their life stages has 

inhibited a more widespread introduction of the technique in museums. Clearly, more 

information is needed before firm conclusions can be drawn on the feasibility of the 

technique for museum applications on a continual and routine basis. Essentially, 

museum personnel need to be satisfied that the introduction of ‘new’ pest control 

techniques, however attractive they may appear, will at the very least be as effective as 

established conventional chemical methods, which when used regularly and 

competently have over the years in many cases proven to be effective in limiting the 

extent and spread of pest infestations in the museum environment.

Thermal regulation for the control of insect pests has been used by the food processing 

and food storage industry for most of the last century (Mullen and Arbogast, 1984), 

although Leechman (1931) appears to have been the first to apply the technique to 

pests of museums. However, adoption of thermal regulation methods of pest control 

by museums has not been widely reported. This has been largely due to concerns over 

potential damage to museum objects arising from exposure to raised and/or lowered 

temperatures. Hall (1981) questioned the effects of raised temperature regimes on seed 

viability whereas others expressed concern over the potential structural damage to 

plants (Philbrick, 1984) and changes in mechanical properties (strength, elasticity) of 

certain materials (Florian, 1987). Other workers (Mullen and Arbogast, 1984; 

Ketcham-Trosak, 1984) have questioned the suitability of low temperature regimes in 

museum applications because of potential freeze resistance and freeze tolerance in 

certain insect species and the lack of available data on insect susceptibility to heat and
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cold (see review by Strang, 1992). Insufficient information available on precise 

temperature levels and exposure durations required for the range of pests likely to be 

encountered also contributes to the cautionary approach adopted by museums. This is 

further complicated by the wide diversity of specimens and materials held in museums 

and the range of pests likely to present problems. Despite this, there appears to be 

general interest in alternative methods of pest control and, as regulations on the use of 

chemicals become more stringent, the indications are that non chemical techniques 

will in time become more prevalent in museums. Against this background, there is a 

need to investigate the feasibility of using alternative, non-chemical techniques as 

potential pest control measures in museums.

This study attempts to evaluate the effectiveness of two different approaches to pest 

control management using non-chemical techniques. In the first part of the study the 

effectiveness of raised temperature and low temperature environments in controlling 

recognised insect pests of museum collections is investigated. Based on the results 

obtained an evaluation is made on the feasibility of these techniques when applied to a 

museum situation. In the second part of the study, the use of anoxic 

microenvironments as a potential control measure against a range of stored product 

insect pests is examined.

5.2 Exposure to low temperature regimes

Insects are poikilotherms; that is, their body temperature closely follows that of their 

environment. In general, as an insect’s body temperature is lowered its activity level 

decreases until it eventually comes to rest and shows no activity. A further decrease in 

temperature may result in death. This thermal death point varies with each species and 

is dependent on the life stage of the organism (Salt, 1961) and the actual temperature 

and duration of exposure to that particular temperature (Ashina, 1966). Until recently, 

the lethal effects of cold were less well studied than those of heat, largely because of 

the difficulties experienced in determining the actual point of death. This is because 

many organisms, including insects, become quiescent at low temperatures and do not 

appear to respond to physical stimuli thereby making it difficult to confirm a moribund 

condition.
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Freezing occurs either by the growth of a crystal from a particle or structure that 

organises water molecules to form an ice nucleus (inoculative nucleation) or by the 

chance and spontaneous aggregation of water molecules to form a nucleus 

(spontaneous nucleation). Nucleation is the key process in ice crystal formation, and 

freezing can be avoided by inhibiting these processes. The freezing point of a fluid is 

defined as the temperature at and below which a seed ice crystal will grow. However, 

many fluids may be cooled well below this temperature, because spontaneous 

nucleation does not occur in them, a phenomenon known as supercooling (Cossins and 

Bowler, 1987). Most insects have the ability to become supercooled. Even in those 

insects that do not possess anti freeze substances such as glycerol, the supercooling 

point frequently occurs in the vicinity of -20°C (Salt, 1961).

Supercooling is probably the chief factor in cold resistance (S0mme, 1964). As the 

temperature of the insect is lowered, the water in the insect’s body becomes 

supercooled, but ice does not form in the tissues until the temperature falls to a critical 

point (-10°C to -15°C). At this point, the temperature suddenly increases to 

approximately -1.5°C through the release of latent heat. Following this increase, the 

temperature proceeds to fall once more and freezing of the tissue begins. Supercooling 

is not necessarily dangerous to insects and many species regularly manage to 

overwinter successfully in a supercooled state.

In insects, various mechanisms have evolved to ensure survival in a variable and 

potentially hostile thermal environment. Such mechanisms can be used to categorise 

insects into three different groups depending on their resistance to cold. They may be 

categorised as freeze tolerant, freeze sensitive or freeze resistant (Zachariassen, 1985). 

Freeze tolerant insects are capable of withstanding the formation of ice in the body 

fluids at temperatures equal to or below the supercooling capacity of the body fluid. 

Freeze sensitive insects, however, lack tolerance to the formation of ice crystals in the 

body fluids whereas freeze resistance insects use avoidance mechanisms such as 

acclimation, dehydration, and the production of alcohols to prevent freezing. The latter 

mechanism is also found in other terrestrial arthropods where the production of the so- 

called ‘anti-freezes’ such as glycerol, sorbitol, and mannitol are used to prevent 

freezing of their blood.
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Freezing of the body fluids involves potentially lethal effects (Zachariassen, 1985). 

Metabolic pathways are generally slowed, potentially leading to an imbalance in the 

overall cellular metabolism. This may lead to the osmotic swelling of intracellular 

and/or intra-intestinal tissues, eventually resulting in rupture. Also, the growth of ice 

crystals into the cell may cause damage to the cellular structure. Extracellular freezing 

may cause cells to shrink, leading to intolerable osmotic stress across cell membranes. 

Freezing will also increase the concentration of inorganic salts to levels that may 

irreversibly change the structure and function of the host enzymes.

There are accounts of insects of concern to museums that survive freezing 

temperatures (Mullen and Arbogast, 1984; Ketcham-Trosak, 1984; see review by 

Strang, 1992). Failure to control the Herbarium beetle, Lasioderma serricorne 

(Coleoptera: Anobiidae) after 24 hours exposure to -30° C was reported by Brokerhof 

(1989), but this was attributed to the insulation of the material surrounding the insects 

that prevented an even distribution of temperature. Florian (1986) stated that control 

failures would also occur if a temperature regime of -20°C for 48 hours were not 

maintained. Salt (1961) stated that pests which do not normally encounter cold 

temperatures should not be capable of tolerating freezing temperatures and that 

hibernating insects improve their tolerance to low temperature by acclimation, or 

‘cold-hardening’. Wigglesworth (1972) reported that following repeated freeze/thaw 

cycles the supercooling ability is eliminated and freezing occurs when a freezing 

temperature is reached.

Some of the literature relating to thermal mortality limits for museum insect pests is 

based on generalised experience by museum workers rather than scientific evidence of 

efficacy. Leechman (1931), in an early reference to low temperatures for the control of 

museum pests, recommended exposure to -18°C for 24 hours. Dawson and Strang 

(1992) recommended maintaining textiles, animal skins and similar artefacts at 

temperatures of ~4°C to discourage insect infestation. Crisafulli (1980) found that 

freezing at temperatures between -18°C to -40°C for 2 to 7 days was effective in 

killing insect pests in herbarium material whereas Florian (1986) recommends -20°C 

for 48 hours as a guideline for killing insect pests of museums. Strang (1992) provided
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a comprehensive review of the literature on lethal temperatures for museum pests with 

lethal boundary limits.

5.3 Exposure to high temperature regimes

Thermal injury and death in insects arises from the failure of one or more homeostatic 

systems. Although it is not known with certainty which of these systems is the most 

susceptible, it is believed that the thermal liability of cells is probably a function of 

two groups of macromolecules: the proteins and the membrane lipids (Love, 1966). 

The denaturation of proteins exposed to high temperatures resulting in the inactivation 

of important enzymes is well known, and although in certain cases protein inactivation 

is reversible (providing correct conditions of pH and ionic strength are maintained) 

heat injury and probable death are the likely result of extreme heat exposure (Pain, 

1987). Reported changes in the state of membrane fluidity following extreme heat 

exposure arise from studies based on mammalian cell cultures (Cossins and Bowler, 

1987). Precisely which aspect of membrane function fails as a result of increased 

molecular motion has not been shown, although permeability characteristics across 

cell membranes would appear to be affected.

In a museum context, the main consideration when using raised temperature 

environments as a method of treating known or suspected insect infestations is 

whether the maximum temperature and exposure period used will kill the target pest 

without causing an adverse effect on the actual specimen(s) and associated materials 

being treated.

Reports of failure to control museum insect pests using high temperature exposure 

rarely appear in the hterature (Strang, 1992). In cases where failure has occurred, there 

is little supporting evidence of post treatment investigation of the methods used or the 

precise techniques involved. Strang (1992) proposed lethal boundary temperature 

limits for museum insect pests. These are based on achieving 100% mortality levels 

and are drawn from a review of the published literature from museum sources and 

entomological journals, where it is reported for example, that for the Hide beetle, 

Dermestes maculatus (Coleoptera: Dermestidae), 100% mortality was achieved at -
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23°C and also at 60°C, whereas for the Varied carpet beetle, Anthrenus verbasci 

(Coleoptera: Dermestidae), temperatures of -20°C and above 40°C were required. 

Armes (1985) found that 2 hours exposure to 40°C was lethal to all stages in the life

cycle of Anthrenus sarnicus (Coleoptera: Dermestidae), whereas Busvine (1966) 

found that a 30 minutes exposure between 43°C and 45°C was lethal to larvae of 

clothes moths {Tineola spp.) (Lepidoptera: Tineidae). Armes (1985) also reported that 

insect pests found in boxed entomological specimens at the British Museum of Natural 

History (London) were killed by exposure to 50°C for 24 hours. Watling (1989) 

recommended using a temperature regime between 40°C to 42°C in a drying cabinet 

to kill mycophagous insects in herbarium material.

These regimes have been broadly accepted by some museums as a general guideline 

for the treatment of known or suspected pest infestations.

Other than concerns about potential effects on seed viability and the alteration of 

physical characteristics of certain materials, there is little reference to the use of raised 

temperatures as a pest control measure in museums, although there are many 

references on this technique in the food storage industry. Few museums if any, have 

reported using the technique and with little relevant published experimental work on 

the subject, this will continue to be the case. However, in situations where 

conventional methods of treating pest infestations are not feasible, exposure to raised 

temperature regimes may have some usefulness.

In this part of the study, time/temperature mortality relationships for all stages in the 

life cycle of two species of insects considered important pests of museums is 

investigated. Based on the results, lethal boundary limits are proposed as a guideline 

for the eradication of insect pests from museum specimens and artefacts and as a 

potential ‘quarantine’ treatment for incoming material.

5.4 Materials and methods

The test insects used were Dermestes inaculatus and Anthrenus verbasci (Coleoptera; 

Dermestidae). Both are recognised as pests of museums (Bell and Stanley, 1980; 

Beauchamp et al., 1981) and have been recorded as ‘serious’ pests of museums by
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respondents to surveys on pest control (Linnie, 1987; Linnie, 1994). The biology, 

source and culture methods for these species have been described previously (Chapter 

4). Selection of individual stages for actual testing was as follows;

D. maculatus, adult beetles, viable pupae and mature larvae of known age (-30  days) 

and similar size (10-12mm) were selected at random from stock cultures. Eggs (0-3 

day old) were collected by first isolating mature adult beetles from stock cultures. 

Adults were provided with a small amount of freshly ground media (section 4.2.3) and 

the contents examined on a daily basis for eggs. A. verbasci eggs (0-3 day old) were 

collected in a similar manner. Non-quiescent adults, pupae (-5-10 day old) and mature 

larvae (~5mm long) were selected at random from stock cultures. All stages were held 

at 20°C with a small amount of food prior to the commencement of experimental 

conditions.

Exposure of test insects to temperatures of 50°C, 45°C, 40°C, 35°C and -10°C was 

performed in a Gallenkamp™ cooled incubator. For exposure to the temperature of - 

20°C an Esta™ freezing cabinet was used. Exposure to temperatures between 15°C 

and 35°C was not undertaken because this is within the normal viability range for 

these species. Exposure to temperatures below 15°C and above -10°C was also 

excluded because trial experiments indicated that although generation times had been 

reduced, there was no significant increase in mortality levels when compared with 

control samples.

Insects were contained in 9.0 cm diameter plastic Petri dishes with lids throughout the 

experimental period and were only introduced to the incubator or freezing unit when it 

was established that the relevant operational temperature had stabilised. The 

temperature throughout each experiment was monitored using a ‘Squirrel’™ data 

logger with temperature probe. After the exposure period had been reached, insects 

were removed and held at 20°C for monitoring and subsequent determination of 

recovery or mortality levels. Methods used to determine death and recovery in the test 

insects have been described previously (section 4.2.7). Recovered larvae and adult 

stages capable of controlled, co-ordinated behaviour were recorded daily. Emerging 

larvae from the test eggs were also counted daily. Observation and counting of all
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stages continued until either recovery or death was determined. Control batches for 

each life-cycle stage and species were held at 20°C in parallel with the test samples 

and throughout the subsequent monitoring period. Each test was repeated once and 

mean values calculated. Results were also corrected for control mortality using 

Abbott’s formula (section 4.2.8).

For D. maculatus 40 individuals were used for each test. Eggs and larvae of A. 

verbasci were also used in groups of 40, but because of the slow generation time 

exhibited by this species, pupal and adult stages were not as readily available and so 

these were used in groups of 20.

5.5 Results

The destructive effects of exposure to extreme temperature regimes are time 

dependent and it is therefore not possible to quote a single lethal temperature for an 

animal without stating the exposure period. The most usual method of defining the 

lethal conditions of temperature and time for a group of animals is to determine the 

combination of temperature and exposure time that kills a given percentage of the 

group. In this study, this was done by subjecting the target insects to a range of 

potentially lethal and sub lethal temperature ranges over different exposure periods.

The experimental data for each exposure and temperature combination performed is 

presented in Table 5. This is intended as a general guideline for the determination of 

thermal mortality boundaries for museum insect pests.
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T able  5, M orta lity  o f D. m acu latu s a n d  A. v e rb asd  
following exposure to various tem p e ra tu re  regim es.

% Mortality of D. maculatus at -fSOC. % Mortality of D. maculatus a t +45C.
Exposure (Hours) 3 6 9 12 IS 18 21 24 3 « 9 12 15 18 21 24
EGGS 100 100 100 100 100 100 100 100 25 60 60 100 100 100 100 100
LARVAE 100 100 100 100 100 100 100 100 0  0  100 100 100 100 100 100
PUPAE 100 100 100 100 100 100 100 100 10 40 100 100 100 100 100 100
ADULTS 100 100 100 100 100 100 100 100 5 15 100 100 100 100 100 100

% Mortality of D. maculatus at +40C. % Mortality of D. maculatus a t +35C.
Exposure (Hours) “ 3 6 9 12 15 18 21 24 3 « 9 12 15 18 21 24
EGGS 5 10 10 20 15 30 60 100 0 0 0 5 0 0 0 10
LARVAE 0 0 5 0 0 0 0 5 0 0 5 0 0 5 0 0
PUPAE 5 30 25 30 55 65 70 70 0 0  5 0 0 5 0 10
ADULTS 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

% Mortality ofD. maculatus at -IOC. % Mortality of D. maculatus a t -20C.
Exposure (Hours) 3 6 9 12 IS 18 21 24 3 « 9 12 15 18 21 24
EGGS 60 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
LARVAE 25 10 15 25 25 30 40 35 100 100 100 100 100 100 100 100
PUPAE 15 25 20 10 20 10 15 15 100 100 100 100 100 100 100 100
ADULTS 0 80 100 100 100 100 100 100 100 100 100 100 100 100 100 100

% Mortality of A. verbasci at -fSOC. % Mortality of A.verbasci at +4SC.
Exposure (Hours) 3 6 9 12 15 18 21 24 3 6 9 12 15 18 21 24
EGGS 100 100 100 100 100 100 100 100 80 100 100 100 100 100 100 100
LARVAE 100 100 100 100 100 100 100 100 5 15 100 100 100 100 100 100
PUPAE 85 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100
ADULTS 85 100 100 100 100 100 100 100 90 100 100 100 100 100 100 100

% Mortality of A. verbasci at +40C. % M ortality of A.verbasci at+35C.
Exposure (Hours) 3 6 9 12 15 18 21 24 3 6 9 12 15 18 21 24
EGGS 30 65 90 100 100 100 100 100 50 55 40 50 60 40 45 50
LARVAE 5 0 0 0 0 0 0 0 0  0 0 5 0 0 0 0

PUPAE 5 10 40 50 45 55 50 60 0 0 5 0 10 5 0 5
ADULTS 0 5 35 75 95 100 100 100 0 0 0 10 0 5 10 20

% Mortality of A.verbasci at -IOC. % Mortality of A.verbasci at -20C.
Exposure (Hours) 3 6 9 12 IS 18 21 24 3 6 9 12 15 18 21 24
EGGS 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

LARVAE 0 0 0 0 0 5 0 10 100 100 100 100 100 100 100 100

PUPAE 25 10 15 45 80 65 70 80 100 100 100 100 100 100 100 100
ADULTS 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100 100

% Mortality of A.verbasci at +20C. % M ortality of D. maculatus at +20C.
CONTROL SAMPLES 3 6 9 12 15 18 21 24 3 6 9 12 15 18 21 24

EGGS <1 0 <1 0 <1 0 2 1 <1 2 1 <1 0 1 0 <1
LARVAE <1 1 0 1 0 1 0 0 0 <1 0 0 0 0 <1 0

PUPAE 0 <1 0 0 1 0 <1 0 0 0 0 0 0 <1 0 <1

ADULTS 0 0 <1 0 0 0 <1 <1 1 0 1 1 0 0 0 0
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The data are also presented in plots of temperature against time to show 100% 

mortality levels (Figures 5.1 and 5.2). In these figures, the solid lines represent the 

approximate limit for the proposed lethal/time temperature boundaries for all life 

stages of the species tested. For exposure to high temperatures, all stages failed to 

survive above this threshold at the combinations shown, whereas for low temperature 

exposures, all stages failed to survive below the boundary line shown.
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Figure 5.1 Time / temperature relationships for 100% mortality 
(combined stages) in Dermestes maculatus. Upper curve refers to lethal 
boundary limit (see text for details)
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Figure 5.2 Time / temperature relationships for 100% mortality 
(combined stages) in Anthrenus verbasci. Upper curve refers to lethal 
boundary limit (see text for details)
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This information is intended as a general guideline for the determination of thermal 

mortality boundaries for these pests. Such a model would be beneficial to museum 

workers confronted with the problem of treating suspected infestations because it 

would be vital to know the required temperature and exposure combination to achieve 

complete extermination. However, it should be noted that in a museum context, 

account must be made to allow for the probable thermal insulation of objects that 

would necessitate increasing the exposure time required (see review by Strang, 1992). 

Temperatures that produced a sub-lethal effect for both species are also given (Table 

5). These regimes may be useful in cases where it is only necessary to prevent or limit 

further damage until the infestation can be properly treated and eradicated. This in 

itself, may be sufficient to interrupt feeding behaviour and fecundity and may lead to a 

decline in population. In general, a sub-lethal effect was observed most frequently at 

the larval and pupal stages.

5.5.1 Exposure to low temperature regimes

Eggs of both D. maculatus  and A. verbasci  showed a high level of susceptibility to 

exposure at -10°C. Six hours of exposure proved lethal to eggs of D. maculatus,  while 

A. verbasci  eggs failed to survive 3 hours of exposure. Larval stages for both species 

were more tolerant however, with 90% of A. verbasci  and 65% of D. maculatus

j  surviving 24 hours exposure. Pupal stages of D. maculatus  were largely unaffected by

exposure to -10°C, although survival rates of A. verbasci  pupae declined significantly 

after 12 hours exposure. Subsequent monitoring of recovered immature stages of both 

species showed that normal development rates continued without adverse effect.

I Adult stages of D. maculatus  and A. verbasci  were however, highly susceptible to
1
I  exposure at -10°C. After 3 hours of exposure, all adults of D. maculatus,  although still

alive, appeared lethargic and uncoordinated and although mobility increased 

significantly within 24 hours, all adults failed to survive beyond two weeks following 

exposure.

Of the 20% of D. maculatus  adults that appeared to survive 6 hours exposure, no 

adults subsequently survived to three weeks post-exposure. Adults of A. verbasci  were
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also highly susceptible to exposure to -10°C. There were no adult recoveries recorded 

after 3 hours exposure. This was consistent for exposure periods monitored over a 24 

hour period (Table 5).

Egg, larval, pupal and adult stages of D. maculatus and A. verbasci were highly 

susceptible to an exposure temperature of -20°C. All stages were exposed to -20°C for 

periods ranging from 3 hours to 24 hours. After exposure all stages were monitored 

over a 3-month period to determine recovery rates. There were no recoveries observed 

for any stages of either species.

5.5.2 Exposure to high temperature regimes

All stages of both D. maculatus and A. verbasci were extremely susceptible to the test 

temperature of 50°C. For D. maculatus, 100% mortality for egg, larval, pupal, and 

adult stages was reached after 3 hours of exposure. Egg and larval stages of A. 

verbasci were also killed after 3 hours exposure, although pupal and adult stages 

required 6 hours exposure to achieve complete mortality.

At the test temperature of 45°C high recovery levels were observed for all stages of D. 

maculatus during the first 3 hours of exposure. Larval, pupal and adult stages failed to 

recover after 9 hours exposure and although 40% of eggs appeared to hatch normally, 

emergent larvae subsequently failed to survive. All stages of A. verbasci were more 

susceptible to 45°C than D. maculatus. Pupae and adults failed to survive beyond 3 

hours exposure and although 85% of larvae did survive, 100% mortality for all stages, 

including larvae was recorded after 9 hours exposure (Table 5).

Adults of D. maculatus were highly tolerant to the test temperature of 40°C. No 

mortalities were recorded after 24 hours exposure. Mortalities at the pupal stage 

reached 55% after 15 hours exposure, eventually reaching 70% after 21 hours. Larvae 

appeared unaffected at this temperature with virtually no mortalities achieved up to 

and including 24 hours exposure.



The egg stage however, was not as tolerant. Hatching gradually declined as exposures 

increased with no eggs surviving after 24 hours exposure. The larval and pupal stages 

of A. verbasci showed similar mortality levels to D. maculatus at 40°C. These stages 

exhibited normal movement and behaviour patterns after the exposure period. 

Recovered pupae subsequently matured into adults, and average egg production and 

emergence rates for the species were observed. However, adults of A. verbasci did not 

survive beyond 18 hours exposure, and mortality markedly increased after 6 hours 

exposure. Eggs of A. verbasci were less tolerant to 40°C than eggs of D. maculatus. 

High mortality levels were recorded after 6 hours exposure (Table 5).

At the test temperature of 35°C, D. maculatus and A. verbasci (with the exception of 

A. verbasci eggs) showed little adverse reaction to exposure periods of up to 24 hours. 

Normal development continued after termination of experiments and all stages 

progressed without noticeable adverse effects. Further observation of the recovered 

immature stages showed that on maturation to adults, females produced eggs that later 

produced active larvae. This was not unexpected as, although the optimum 

development temperature for D. maculatus and A. verbasci is 20°C and 23°C 

respectively (Hinton, 1945), both these species have sustained 

development rates when held at 30°C.

There was, however a significant mortality rate for the egg stage of A. verbasci when 

exposed to 35°C. Fifty per cent of eggs failed to hatch after 3 hours exposure. This 

mortality rate was reasonably consistent over exposure periods of up 24 hours (Table 

5).

5.6 Discussion

In general, insects may be considered sensitive to cold shock provided they are cooled 

rapidly enough to a sufficiently low temperature. Typically, viability is dependent on 

the rate of cooling, with greater mortality observed following ‘rapid’, rather than slow 

cooling. Injury and subsequent death increased as the period of isothermal incubation 

at the reduced temperature increased. This is an important consideration in a museum 

context because the insulating properties of bulk materials containing suspected insect
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infestations are likely to slow down the rate of freezing. Consequently, exposure times 

would therefore need to be increased to compensate for this factor.

The ability of museum insect pests to adapt to, or survive temperatures recommended 

for low temperature control has raised concern among some workers. However, Strang 

(1992) in a review of literature relating to insect thermal mortality found no evidence 

of museum insect pests exhibiting a high degree of either freeze tolerance or freeze 

avoidance behaviour that would prevent their death below -20°C, with the exception 

of Camponotus herculeanus L. (Hymenoptera; Formicidae), (from S0mme, 1964). 

Similarly, there are no data available on the ability of museum pests to adapt to 

temperatures higher than 50°C to 60°C (Evans, 1986). Failure to achieve desired 

mortality levels has been attributed to the insulating effects of artefacts, the 

mechanical performance of heating and cooling systems (Brokerhof, 1989; Strang, 

1992), and inadequate temperature monitoring (Florian, 1990).

Although the application of extreme heat is probably one of the most certain methods 

of killing insect pests, there is concern about the potential damage to museum 

specimens and materials (particularly herbarium material) resulting from exposure to 

extreme temperature regimes (Hall, 1981; Philbrick, 1984). There is little doubt that 

prolonged exposure to high temperatures will have a lethal effect on insects. 

Difficulties arise in attempting to assess damage to specimens and materials caused by 

the heating process. It is acknowledged that heat is an accelerating process that will 

increase oxidation, thereby increasing ageing. Whether such effects will be within 

acceptable limits is difficult to evaluate. Wood for example, may split or warp 

enabling easier access for future attacks by pests. Adhesives binding materials 

together may also be vulnerable, so it is important to be aware of the properties of the 

adhesive in relation to flow temperature and potential strength implications. The 

regulation of relative humidity as the exposure temperature increases is also important 

to avoid excessive drying and overheating of objects.

Clearly the potential long term use of collections needs to be considered when 

deciding on suitable pest treatment strategies. For example, the removal of 

representative fragments of individual specimens for molecular and DNA analyses is
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an increasing practice in museums and has been used as a vital taxonomic tool, but 

how this practice is affected by prior exposure of the material to a raised temperature 

regime has not yet been ascertained.

A review of the relevant literature indicates that little information is available on the 

harmful effects, if any, of extreme temperatures on museum specimens and materials. 

Florian (1990) reported that damage to museum specimens and materials following 

exposure of up to -20°C should not occur if they are adsorbent and free of moisture. 

Exposure to sub-zero temperatures rather than raised temperatures appears to be 

favoured by museums and recommendations exist for the treatment of material prior to 

and after treatment (Rorian, 1987; Florian, 1990; Hillyer and Blyth, 1992; Berkouwer, 

1994). Several museums now use freezing as their principal method of eliminating 

pests from materials and as a ‘quarantine’ tool for incoming material (Crisafulli, 1980; 

Anon.,1980; Florian, 1986). These workers have so far observed no deleterious 

effects.

Results of this study indicate that a time/temperature/mortality relationship of 50°C for 

six hours was required to achieve 100% mortality for all stages in the life-cycles of 

both D. maculatus and A. verbasci. Exposure to a temperature of -20°C for 6 hours 

also resulted in 100% mortality for all stages in both species. However, before these 

results can be adopted as a method of eradicating pests from museum objects, several 

factors should be considered. Museum specimens vary considerably in size and 

composition. Large and/or dense specimens and materials may insulate inherent pests 

from the desired treatment temperature and should therefore be allowed to equilibrate 

to the operating temperature before the actual exposure time commences. The precise 

build-up time required will depend on the particular objects involved and also the 

efficiency of the temperature control unit. For exposure to sub-zero temperatures, the 

bulk of the material for treatment relative to the capacity of the freezing unit is also 

important.

Mullen and Arbogast (1979) found that freezing units filled to capacity with 

commodities previously held at 25°C showed an initial elevation in temperature that

- 144 -



increased the time required for the commodities to be chilled throughout. This 

differential can be corrected by determining the time necessary for the temperature 

of the objects under treatment to reach equilibrium with the temperature of the 

freezing unit and then adding on the exposure time required.

Because of their relatively low capital cost, domestic freezing units are often used by 

museums. Many models designed for domestic use are capable of maintaining a 

temperature of -30°C. Shchepanek (1996) demonstrated that domestic freezers are 

adequate for achieving and maintaining temperatures required to eradicate insect pests. 

Some modifications related to the time allowed for cooling and warming and the 

packaging of specimens are recommended to ensure complete success of the low 

temperature technique. Despite these claims, there remains the possibility that such 

freezing units may not maintain desired temperatures throughout the exposure period. 

If this is the case, continuous monitoring of the temperature can be provided by the 

use of temperature recorders or data loggers designed for the purpose. Pinzl (1993) 

recommends mechanical modifications to freezing units to achieve lower and constant 

temperatures.

To prevent desiccation of materials, condensation and the escape of live insects, it is 

vital that all items for freezing are packed and sealed within a combined vapour and 

insect barrier. Strang (1996) recommends the use of low-density polyethylene (LDPE) 

film with folds and seams heat sealed to maintain the moisture equilibrium.

5.7 Summary of Chapter 5, Part 1.

Eggs, larval, pupal, and adult stages of two species of insects known to infest and 

damage museum collections were exposed to a range of temperature regimes to 

determine time/temperature/mortality relationships. The results show that although 

there was some variation in susceptibility between the two species evaluated and also 

between the different life-cycle stages, exposure to a temperature regime of -20°C for 

six hours was sufficient to achieve 100% mortality throughout all stages of both 

species.
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The treatment of bulk material or material likely to insulate insects against extreme 

temperature regimes, may require extended exposure periods to ensure that acceptable 

mortality levels are achieved. The operating temperature of -20°C can be reached and 

maintained using widely available domestic freezers. Many models are now capable of 

reaching temperatures of -25°C to -30°C. The choice of unit will depend on the 

manufacturer’s specification in relation to operating temperatures, cabinet capacity 

and insulation properties. For the treatment of bulk materials, large exhibits, and entire 

collections, cold storage units and blast freezers may be appropriate and can be hired 

commercially Hillyer and Blyth, 1992; Berkouwer, 1994)..

Although exposure to a temperature/exposure regime of 50°C for 6 hours was found to 

be effective in killing all life-cycle stages of both insect species tested, the inadequate 

amount of information available on the potential adverse effects of raised temperature 

on museum materials raises doubts regarding its suitability. For this reason, exposure 

to sub-zero temperature regimes appears at least in the short term, more feasible for 

museum applications.

Based on these results, lethal boundary limits are proposed for the eradication of insect 

infestations from museum collections and also as a potential quarantine method for 

incoming material (Table 5). Strang (1992) has contemporaneously noted similar 

observations, based on an extensive literature review.



Chapter 5 (continued)

Extracts from this chapter have been published in Collection Forum, Society for the 

Preservation of Natural History Collections, 2000,14(1-2): 57-65.

Part 2

Evaluation of a low-oxygen atmosphere for the control of insect pests in museum 

collections

5.8 Introduction

The presence of oxygen in a museum storage system can support the processes of 

microbial growth and oxidation. Over time, these activities can cause physical and 

chemical changes in museum materials and objects including colour fading, staining 

and corrosion of metal parts (Arney et al., 1979). To prevent or inhibit such 

deterioration some museums use atmospheres low in oxygen to surround certain 

valuable and/or sensitive objects as a long term continual control method to prevent 

the ‘natural’ processes of decay and deterioration. Notable examples of sensitive 

museum objects held in a rarefied oxygen atmosphere are the ‘Shroud of Turin’ 

(W eaver, 1980) and the ‘United States C onstitu tion’ and ‘D eclaration of 

Independence’ (National Bureau of Standards, 1951).

Recently, various workers have supported the view that low-oxygen tensions, carbon 

dioxide and inert gases (nitrogen, helium, and argon) can be lethal to insects and 

consequently may be considered as an alternative to chemical pest control in specific 

situations (Daniel et al., 1993; Rust et al., 1996). As discussed earlier in this chapter, 

chemicals traditionally used by museums may react adversely with materials, can be 

toxic to users may be harmful to the environment, and their use is, in many cases, 

highly regulated. An additional advantage of the use of some of these atmospheric 

gases under controlled conditions is that the toxicity risk to users can be considerably
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reduced and reactive effects on specimens and materials are generally recognised to be 

less damaging than conventional chemical or fumigant treatments.

Modified atmospheres have been used for some time by the food storage industry to 

destroy or prevent pest infestations. The technique involves the manipulation of the 

natural ambient air supply by reducing the oxygen content to lethal threshold limits or 

by introducing certain gases to achieve a lethal effect. This is created by replacing the 

existing enclosed atmosphere with one lethal to insects. This may be achieved by 

adding carbon dioxide, nitrogen, or air depleted in oxygen under sealed conditions. 

The technique is a modification of the conventional practice of hermetic storage where 

food commodities such as grain and beans were sealed in underground pits. The 

practice still exists in arid regions of the Middle East, and the hermetic storage of 

small amounts of grain is still used in some primitive agricultural societies in tropical 

Africa (Calderon, 1990). The respiration of the harvested product combined with the 

metabolism of the invading insect pests reduces the available oxygen to a lethal level. 

The resulting atmosphere also inhibited fungal growth and thus maintained the quality 

of the food product over an extended period.

Although research into modified atmospheres began in the mid-nineteenth century, 

serious interest in applying the technique in a routine manner did not occur until 

approximately 40 years ago, and serious interest about 20 years ago, probably 

resulting from the success of, and growing concern of health risks associated with 

conventional fumigants and grain protectants. Most of the recent research relates to the 

use of gases in silos, granaries and other forms of bulk grain storage as a direct 

alternative to traditional chemical fumigation methods.

Jay (1984) found that the use of a nitrogen concentration of between 97% and 100% 

greatly reduced emergence levels in the maize weevil, Sitophilus zeamais  

(Coleoptera: Curculionidae) and that carbon dioxide at concentrations of between 39% 

and 62% had an even greater biocidal effect against this species. Temperature and 

relative humidity levels were considered important factors in contributing to overall 

effectiveness.

Jay (1971) recommends that the temperature of the product to be treated should be 

above 70°F (21.11 °C) during the application of carbon dioxide. Jay et al. (1971)
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found that decreasing the relative humidity in atmospheres containing 99% nitrogen 

(balance oxygen) from 68% to 9%, resulted in significant mortality increases in the 

Rust-red flour beetle, Tribolium castaneum (Coleoptera: Tenebrionidae).

Other studies have also shown that the survival of stored product insect pests is 

restricted in atmospheres containing low-oxygen concentrations (Navarro, 1978; 

Storey, 1977; S0derstrom and Brandi, 1982; Koestler, 1992; Rust et a l ,  1996; 

Koestler, 1998). It has also been demonstrated that in order to produce a lethal 

environment for even the most susceptible stored product insect species, the oxygen 

concentration should be maintained below 4% (Bailey, 1965; Bailey and Banks, 1974) 

although other workers recommend concentrations of at least 0.5% (Burke, 1996). 

Rust et a i, (1996) found that the exposure time in a low-oxygen atmosphere is likely 

to be dramatically decreased by increasing the temperature above 25.5°C and lowering 

the relative humidity below 55%.

The creation of an anoxic microenvironment using oxygen absorbent chemicals as 

oxygen scavengers has also been used to protect various stored foods from oxidation 

and mould growth (Ohguchi et al., 1983). It is also widely used in the food industry as 

an alternative to traditional nitrogen and vacuum packaging techniques for preserving 

dry foods (Gilberg and Roach, 1992).

Ohguchi et al. (1983) found that an anoxic microenvironment had a lethal effect on 

four stored grain pests, Callosobruchus chinensis (Coleoptera: Bruchidae), Ephestia 

cautella (Lepidoptera: Tineidae), Sitophilus zeamais, T. castaneum  and two clothes 

pests. Tinea pellionella (Lepidoptera: Tineidae) and Anthrenus verbasci (Coleoptera: 

Dermestidae). This was observed when the insects were sealed in oxygen barrier 

packages containing an oxygen absorber, ‘Ageless’ ™ (Mitsubishi Gas Chemical Co., 

Japan) and a food source. The tolerance level of the insects against the low-oxygen 

conditions created, was shown to vary considerably with species and development 

stages, the highest tolerance being shown by eggs of S. zeamais which required 12 

days treatment with the oxygen absorber for 100% mortality. As a sub-lethal effect of 

the oxygen absorber, delay of adult eclosion was also observed in S. zeamais.
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Ageless™ is composed of finely divided ferrous oxide, a chloride salt and a humectant 

sealed inside a permeable paper or plastic packet. Originally developed for the food 

packaging industry for use inside high oxygen barrier film packets sealed with or 

without a vacuum, the sachets are reported to reduce the oxygen level to less than 

0.01% (lOOppm) (Conservation by Design Ltd., 1999). The maintenance of this 

oxygen level is dependent on the oxygen permeability of the packaging material. For 

long-term packaging of museum objects, a material that is virtually impermeable to 

oxygen is required. Ageless^*^ is manufactured in the form of small packets designated 

according to type and size.

Different types of Ageless™ are available depending on the water activity of the 

packaged commodity. Ageless™ Z is recommended for the preservation of dry food 

products possessing a relative humidity of below 85%, while Ageless™ S and 

Ageless™ SS are fast acting varieties designed for use at cold and freezing 

temperatures respectively and require a relative humidity of 65% or greater. The 

product is also available in different sizes depending on the amount of oxygen that it is 

capable of absorbing. The largest type available, Ageless^*^ Z-2000, is capable of 

absorbing 2000 ml of oxygen in ten litres of air (Gilberg and Roach, 1992). The 

manufacturer also produces a product in tablet form referred to as Ageless-Eye. This is 

described as an oxygen indicator and is used as a simple qualitative test for oxygen 

determination.

Various workers have discussed the potential usefulness of Ageless™ for museum 

applications (Daniel and Lambert, 1993; Lambert et al., 1992; Gilbert and Roach, 

1992). With the current availability of inexpensive barrier plastics, the difficulties 

encountered in attempting to provide leak proof containers have been largely 

overcome. An anoxic microenvironment is produced by surrounding the material to be 

treated with a suitable barrier plastic, typically a laminated composite, which 

combines low permeability with high bursting strength. Providing the ‘capsule’ is held 

completely airtight (usually by heat sealing) and the use of the oxygen absorber is 

correctly calculated and applied, an atmosphere low in oxygen may be sustained long 

enough to have a lethal effect on the target insects. The use of an inert gas such as 

nitrogen or argon to flush out as much oxygen as possible from the capsule at the
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beginning of the treatment is often used to accelerate the creation of the anoxic 

environment.

For the purposes of insect eradication, a two week exposure at concentrations of 0.5% 

oxygen is considered sufficient to achieve 100% mortality at all insect stages (Burke, 

1996).

In a review of the experimental data and subsequent conclusions it is apparent that a 

number of factors impact on the ability of low-oxygen tensions to control insect pests. 

These may be summarised as follows:

• The variability in response of different insect species to different concentrations of 

oxygen indicates that no general conclusions can be drawn, i.e. the response of one 

species cannot be used as an indicator of the response of other species.

• Mortality levels are affected by oxygen concentration, temperature, relative humidity 

and duration of exposure. It has been demonstrated that a reduction in relative 

humidity and a raising of temperature, increased effectiveness significantly and that 

mortality was also determined by length of exposure (Jay, 1971; Rust et al., 1996))

• When held at low temperature (35oF.), a significant reduction in emergence levels of 

the Rice weevil (Coleoptera: Curculionidae) was reported. Mortality levels increased 

to 100% after 4 weeks. A modified atmosphere containing 99% nitrogen and 1% 

oxygen combined with low relative humidity (9%) resulted in over 98% mortality for 

two species of stored product insect pests, i.e. the Red-rust flour beetle and the 

Confused flour beetle. However a third species, the Saw-toothed grain beetle was 

more tolerant under these conditions (40% mortality) (Ohguchi et. al., 1983).

• T o  ensure effective ‘kill’ rates, the level of oxygen concentration should not rise 

above 1%. Other workers have suggested concentrations of not greater than 0.5% 

(Storey, 1975; Burke, 1996) and below 4.5% (Navarro, 1978).

• When exposed to oxygen depleted atmospheres; adult insects emerging from 

immature stages of certain insects tend to emerge later than untreated controls.



M orphological abnormalities have also been reported in insects held under modified 

atmospheres.

The apparent success of the use o f modified atmospheres for the control o f stored 

product insects has led to interest among museum workers as to whether the technique 

could be successfully applied to pests of museum collections.

Theoretically, the practical aspects o f exposing museum specim ens to m odified 

atmospheres should not present undue difficulties considering the efforts required in 

ensuring safe chem ical treatment by traditional chem ical fum igation methods. The 

combination o f low health risks and residue free benefits of the technique appear to 

offer a suitable alternative to conventional chemical treatments.

However, because of potential variability in the susceptibility response of different 

insect species to low-oxygen atm ospheres there is a requirem ent to establish the 

effectiveness of the technique against various life-cycle stages of a range of insect 

pests and preferably those species associated with damage to museum collections. In 

this part of the study several species of recognised pests of dried stored produce, some 

established pests of museum collections were exposed to a low-oxygen atmosphere 

over varying time periods. W here possible, egg, larval, pupal and adult stages were 

used to determ ine overall susceptibility. An evaluation of the effectiveness o f the 

technique is made as a potential pest control tool in the museum environment.

5.9 Materials and methods

5.9,1 Test insects used

D etails on the target insects selected for the study are provided. The binom ial 

nomenclature for each species is also given (Appendix 1). The selection of particular 

insect pest species was made on the basis of their recognised status as pests of stored 

dried food produce, their fecundity rates, and their availability. The species are also 

distributed world-wide and are among the most serious of the stored product pests. In 

addition, seven of the species tested are included in a reference listing of museum 

pests (Beauchamp e t a i ,  1980) and are known to feed directly on produce containing a
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high protein content. Liposcelis bostrychopilus (Psocoptera; Liposcelidae) (Book-lice) 

does not appear on the list, although a related species, Liposcelis simulans is included. 

With the exception of two species, Anthrenus verbasci and Dermestes maculatus 

(Coleoptera; Dermestidae) which were selected from existing laboratory cultures, 

start-up colonies of insects were purchased from the Central Science Laboratory, 

Slough, UK.

Insects were grown and cultured using appropriate media and conditions so that 

required levels of mature and immature stages could be developed. Given the 

complexity of different species requirements, their longevity and development periods, 

it was not possible to generate sufficient numbers of mature and immature stages of 

each species. A list of the species, experimental temperature conditions and numbers 

of individuals and life-cycle stages used is given in Table 6.

Eight different insect species were used in the study. Details of their general biology, 

pest significance and culture methods are summarised as follows:

Dermestes maculatus De Geer (Coleoptera; Dermestidae)

Anthrenus verbasci (L.) (Coleoptera; Dermestidae)

The biology and culture conditions for both of these species have been discussed

previously (section 4.2.2 and 4.2.3).

Tribolium confusum JacqueUn du Val

(Confused flour beetle)

(Coleoptera; Tenebrionidae)

Tribolium castaneum (Herbst.)

(Rust-red flour beetle) (Coleoptera; Tenebrionidae)

The Tribolium  species are among the most numerous of stored product insects. The 

two most frequently encountered species are T. confusum and T. castaneum.. They are 

generally referred to as ‘flour beetles’, although they occur in a wide range of other
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commodities. T. confusum is distinguished from T. castaneum by the last segments of 

the antennae which differ in the two species. It occurs more frequently in milling 

machinery than T. castaneum, although both specie are common in bulk wheat stores. 

T. confusum is more resistant to cold conditions and in heated conditions may have 

five generations per year. In Ireland, neither species survives the winter in unheated 

premises. Populations therefore only exist here in heated conditions or persist by 

continued importation of infested commodities.

Both species are cosmopolitan and very widely distributed throughout the British 

Isles. Frequently encountered in bakeries and flour mills, they have become 

established and serious pests of cereal products including grain, flour, porridge oats 

and rice. They will also feed on processed produce, peanuts, cocoa beans, legumes, 

and tapioca and are a particular problem in machinery where cereal and other food 

residues accumulate. Adults survive for approximately 15 to 20 months, producing 

over 500 eggs in the period, typically laid at a rate of 2 to 10 per day depending on 

temperature. The very small eggs are laid loosely on the infested material and are not 

readily discernible. The larvae of Tribolium  are white, tinged with yellow and pass 

through up to 11 moults before reaching their fully-grown length of 5mm. This 

process takes approximately between 3 and 9 weeks. A horny pad is present on the 

second last body segment and two stout horns on the last segment. Pupal stages will 

infest the same material as the larvae. They are initially white but gradually darken 

prior to adult emergence after 9 to 17 days.

When present in large numbers, Tribolium species will cause infested flour to mould 

and discolour and will also taint produce with secretions from their scent glands. 

Infested material generally acquires a pungent odour.

Culture conditions: Cultures of both species were maintained at 25°C and 70% 

humidity. They were raised in 0.75 litre glass jars, approximately 100 adults per 

container and reared on a diet of whole-wheat flour and yeast at a ratio of 20:1 

respectively. Fresh food was disinfested prior to use by heating the whole-wheat flour 

to 70o-80°C for 16 hours. Yeast was disinfested by storing at 18°C in a domestic 

freezer. A large piece of tissue paper was placed on the top of the culture media to 

provide a foothold for the adult insects.
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Oryzaephilus surinamensis (L.)

(Saw-toothed grain beetle) (Coleoptera; Silvanidae)

Members of this group are generalised feeders and are usually “ secondary”  pests of 

produce following initial attack by grain weevils. They do not damage intact grain, but 

will readily attack grain already broken or will feed on materials such as flour or meal 

produced by milling or grain crushing. However as their name implies, they are 

frequent pests of grain. The species will also infest cereals and a wide range of other 

foodstuffs. Food requirements are typically provided by a combination of animal and 

vegetable based material. Their small size enables them to hide in cracks and crevices, 

often making them inaccessible to chemical sprays and fumigants. Some workers 

consider O. surinamensis as the most serious pest of grain stored in bulk. Successful 

development of this species is favoured by the storage of grain, which has not 

sufficiently cooled after drying.

O. surinamensis is now cosmopolitan and very often imported into this country in 

infested produce. Retail premises and warehouses can suffer infestations and the 

beetles will frequently appear in packaged foods. Relatively small numbers of insects 

can rapidly give rise to serious infestations. They are now the most important pest of 

farm stored grain and will also infest dried fruit, rice, cereals, nuts and even drugs. A 

serious pest of bulk storage foodstuffs, especially starchy foods.

Females lay an average of approximately 200 eggs, deposited loosely on the infested 

foodstuff at a rate of 6 to 10 per day. Eggs will hatch in 8 to 17 days to give flattened 

larvae about 0.9mm in length. Larvae are very active and survive for about four to 7 

weeks, moulting up to five times in the process and attaining a final length of 

approximately 3mm. They will then construct a cell of food particles and other debris 

in which to pupate emerging between 1 to 3 weeks later as adults. Adult beetles can 

live for up to 3 years. The life cycle can be completed in 3 to 10 weeks depending on 

temperature, nutrition and moisture. They are a cold tolerant species and are able to 

overwinter in Ireland although their boundary breeding temperature is approximately 

18°C.
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Culture conditions; Cultures were maintained at 25°C and 70% humidity and raised in 

0.75 litre glass jars with approximately two hundred adults per container and reared on 

a diet of whole-wheat flour, rolled oats and yeast at a ratio of 5:5:1 respectively. As 

this species is a good climber and can climb glass readily, the inner rim of the culture 

containers were painted with PTFE suspension to prevent their escape. A large piece 

of tissue paper was placed on the top of the culture food to provide a foothold for the 

adult insects.

Liposcelis bostrychopilus

(Book-lice) (Psocoptera; Liposcelidae)

These are very small and primitive insects with soft, delicate bodies. Wings are 

generally absent from species found indoors although a pair of wing pads may be 

present. In many species, males are absent so parthenogenetic reproduction is usual. 

This ability makes them potentially serious pests in museums. They are very common 

insects and are found in both domestic and commercial premises. Of mostly nuisance 

value in small numbers but given suitable conditions, large infestations can develop in 

a short period. They will contaminate raw and processed food and are very common in 

warehouses. Among the wide variety of materials attacked is nuts, chocolate, bat 

guano, fishmeal, milk powder, museum specimens, cereals, and pollen.

Psocids will feed on microscopic moulds and are frequently found on paper and 

packaging. Books are especially susceptible, hence the name book lice. However, it is 

generally the moulds growing on the books and the glues used in the binding process, 

which are the foci of their attack. Their close association with bacteria makes them 

instrumental in disseminating food spoilage organisms. Unlike the previous species 

cited, these insects produce nymphal stages rather than larval stages. Typically, four to 

eight nymphal stages are produced depending on the species which, apart from a 

slightly paler appearance are replicas of the adults. The length of life cycle is 

dependent on temperature and humidity but given suitable conditions, this species is 

extremely prolific. Many species of book lice are now cosmopolitan. They are widely 

distributed and in this country and activity are highest between April and November.
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Culture conditions: Cultures were maintained at 25°C and 70% humidity. They were 

raised in 2.75 litre glass jars, approximately fifty adults per container and fed on a diet 

of wheat-feed and yeast at a ratio of 10:1.

Stegobium paniceum  (L.)

(Biscuit beetle or Drug-store beetle) (Coleoptera; Anobiidae)

This is an important food produce pest, found in both domestic and commercial 

premises. It will attack and breed in dried vegetable matter of all types including flour, 

bread, farinaceous foods, meats, soup powders, spices and has even been found 

infesting strychnine, belladonna and aconite, hence the often used name of Drug-store 

beetle. It is also a serious pest of books and manuscripts and is a frequent inhabitant of 

bird’s nests. Tin foil and sheet lead may also be attacked and perforated by this 

species. The full life-cycle can be completed in foods containing only small quantities 

of carbohydrates as it has symbiotic organisms, similar in appearance to yeast’s which 

produce vitamins of the ‘B ’ group. The larvae are therefore independent of external 

sources for this important nutritional factor.

Over a period of about 3 weeks the female will lay approximately 100 eggs either in 

the foodstuff or in the surrounding areas. At 19-24°C eggs hatch in 1 to 2 weeks to 

produce very tiny, active larvae which wander about and may penetrate packaging or 

cabinets to infest the material inside. Development takes 2 to 5 months, during which 

time the larvae go through 4 moults to reach a full-grown length of 5mm. Eventually 

larvae become incapable of movement and construct cells of food particles and saliva 

in which to pupate. The pupal stage lasts 9 to 18 days, but the adults may then remain 

in the cocoons for up to 2 weeks before emerging. On emergence, the adults disperse, 

living (without feeding) for up to 8 weeks. The full life cycle from egg to adult thus 

takes approximately 3 to 7 months depending on ambient conditions. This species is 

now a cosmopolitan pest and while not regularly imported into this country, it is 

widely found in commercial and domestic premises infesting a wide range of 

vegetable matter.
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Culture conditions: Cultures were maintained at 25°C and 70% humidity and raised in 

0.75 litre glass jars, approximately 100 adults per container and reared on a diet of 

whole-wheat flour and yeast at a ratio of 20:1 respectively. As this species is a good 

climber and can climb glass readily, the inner rim of the culture containers were 

painted with PTFE suspension to prevent their escape. A large piece of tissue paper 

was placed on the top of the culture food to provide a foothold for the adult insects.

Plodia interpunctella (Hiibner)

(Indian meal moth) (Lepidoptera; Pyralidae)

Originally of South American origin where it became a major pest of Indian corn and 

maize, hence the common name. The species is now cosmopolitan and generally 

imported on ships cargoes. It will feed on a wide variety of dried produce, particularly 

dried fruits and cereals and has become an established pest in warehouses in the 

United Kingdom. The destructive habits of this species in the 1930s led to the 

development of stored product entomology. In warehouses the wandering final stage is 

the most vulnerable and is often the target when chemical sprays or fumigants are 

applied.

Females produce up to 500 greyish-white eggs, which hatch in 1 to 18 days’ days 

depending upon conditions. The larvae migrate over the infested material, covering it 

with silk secretion as they move. Their colour depends upon the type of food 

consumed, typically dirty white but may be tinged pinkish-brown or green. After 4 to 

7 moults the larvae are full-grown and have attained a length of 12mm. Food and 

environmental conditions have a dramatic influence on the larval phase; full 

development may take from 14 to 300 days. When mature, the larvae leave the 

infested material and spin thick white cocoons, in which the pupae develop. After a 

pupation period of 12 to 45 days, the adults emerge. These moths will over-winter as 

larvae, entering diapause in a silken cocoon.

Culture conditions: Cultures were maintained at 25°C and 70% humidity. They were 

raised in 2.75 litre glass jars, approximately fifty adults per container and reared on a 

diet of wheat-feed, yeast and glycerol at a ratio of 10:1:2 respectively. Cultures were



exposed to a light regime of 16 hours light and 8 hours darkness. Filter paper 

moistened with tap water was provided in each culture. The tops of the container jars 

were sealed with a layer of phosphor bronze mesh underneath a layer of black filter 

paper to prevent escape.

5.9.2 Test conditions

All the egg, larval, pupal and adult stages were collected, sorted and counted 

immediately prior to their exposure to the low-oxygen atmosphere. Eggs were 

examined under light microscopy to confirm that they were in good condition and 

probably viable. Larvae were chosen from laboratory cultures and in all cases final 

instar stages were selected. Pupae were gently prodded with a blunt probe to confirm 

evidence of viability by their exhibition of a reflexive response to the stimuli of light 

and touch. Adults that were seen to be mobile and responsive were also selected from 

stock cultures. The precise numbers of individuals and the stages used were dependent 

on their availability at the time of selection. These are given in Table 6.

Insects were retained in plastic petri dishes or in screw-cap jars, where appropriate, 

with small amounts of culture media until the insects’ exposure to test conditions.

For their exposure to the low-oxygen atmosphere each batch of test insects was placed 

in a separate metal container with a small amount of culture medium. The containers 

were of tin construction with a IL capacity and measured approximately 17cm in 

height by 13cm in diameter. Relative humidity inside the cans was measured at 

approximately 65%.

The evacuation of oxygen from the cans involved an initial crimping and sealing of a 

metal lid onto each container. Air inside the cans was then removed using a ‘Terlet’ 

industrial degassing unit providing a negative pressure of less than one bar. 

Immediately after this process, nitrogen was added at a pressure of one bar, resulting 

in an atmosphere that was reduced in oxygen. This procedure was performed on-site 

in a milk powder manufacturing plant. The company uses a low-oxygen tension to 

increase the shelf life of their product.
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The pressure and final concentration of the gases used were recorded and are given as 

follows;

Initial evacuated pressure 

Nitrogen added at

0.95 bar ( 0.95 hPa) 

1.0 bar (1.0 hPa)

Oxygen levels 

Oxygen levels

1.1% , 1.6% and 1.3% (1st readings) 

1.5%, 2.0% and 1.6% (2nd readings)

Average oxygen level 1.5%

Groups of control insects were maintained under identical conditions but were held in 

cans containing an ambient atmosphere. All cans were transported to the laboratory 

and maintained under constant temperature conditions at either 20°C or 25°C 

depending on each species requirements. After 10 days the cans were opened for 

inspection.

Death was determined by the absence of spontaneous movement or evidence of an 

irreversible, uncontrolled, lethargic condition in larval or adult stages. However, these 

criteria cannot be used for egg and pupal stages, therefore the cessation of normal 

development followed by obvious physical deterioration was considered an indication 

of death for egg and pupal stages. All insect stages whether considered viable or 

moribund, were held at either 20°C or 25°C (depending on the species) for 

monitoring. This was performed at 7-day intervals over a period of 3 months.

5.10 Results

Upon opening the containers with the modified atmosphere, it was immediately 

evident that most insect stages had failed to survive. In contrast, control insects that 

had been held under ambient atmospheric conditions exhibited normal behavioural 

activity

Table 6 shows the percentage of mortality of the various insect stages and species 

following their exposure to the low-oxygen tension for a period of 10 days. The only
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stages that exhibited any indications of viability were pupal stages of D. maculatus 

and larval stages of A. verbasci.

Table 6. Percentage of mortality of various insect species following their 

exposure to a low-oxygen atmosphere for 10 days

Species Stage No. used %Mortality at 20°C % Mortality at 25°C

D. maculatus Adult 40 100 100
D. maculatus Pupa 40 25* N/P
D. maculatus Larva 40 100 100
D. maculatus Egg 40 100 N/P

A. verbasci Adult 40 N/P 100
A. verbasci Pupa 40 N/P 60
A. verbasci Larva 30 N/P 100
A. verbasci Egg 40 N/P 100

O. surinamensis Adult 40 100 100
O. suriruimensis Pupa 20 N/P 100
O. surinamensis Larva 40 N/P 100
O. surinamensis Egg 20 100 100

T. confusum Adult 40 100 100
T. confusum Pupa 40 100 100
T. confusum Larva 20 N/P 100
T. confusum Egg 20 N/P N/P

T. castaneum Adult 40 100 100
T. castaneum Pupa 40 100 100
T. castaneum Larva 20 N/P 100
T. castaneum Egg 20 N/P N/P

I. bostrychopilus Larva 40 100 100
I. bostrychopilus Egg 40 N/P 100

P. interpunctella Adult 20 100 100
P. interpunctella Pupa 20 N/P 100

S. paniceum Adult 40 N/P 100
S. paniceum Pupa 30 N/P 100
S. paniceum Larva 40 N/P 100
S. paniceum Egg 20 N/P 100

■* failed to survive; N/P, not performed.
D, Dermestes; A, Anthrenus; O, Oryzaephilus; T, Tribolium; L, Liposcelis; P, Plodia; S, Stegobium.

Upon initial inspection, the pupae of D. maculatus appeared dead, although there was 

a  reflexive response to gentle touching with a blunt probe. Subsequent monitoring



indicated signs of further development, i.e. the progression of elytral formation and 

head capsule growth. However, full development was impaired and none of the pupae 

progressed to the adult stage. Insects were finally diagnosed as dead after a 3 month 

monitoring period and when emergence had been completed in the control samples.

Larval stages of A. verbasci exposed to the low-oxygen atmosphere, although not 

mobile, responded to gentle touching with a blunt probe. Forty per cent of larvae 

continued to improve and eventually became capable of complete and unimpaired 

movement. Development continued into the pupal stage and subsequent emerging 

adults appeared normal. All other insect stages failed to show any sign of viability 

during the monitoring period. At the end of this period a final assessment of their 

condition was made using the death determination methods described previously and 

by comparison with the control samples.

Of all the species and life-cycle stages tested, larvae of A. verbasci were the only 

insects to survive exposure to the test conditions. This ability was further investigated 

by repeating the experimental conditions; although in this case, the period during 

which the test insects remained in the low-oxygen atmosphere was extended to periods 

of 20, 30, 40, 50 and 60 days at 20°C. Test conditions and oxygen tensions were 

maintained as described above. The number of mature larvae used for each time 

period was 40. Each test was duplicated and control tests using larvae held under the 

same conditions but with cans filled with ambient atmospheric air were also 

performed.

After each tested time period had elapsed, the test cans and the control cans were 

opened and inspected. Mortality in the control samples, even after 60 days in the 

sealed cans was negligible with larvae exhibiting normal behaviour such as movement 

and response to light and touch.

However, all larvae exposed to the low-oxygen atmosphere over these time periods, 

appeared dead on removal from the degassed containers. Subsequent monitoring of the 

test larvae over a 6-month period following removal failed to record any survivors. 

Larvae were finally diagnosed as dead after the completion of the monitoring period or 

when emergence was completed in the control samples (Table 7).



Table 7. Percentage of mortality of mature larvae of Anthrenus verbasci (L.)

following their exposure to a low oxygen atmosphere over a variety of 

time periods at 25°C.

Exposure period (days) % mortality Control mortality

10 60 0

20 100 0

30 100 0

40 100 <1

50 100 <2

60 100 <2

5.11 Discussion

The use of modified atmospheres to control pests has largely developed in response to 

demands by the food industry to produce alternative methods of control which are 

non-toxic and residue free. Similarly, the disadvantages associated with the use of 

chemicals in the museum environment have promoted interest in alternative non

chemical control methods. Although the use of sealed environments low in oxygen to 

control museum insect pests has attracted considerable interest, further research is 

required to investigate fully, those factors that may assist or promote the survival of 

insects in anoxic conditions.

In this study the relationship between exposure to a low-oxygen atmosphere and 

mortality in a range of insect pests was investigated. The main objective was to 

determine whether the technique would be successful in killing insect pests at various 

stages of their development, and if the method could be applied to a museum situation. 

The results show that in general, exposure to an atmosphere of approximately 1.5% 

oxygen and 98.5% nitrogen for a period of 10 days was successful in limiting survival 

of the test insect species over the various stages used. Adults of T. confusum,



T. castaneum, D. maculatus, A. verbasci, O. surinamensis, L. bostrychopilus, P. 

interpunctella and S. paniceum  all failed to survive the reduced oxygen atmosphere. 

Of the pre-adult stages tested, larvae of A. verbasci were the only stage to survive the 

treatment with 40% eventually making a full recovery. Further tests on larvae of this 

species over extended time periods showed that an exposure period of 20 days or more 

achieved 100% mortality.

All insects require oxygen to survive and continue normal development and activity. 

Atmospheres with a low oxygen concentration produce in insects hyperventilation, 

asphyxiation, paralysis of the nervous system and collapse of the tracheae (Valentin, 

1993). The uptake and transport of oxygen from the surrounding atmosphere into the 

insect respiratory system is related to the ability of the insect to tolerate certain 

conditions. Given that certain stored product insects can survive at very low 

humidities, the means of conserving water is an important and fundamental feature of 

their physiology and structure.

In effect, this means that insects which live under dry conditions, such as those found 

in the bulk storage of grain and other food products, require efficient respiratory 

systems that allow rapid exchanges of oxygen and carbon dioxide while at the same 

time restricting water loss. This is an important consideration as anoxia in insects’ 

works by dehydration rather than suffocation. This has also been suggested by other 

workers, where water loss was found to be a major contributory factor in the mortality 

of T. castaneum held under high nitrogen concentrations (Jay and Cuff, 1981). At very 

low-oxygen concentrations the spiracles of the insect open to such an extent that 

desiccation occurs. This condition is further accelerated by dry, warm conditions. In 

contrast, if ambient humidity is high and combined with low temperature, the insect 

may receive sufficient moisture to avoid death and render anoxia unsuccessful.

In the culture conditions described A. verbasci did not require direct contact with 

water, deriving sufficient moisture requirements from the surrounding media. This 

ability to survive very dry conditions may have been contributed to the survival rate. 

Another factor which may have contributed to the survival rates in A. verbasci may be 

the ability of this species to enter a diapause state when conditions become



unfavourable for further development. This phenomenon has been defined by Hanski 

(1988) as an arrested development phase which minimises the utilisation of body 

reserves, thereby reducing the risk of an individual dying due to unfavourable 

conditions. This ability provides a natural defence mechanism during conditions of 

particular hardship and can persist for considerable time periods. In natural 

populations diapause typically occurs in response to unsuitable ambient temperature or 

food scarcity.

The results of this study indicates that the use of an atmosphere reduced in oxygen has 

a lethal effect on a range of insect species. The main difficulty facing conservators is 

the application of the correct combination of oxygen concentration, exposure, 

temperature and humidity required to achieve a lethal effect on the particular pest 

species under treatment. Beauchamp, et al. (1981) in a reference listing of museum 

pests, loosely describe 123 pests of museums of which 98 are insects. The variability 

in response of different insect species to different concentrations of oxygen indicates 

that no general conclusions can be drawn, i.e. the response of one species cannot be 

used as an indicator of the response of other species. Also, other potential museum 

pests, such as mites typically occupy relatively dry habitats and possess a highly 

specialised cuticle to prevent water loss, and the spiracles are able to regulate gas 

exchange through a complicated mechanism resulting in low water loss rates and good 

osmoregulation ability (Fleurat-Lessard 1990).

Until recently, modified atmospheric conditions have been applied mostly to 

controlling insects in large bulk materials containing dry grain or cereals. These 

methods have also proved useful in destroying infestations where chemical insecticide 

control was considered unsuitable or impractical. The apparent success of the use of 

modified atmospheres for the control of stored-product insects has led to interest 

among museum workers as to whether the technique could be successfully applied to 

pests of museum collections. Recent advances in the development of oxygen 

scavengers, oxygen barrier films, and fumigation ‘bubbles’ have facilitated this trend 

and several museums are now using the technique routinely (Elert and Maekawa 1997; 

Gilberg and Roach 1992; Maekawa and Elert 1996; Valentin 1993).



Oxygen-absorbent chemicals, when used in sealed conditions have been shown to be 

effective against certain pests of stored products (Burke 1996; Ohguchi, et al. 1983). 

Gilberg and Roach (1992) describe the successful use of Ageless at the Australian 

Museum. Objects are packaged within a flexible, low-oxygen permeability barrier film 

along with the requisite amount of Ageless, heat sealed and placed within a 

temperature controlled cabinet for three weeks at 30°C. Subsequent examination of 

infested objects failed to indicate any evidence of continued insect activity. The use of 

oxygen scavengers however, is limited to objects of small to moderate size.

For the treatment of large items, alternative methods of producing a modified 

atmosphere lethal to insects is required. These methods rely on creating an airtight 

enclosure, which is flushed with a humidity-controlled nitrogen source to achieve the 

desired low-oxygen level. The technique may be used as an alternative to sub-zero 

temperature control, where the size of material requiring treatment limits freezing by 

conventional methods or where concerns over potential deleterious effects on 

specimens and materials is of concern. Specific applications that may be appropriate 

include treatment of infested bulk items and as a quarantine treatment for incoming 

material.

Maekawa and Elert (1996) describe the use of an anoxia treatment system for the 

disinfestation of museum objects. The system consists of a high-volume nitrogen 

source, a gas humidification module, the anoxia enclosure, environmental sensors and 

a vacuum pump. The system had a leak rate of <0.005% (50 ppm) and this was found 

sufficient to maintain the required anoxic environment with no nitrogen flow for 

several weeks once an initial oxygen level of 0.1% had been achieved.

Various methods for producing modified atmospheres have been summarised by 

Daniel et al (1993a, 1993b). These involve replacement of the existing air with an 

inert gas for treatment of bulk items (dynamic system) or the use of scavenger 

products to absorb available oxygen in small containers (static system). For large 

items, the dynamic system technique may be usefully employed in conditions which 

are gas proof, such as fumigation chambers or in areas that can be sealed against gas 

loss. This is an important consideration, as the success of the technique will depend on 

maintaining a sufficiently low-oxygen concentration throughout the exposure period.
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Gas proof fumigation sheets with low*oxygen permeability may also be suitable 

providing they can be maintained in an airtight condition.

The recent development of a fumigation ‘bubble’ by Rentokil Ltd., which is portable 

and has a built-in inlet and venting system, is a promising development. The concept 

was originally designed for use with toxic fumigants such as methyl bromide but was 

later adapted for use with other gases such as carbon dioxide. However, a limiting 

factor associated with fumigation sheets and bubbles is the large amount of flushing 

required to maintain the optimum gas level. This is also complicated by the difficulties 

encountered in maintaining airtight conditions and the elevated temperatures required 

during carbon dioxide treatments (Elert and Maekawa, 1997). More recently, Rentokil 

designed a new bubble made of a thicker plastic material to offset these problems and 

have now also introduced a reusable system manufactured from heat-sealable 

aluminised barrier film.

The use of carbon dioxide should also be investigated as it has been shown to be 

effective at levels as low as 30% (Story, 1985). This makes it less difficult to maintain 

at a level toxic to insects than other gases such as oxygen, which require a level below 

2%. Other workers have found levels of 60% to be effective against A. verbasci and 5. 

oryzae (Paton and Creffield, 1987) but not effective against certain wood-boring 

insects including the Common furniture beetle, Anobium punctatum  (Coleoptera; 

Anobiidae) (Valentin, 1993).

However, the use of carbon dioxide requires special handling conditions, as even a 2% 

concentration in air can cause a 50% increase in respiration in vertebrates. Self- 

contained breathing apparatus is therefore essential before entering areas undergoing 

carbon dioxide fumigation. For this reason, reduced oxygen atmospheres may be more 

appropriate for museums when treatment of bulk items is required. Another gas which 

has shown promise as an alternative to the gases mentioned above is argon. Valentin 

(1993) reports a faster rate of kill for A. verbasci and Lasioderma serricorne compared 

to nitrogen, however the increased level of cost of argon is a limiting factor for 

museums.
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5.12 Summary of Chapter 5, Part 2.

Various stages in the life-cycle of eight different insect species of recognised pest 

status were exposed to a low-oxygen atmosphere of approximately 1.5% to determine 

whether such an environment would be potentially suitable as a method of controlling 

pests in museum collections. The results are summarised as follows;

• Adult stages of each of the insect species investigated did not survive the low- 

oxygen atmosphere, whereas control batches held under the same conditions but with 

ambient oxygen levels produced 100% survival rates.

• The developmental stages of six of the selected species did not survive the low- 

oxygen atmosphere.

• Initial viability was observed in some pupae of Dermestes maculatus following 

exposure to the low-oxygen atmosphere. However, these individuals failed to survive 

beyond the pupal stage.

• Viability was observed in larvae of Anthrenus verbasci held at the low-oxygen 

atmosphere for ten days. Forty per cent of larval stages tested recovered well and 

developed into the pupal stage. Further tests on A. verbasci larvae showed that 

exposure to a low-oxygen atmosphere over an extended time period of 20 days or 

more caused 100% mortality.

• The lethal effect of an atmosphere reduced in oxygen to the range of insect species 

and their respective life-cycle stages tested, suggests that the treatment has promising 

potential as a method of eradicating pests in certain museum situations, providing a 

non-toxic and residue free alternative to conventional chemical control methods.

The advent and commercial availability of leak-proof barrier plastics and oxygen 

absorbent chemicals have considerably increased the potential for application in the 

museum environment including galleries, zoological, anthropological, archive and

- 168 -



herbarium collections. The concept offers a relatively low-cost and portable alternative 

to the traditionally used, permanent fumigation chambers.

Overall, this study has shown that the use of extreme temperature regimes and also, 

modified atmospheric control can be effective tools for the treatment of known or 

suspected pest infestations in certain museum situations. The deployment of such 

techniques may also be used to routinely quarantine incoming material offering a 

safer, residue free alternative at relative low-cost when compared with conventional 

chemical control methods. It is not of course possible to use these techniques for the 

long-term daily protection of collections, as is the case with traditional chemical 

methods. However, when used in combination with other control methods, notably 

integrated pest management strategies, the need for the continual use of chemicals 

may be considerably reduced. This is discussed in the following chapter.



Chapter 6

INTEGRATED PEST MANAGEMENT: A PROPOSED STRATEGY 

FOR NATURAL HISTORY MUSEUMS

Extracts from this chapter have been published in M useum M anagement and  

Curatorship, 1996,15(2): 133-143.

6.1 Introduction

Insects form by far the largest group in the animal kingdom. Over one million 

different insects have been described and named and approximately seven thousand 

new species are discovered each year. While some insects such as mosquitoes and 

tsetse tlies are familiar to us as important vectors of disease, only on rare occasions is 

the relationship with man significant in the overall natural history of the insect. Where 

conflict between man and insect arises, this is generally related to the fact that the 

insects occur not as isolated individuals, but as members of populations. Such 

populations may cause damage over a wide geographical spread or may be limited in 

their range or may on rare occasions only reach levels high enough to cause damage. 

Populations rarely remain constant over lengthy periods and the dynamics of 

population growth are dependent and influenced by a variety of factors and conditions. 

Among the most important of these include climate, seasonal change, the availability 

of resources, competition with other species, predation, parasitism and, as population 

density increases, the ability to disperse and locate fresh resources. These parameters 

may affect established populations by influencing the rates of reproduction and 

mortality and are inherently difficult to predict and evaluate.

A pest may be loosely defined as any organism that causes harm or damage to man, 

his possessions or his environment. This may manifest in a wide variety of 

circumstances such as;



• damage to cultivated plants, field crops, agricultural produce

• damage to stored goods, grains, cereals, textiles and foods

• insects injurious to forestry and woodlands

• insect pests of structural timber

• insects of medical and veterinary importance

In general, the most common way for an insect species to reach pest status is simply 

by an increase in numbers. In a pest environment, the components of climate, food 

supply and shelter all interact and contribute with varying degrees of importance to the 

ultimate success of the particular pest. The key to successful pest control lies in the 

understanding of the complex nature of these factors and their relative importance.

In a museum context, many of the pests that are known to cause considerable damage 

to commercially grown produce are known to have the ability to become established in 

the museum environment. The range of pests known to cause such damage has been 

discussed previously (Chapter 3). Within the confines of museums, heat, shelter and 

food abundance combine together to provide the ideal opportunity and potential for 

certain groups of insects to reach pest status and inflict damage. Consequently, much 

of the deterioration evident in museum collections today, particularly natural history 

material has resulted from damage caused by attack from pests. This can result from 

direct feeding activity, the soiling of material arising from feeding activity and/or the 

tunnelling or boring habits of pests. Insufficient resources (financial and staffing 

levels) and modern demands placed on collections (exchanges, loans, and greater 

usage) have increased their vulnerability. Information gathered from recent surveys 

suggests that many collections are at risk from deterioration and urgently require a 

long-term protection strategy if they are to survive for future use.

When evidence of pest damage is discovered, the natural response is one of alarm and 

concern. Sometimes isolation and immediate treatment of affected material can limit 

the damage. In other cases, damage may remain undetected and infestations, given 

suitable conditions, can quickly spread to other areas within the museum. In this 

situation, considerable time and effort is necessary to inspect potential areas of 

infestation and in addition to the damage caused, considerable disruption of normal 

museum activities occurs. Pest eradication by chemical means is often complicated



and expensive, is essentially repetitive in nature and has to be renewed with each pest 

outbreak. Considerable time may be engaged in monitoring collections following 

treatment, often the actual cause of the original infestation is not identified and little 

attempt is made to prevent recurrence.

The traditional reliance on chemical treatments for the prevention, control and 

eradication of pests in museums has developed without adequate knowledge of 

application rates, effectiveness and inherent dangers. Over the years, ‘new’ or untested 

chemicals were introduced as alternatives to more commonly used compounds such as 

para-dichlorobenzene and naphthalene. Gradually, as concern over effectiveness, 

health hazards and potential damage emerged; museum workers began to examine 

alternative methods of control. Recently, the use of sub-zero temperatures and to 

lesser extent, raised temperature and modified atmospheric control have attracted 

attention as potential alternatives to traditional chemical measures. However, a 

comparative review of chemical and physical pest control practices shows that each 

method is not without inherent disadvantages. These may be summarised as follows:

Chemical treatments (note conclusions in Chapter 4)

Applications:

• In storage cabinets, drawers, display and exhibition cases. Treatment of 

incoming material and localised infestations. Treatment of large scale 

infestations, storage areas and buildings by fumigation.

Disadvantages:

• Possible long-term damage to specimens (discolouration, colour fading, 

molecular and structural changes) and associated materials (softening of 

adhesives, metal corrosion, structural weakening, brittleness).

• Possible health hazards arising from direct/indirect contact and/or toxic

residues (respiratory damage, dermatological, throat and eye irritant, potential 

toxic and carcinogenic effect).



• Possible short residual life, effects on certain pest species and development 

stages not fully investigated, some chemicals effective as deterrents only.

• Labour intensive (require regular application, time consuming, disruption of 

normal activities).

• Cost and legal implications (high cost of fumigation and treatments, relative 

labour costs, trend towards reduced threshold limits, potential litigation for 

unsafe practices).

Non - chemical treatments (note conclusions in Chapter 5)

Applications:

• Treatment of incoming material and localised infestations.

• Quarantine treatment.

• Storage of sensitive, high risk or vulnerable material.

Disadvantages:

• Effects on specimens and materials (Freezing/Heat/Radiation - long term 

implications still relatively unknown).

• Limitations of technique (capacity of exposure cabinets limits amount and 

range of material that may be treated, mainly used for treating incoming 

material or isolated infestations).

Against this background, there is now increasing recognition that as the primary 

objective of museums is to preserve the long term integrity of collections, a strategy 

which attempts to prevent or at least minimise the risk of pest attack, through the use 

of non-invasive methods, provides the optimum basis for collection protection. These 

methods are referred to as ‘Integrated Pest Management’ (IPM) strategies and are 

designed to develop an approach with clearly defined and documented levels of 

responsibility and action. This is generally the responsibility of staff members directly
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involved with the specimens, but ideally, should incorporate an institution - wide 

approach in the form of a mission statement or policy document involving all aspects 

of collection management.

The following account is presented as the basis for a policy document on preventative 

pest control. It involves a multifaceted approach and should be viewed as an on-going 

process, changing and adapting with the requirements and resources of the institution 

to ensure that the integrity of its collections are preserved to the highest possible 

standard for future generations. It includes information on building design and 

maintenance, environmental controls, storage, pest identification and diagnosis, staff 

training and treatment of infested material.

6.2 Integrated Pest Management

The use of 1PM schemes is not a new concept (M etcalf and Luckman, 1982; 

Matthews, 1984). In many agricultural and horticultural situations, farmers have for 

many years been utilising an integrated approach by using a combination of methods 

such as crop rotation, weed removal, irrigation and the use of copper sulphate and 

other substances to reduce pest infestations (Flint and van den Bosch, 1982). 

Similarly, pest control methods to control pests indoors have also been incorporating 

(albeit indirectly) an integrated approach through the use of insect traps, sanitation 

measures and the sealing over of potential insect harbourages.

The history of pest control is well-documented (Armes, 1985; Story, 1986; Dawson, 

1987; Pinniger, 1990). Before the introduction of synthetic insecticides in the early 

1940s, the use and application of chemicals was very restricted and often heavy 

reliance was placed on mechanical methods of control such as hand-picking of pests 

from infested crops, banding of fruit trees, crop rotation and early harvesting methods. 

Control was often unsatisfactory and many pests caused considerable damage. The 

introduction of modern insecticidal compounds heralded a new era for the pest control 

industry although this was in time counteracted by an over-reliance on chemical 

methods causing the development of resistant insect strains and legitimate concern 

over damage to the environment and public health (Hoy and Herzog, 1985). The 

preferred approach and the current trend is to examine the relative merits and



disadvantages of each control method (physical, biological and chemical) and to 

integrate them within an overall strategy to achieve maximum effectiveness, hence the 

evolution of integrated pest management.

The implementation of an IPM strategy for the long-term protection of museum 

collections against attack by pests has evolved from concern over the potential damage 

caused by infestations and more recently the effectiveness, health implications and 

legalities of the use of chemicals in museums. Museums, recognising the potential of 

the IPM concept and long term value have begun to adopt components of the policy to 

suit their own requirements. Consequently, various authors have proposed IPM 

schemes for use in museums (Armes, 1985; Jessup, 1985; Story, 1986; Dawson, 1987; 

Pinniger, 1990) and although some are restricted to specific collection types, they 

contain common guidelines, which may be applied to collections generally. Basically, 

IPM strategies are designed to minimise the use of chemicals through a targeted 

approach concentrated on preventative rather than remedial action. Although 

infestation may already be established, the long-term objective of the programme is to 

provide cost effective and safe means of collection protection.

The recommendations presented in this chapter are based on the literature, recent 

surveys (Linnie, 1987; Linnie, 1993) personal communication with museum 

colleagues and experience gained from involvement in the care and maintenance of 

museum collections.

6.3 Building design and maintenance

The design and construction of museum buildings and the modification or alteration of 

existing buildings should where feasible, incorporate the requirements of the IPM 

programme. Armes (1985) and Linnie (1987) showed that access to museum 

collections by pests frequently occurred through opened windows and doors. This 

source of infestation could be minimised by fitting fine mesh (20-mesh minimum) 

screen to windows, vents, exhausts and other openings and by fitting draught 

excluders to doors, particularly in high risk situations such as storage and exhibition 

areas. Air conditioning systems if properly controlled may reduce the requirement to 

open windows and would benefit collections by maintaining constant temperature



levels and may also reduce the potential for an accumulation of airborne toxicants 

frequently associated with museum specimens.

Screening should also be considered around attic eaves to prevent colonisation by 

birds and mammals, as these habitats often attract pests that may later migrate to 

storage areas and invade collections. At the British Museum of Natural History, nests 

and excrement of the feral pigeon in ventilation shafts were found to harbour 

populations of beetles (Coleoptera; Dermestidae) and other potential museum pests. 

Attic spaces, exterior ledges and gutters should also be checked regularly for the 

presence of bird and mammal nests.

The use of ‘dead ‘ spaces in buildings should be avoided. Where dusting and voids 

are necessary, inspection apertures should be fitted to allow cleaning and maintenance. 

All doors should fit tightly and contain self-closing devices. A gap of less than one 

centimetre will provide sufficient access for mice and most certainly for crawling 

insects. All openings where utilities (gas and water pipes, electricity cables) enter the 

building must be tightly sealed. All interior and exterior cracks and crevices in 

masonry, under eaves, between floorboards and around window frames should be 

filled with caulking compound to eliminate potential access by insects.

The planting of ivy, bushes and plants on or next to exterior walls provide an attractive 

harbourage site and potential access point to museums for crawling and flying insects 

and should be avoided. The use of flowering plants in the vicinity of the museum 

should be minimised and organic mulches if used, should be replaced with stone 

mulches. Cut flowers and potted plants should not be allowed in the museum unless 

previously treated for pests. Gutters and drains should be checked regularly for the 

accumulation of leaves. Sources of moisture including dripping taps, faulty pipes and 

condensation should be eliminated to avoid dampness which may lead to mould 

growth which can create conditions suitable for insects such as psocids and silverfish.

6.4 Environmental controls

Appropriate temperature and humidity levels which do not cause conflict between 

personnel, the public and the storage requirements of museum objects should be



attempted. Dawson (1987) recommends an optimum temperature range for general 

ambient conditions as 21°C +/- 1.5% and optimum humidity as a set point between 

47% and 53%. This is often very difficult to achieve in buildings with old or poorly 

designed heating systems. Fluctuations in temperature levels may alleviated by the 

correct use of dehumidifiers and ventilation and heating systems. Although achieving 

optimum temperature and humidity conditions throughout the entire museum building 

may present difficulties, it may be possible to at least control temperature regimes in 

areas of particular risk, such as storage areas or areas holding material of special 

importance. Low temperature conditions of between +5°C and -10°C have been 

effective in reducing pest infestations (Pinniger, 1989). The use of cold rooms, similar 

to those used by the food industry are capable of maintaining a temperature of +5°C 

and may have potential for museum use in certain applications. Maintaining an 

ambient low temperature would appear to be beneficial in reducing pest activity and in 

storage areas. This may be achieved at low cost by shutting off or insulating heating 

pipes and blocking windows and skyUghts.

6.5 Storage cases

Specimens held in poorly constructed or damaged containers are more vulnerable to 

pest invasion because of potentially easier access. Display cases and storage cabinets 

should be as pest-proof as possible with good, tight fitting lids and doors devoid of 

cracks and openings. Cases built to a modular design can be isolated with greater ease 

in the event of an infestation. Williams and McLaren (1990) found that storage cases 

situated close to floor level are the most likely to be attacked by pests. Inspection of 

these cases revealed that accumulation of organic debris directly underneath the cases 

provided refuge and nutrients for insect pests. The problem was considerably reduced 

by the construction of metal frames to raise the cases above floor level. Metal 

cabinets provide a less suitable site for insect habitation than the traditional wooden 

variety.

6.6 Operation of a quarantine system

All new acquisitions, return of loaned material and exhibits should be isolated for a 

specified time period and carefully examined prior to their integration into collections

- 177 -



or work areas. This should also apply to furnishings and composite objects, which 

may contain organic material. If possible the quarantine area should be separate from 

display and storage areas, preferably well sealed and with an independent ventilation 

system. A designated area within the quarantine system should be set aside for the 

treatment of infested material. Special attention should be given to wooden objects to 

confirm their freedom from wood-boring insects, some of which can remain inactive 

for several years. Small items may be isolated, placed in polythene bags and re

examined after a period of two months (Dawson, 1987) to determine if pest activity is 

present.

6.7 Inspection and hygiene procedures

Regular inspections of the building and its collections are required to determine if 

pests are present in the museum environment, the extent if any of damage incurred and 

the conditions which may be supporting their activity. Inspections may be performed 

by suitably competent external contractors or preferably in-house by museum staff 

familiar with the procedures involved. Museums may wish to appoint a co-ordinator 

responsible for implementing all aspects of the IPM programme including building 

inspections, treatment of material, assessment and evaluation of the programme and 

supervision of eradication procedures.

Accumulation of debris, dust and general detritus between floorboards, under cabinets 

and around radiators provide potential breeding and feeding sites for pests. These 

areas should be regularly vacuumed and the contents disposed of immediately outside 

the building to prevent spread of or re-entry of pests. Dry methods of cleaning such as 

vacuuming are preferable to wet methods that may promote damp or humid 

conditions. Objects not protected by display cases should be maintained dust free by 

gentle vacuuming. Annual inspection should include investigation of attic spaces and 

voids to eliminate bird, mammal and insect nests if present. Staff should be trained to 

recognise evidence of infestation, such as live or dead insects, webbing, larval skins, 

frass, holes in wooden objects, dust around wooden objects and general deterioration 

of artefacts. Foodstuffs represent potential foci of infestation and should not be 

permitted in high-risk areas such as storage and quarantine locations. Refuse should



be disposed of in sealed bags and transferred to rodent proof containers for collection 

or incineration.

6.8 Diagnosis

An important element of any IPM programme is the correct identification of pests 

found. This may in some cases require the expertise of a professional entomologist 

although most pests encountered in museums can be identified at least to family with 

moderate training. Generally the damage caused to collections by pests is unnoticed 

during the early phase of infestation, but delay caused in determining the importance 

and potential of the infestation may result in irreparable damage and further spread. 

Correct identification will lead to information on the behaviour and significance of the 

pest involved and may dictate the subsequent treatment required to eradicate the 

infestation. Identification may also be possible from the examination of frass and even 

from the type of damage caused. It is important that this evidence be retained and 

preserved for reference purposes.

6.9 Trapping

The discovery of live insects in the museum environment may represent evidence of 

an active infestation, and may also mean that damage has already occurred. The 

strategic use of trapping devices can be a useful aid in providing an early warning 

signal of pest activity. Pinniger (1991) demonstrated the value of sticky traps for the 

detection of cockroaches in the food industry and highlights the increasing use of 

pitfall traps and probe traps to determine pest activity in bulk grain and cereals.

Sticky traps or ‘blunder’ traps as they are sometimes referred to, do not contain a 

chemical attractant and typically consist of a folded cardboard device which has an 

inner adhesive layer on the bottom surface. Insects wandering around the museum 

become trapped on the sticky surface by ‘blundering’ onto it accidentally.

The development of aggregation pheromones and food attractants added to the 

adhesive component has increased the monitoring efficiency of sticky traps, but a 

significant factor governing their successful deployment is the selection of location
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sites. By using a number of traps in a clearly mapped grid system, insect infestations 

can be identified, located and populations monitored. Traps will also allow the capture 

of both crawling and flying insects which can then be used to identify the level of the 

infestation, the species involved and the range of life-cycle stages present. Monitoring 

traps are particularly effective when used at periods that coincide with the natural 

emergence patterns of potential insect pests, such as late March and early April. 

Multi-species traps are available for the detection and monitoring of dermestid beetles 

and other stored product pests. In general pheromone traps, some of which are 

extremely powerful, should not be placed near open doors and windows to avoid 

attracting pests from outdoors. When utilised effectively, food attractants and 

pheromone bait traps provide a useful tool in monitoring pest populations and 

determining the distribution and variety of pests in the museum environment.

Rodent traps if used, should be inspected daily and trapped animals removed 

immediately. Bait stations provide a potential source of food for other pests and 

should preferably not be used in museums. Another disadvantage of their use is that 

poisoned animals may die in inaccessible areas presenting a significant source of food 

for museum pests. To facilitate routine servicing and inspection of traps a site-map 

outlining the precise location of all units should be prepared. All traps should be 

clearly labelled to alert staff of their function and to ensure that they are not 

inadvertently removed, once deployed. It is also useful to concentrate the deployment 

of traps in high-risk or sensitive areas as an on-going monitoring strategy.

6.10 Treatment of infested materials

One of the main objectives of an IPM programme is to provide an early warning of 

pest attack. If pests are discovered in the museum environment, the initial remedial 

action should be concentrated on damage limitation. A flow chart outlining the steps 

to be taken when an infestation is discovered is provided (Fig. 6.1).
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Infested objects must be isolated from surrounding collections immediately and 

moved to a previously designated ‘quarantine area’ for treatment. Small items can be 

placed in sealed polythene bags prior to treatment. Actual treatment begins with 

careful examination of affected objects, particularly in the case of textiles around 

seams, pockets, folds and linings. A strong light source is very helpful at this stage. 

This is followed by gentle vacuuming to remove insects, frass and associated debris. 

The vacuum bag should be disposed of carefully, preferably by incineration and the 

hosepipe and nozzle cleaned and inspected to avoid the possibility of reinfestation.

Accurate identification of the particular pest is essential to obtain information on their 

reproductive behaviour and general biology so that appropriate treatment strategies 

can be effectively deployed and a sufficient time scale can be established to monitor 

subsequent emerging larvae. If possible, a number of adult insects should be retained 

for this purpose, as they are in most cases easier to identify than larval and pupal 

stages. It can also be useful to retain and preserve a sample of the offending insects for 

future reference. It is vital that specimens, containers and associated material are 

confined in isolation until it can be confidently predicted that the infestation is no 

longer active. Photographic evidence of the pest and the damage caused can also be a 

useful tool in identifying future causes of infestation.

Chemical controls may be necessary to eradicate serious infestations. Concern over 

potential environmental and health risk, adverse interaction with collections and 

legislative compliance associated with chemical controls have been discussed in 

previous chapters. However, severity of some infestations may necessitate the use of 

chemicals where other non-chemical methods have failed or are considered unsuitable. 

Before any chemical treatment is undertaken, knowledge of the regulations for use and 

legislative conditions must be known. This information should also be communicated 

to the governing institution so that potential liability can be protected.

The formulation and variety of chemical substances available for the control or 

elimination of pests is extensive (Linnie, 1990). Categories of chemicals used by 

museums relating to their state or use include fumigants (gaseous/liquid/solid), pest 

strips (slow release vapour), contact and residual sprays (water-based or oil-based) and 

solids (generally crystalline). Before a chemical treatment is selected, information on
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its toxicity, environmental effect, application rates and potential effects on specimens 

and materials should be sought. The precise treatment will ultimately be governed by 

the nature and extent of the infestation. While low-level infestations may be 

successfully treated by immediate isolation and exposure to a specific chemical such 

as para-dichlorobenzene or dichlorvos impregnated resin strips for a pre-determined 

period, serious infestations may require more extensive treatment such as fumigation 

of large areas or even entire buildings.

Fumigation of buildings or areas other than storage containers is generally performed 

by professionally certified operators although if this is the case, the choice of fumigant 

and treatment regime should be assessed by the museum staff regarding suitability. It 

is also important that all chemical treatments used are documented and recorded with 

the affected material, so that future conservation requirements are not compromised. 

Alternatives to chemical treatment have been discussed previously and include 

modification or manipulation of environmental conditions including low and raised 

temperature and the creation of anoxic atmospheres. The precise choice of method 

used will depend on the extent of the infestation, the objects affected and the 

availability of resources. Some success has been reported using exposure to sub-zero 

temperature and in most cases this has only required the use of a reliable domestic 

freezing unit dedicated for this purpose.

Given the wide variety of potential treatments available to museums, it is important 

that a treatment strategy is planned in advance and incorporated into the IPM 

programme, so that in the event of an infestation, a course of action can be 

immediately implemented.

6.11 Staff training and awareness

Early detection of a pest infestation followed by immediate control action will limit 

damage and prevent spread of infestation. Museum staff including cleaning, security 

and maintenance personnel should at least understand that certain insects are 

potentially damaging to collections and should be instructed to report such 

occurrences to the relevant person. For curatorial staff, more specific knowledge is
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required and may be aided by familiarisation sessions which would include the range 

of pests encountered in museums, using photographs, slides and reference material. 

Where chemical treatments are deployed, all staff should be made aware of the safety 

and legal requirements involved.

Large museums may wish to establish a special committee to co-ordinate and 

implement the IPM programme. This committee, which should be representative of 

all staff categories is responsible for the preparation and implementation of a 

statement detailing the policy of the IPM programme. This should include information 

on the status of the museum’s collections, detailing areas of high risk or sensitivity, 

personnel responsibilities, treatment and quarantine policy and specific action to be 

taken should an infestation occur. Smaller museums should appoint at least one 

person with special responsibility for enforcing the requirements of the IPM 

programme.

6.12 Evaluation of the IPM Programme

The adoption of an IPM programme is designed to make the museum environment as 

‘pest-proof as possible. The success of the programme will primarily depend on how 

it is implemented. This is an on-going, long-term commitment and to be effective, 

requires periodic evaluation. The maintenance of a central logbook or database is an 

integral part of the evaluation process. Documentation should include descriptions, 

photographs and biology of museum pests. Records should also include damage 

caused by previous infestations, collections/materials affected, treatment implemented 

and an evaluation of results. The results of trapping and inspection programmes should 

be recorded in the log-book or database as this will provide valuable information on 

the pest status of the museum and will assist in highlighting areas at risk and 

determining corrective action. The cyclic nature of the inspection programme should 

be predicted in advance, so that resources can be utilised to maximum effectiveness.

A register should be made of all chemicals used in the museum, particularly those 

used in the treatment of infested material. This can include information on 

effectiveness of treatments, quantities used and adverse effects or interactions if any.
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on specimens and materials. This will assist in future decision making on choice and 

suitability of particular chemicals. If non-chemical methods were used to eradicate 

pests, then this information should also be detailed and evaluated.

6.13 Main points of IPM strategies

The purpose of documenting details of the IPM programme is to provide an 

information reference for consultation and to define areas of responsibility, procedures 

and where necessary, action to be implemented. The programme is based on 

prevention, action and evaluation. As an aid to preparing an IPM policy, the main 

points to consider are summarised as follows;

6.13.1 Prevention

Appoint a pest control committee to prepare, co-ordinate and implement the 

IPM programme.

Prepare a survey of the museum building and grounds to identify areas of 

potential accessibility by pests.

Screen windows, ventilation shafts, air ducts and eaves and seal over cracks in 

masonry, around chimneys and between wood trims.

Check attics, ventilation shafts, pipe ducts and voids for presence of animal 

nests.

Do not encourage feeding or nesting of birds in museum grounds and remove 

untreated plants and flowers within museum.

Maintain climatic conditions to optimum levels where possible, particularly in 

high-risk areas to discourage pests and limit their activity.



• Isolate, inspect and quarantine all incoming material whether or not infestation 

is suspected and do not integrate such material into the general museum until 

the absence of pests is confirmed.

• Maintain a good ‘housekeeping’ policy to reduce areas of attraction for 

museum pests.

6.13.2 Action

• Prepare a trapping and inspection strategy for the detection and monitoring of 

pests.

• Isolate infested or suspect materials immediately.

• Determine cause, extent and if possible origin of infestation. Identify pest and 

preserve samples of adult, larval and pupal stages for future reference and 

comparison.

• Consult the IPM document to decide on the appropriate treatment procedure 

and record all details of actions.

• Quarantine affected objects until confident that problem has been eliminated.

• Record efficiency of treatment used and if any, adverse effects or interactions 

with specimens and materials.

• Formulate plans to deal with emergency or serious outbreaks.

• Ensure that building inspections are regularly undertaken.

• Pay particular attention to previously treated material and high risk or sensitive 

objects.
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6.13.3 Evaluation

• Review and evaluate efficiency of IPM programme on a regular basis.

• Modify and improve programme where considered necessary.

• Maintain a register of all chemicals detailing application guidelines, toxicity 

data, disposal information and safety procedures.

• Ensure that records are maintained on all aspects of the IPM programme and 

that staff are fully briefed on the status, success and/or failure of the 

programme.

6.14 Summary of Chapter 6

Within the last ten years the amount of information relating to pest control issues in 

museums has increased considerably. While this has been very helpful in formulating 

policy and promoting interest, most of this information has been gained through trial 

and error rather than scientific approach. This is largely due to the lack of resources 

and funding available for such work. Much remains to be done on the evaluation of 

appropriate treatment measures that are safe, effective and feasible for museums. As 

new chemicals become available, particularly for domestic use, there is an inherent 

danger that they may be applied to museum situations without adequate research into 

their suitability.

While it may not be possible to completely eliminate the need for chemicals in the 

museum, it is desirable and should be possible to limit or reduce their use. This 

scenario may well be involuntarily enforced, as legislative requirements inevitably 

become more stringent. Consequently, it is reasonable to predict that an IPM 

programme using non-chemical approaches, where possible, offers the most 

satisfactory long-term solution. It is a multi-component policy, largely dependent on 

prevention and committed participation. Ultimately, its successful implementation 

may be determined by practical constraints such as staff resources, time and flexibility 

(Note recommendations outlined in chapters 4 and 5).
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Chapter 7

THE MUSEUM RESOURCE: GENERAL DISCUSSION AND 

FUTURE DEVELOPMENTS

In press: Museum Management and Curatorship.

7.1 Introduction

In chapter one of this thesis the status of collections and an overview of the reported 

damage to museum collections caused by pests was presented, together with an 

account of their general biology and group characteristics. In later chapters, the extent 

of the problem, range of collections affected and methods used to protect them was 

identified in two separate surveys, initially in Great Britain and Ireland and 

subsequently by canvassing museums world-wide. Various chemical measures both 

traditionally and recently used to protect collections were identified and investigated 

for efficacy. Subsequent chapters examined alternative non-chemical approaches to 

pest eradication and control. In the previous chapter, the incorporation of an integrated 

pest management policy is discussed and promoted as the current optimum strategy 

for the long-term protection of museum collections.

In this final chapter, the value, care and importance of the collection resource is 

discussed. Reference is specifically made to potential future developments, the 

prevention of deterioration, new technologies and innovative ideas and how these may 

be applied to museum situations.

7.2 Function of the museum resource

The preservation of collections in perpetuity and transmission of information to 

society may be considered the fundamental objectives of museum institutions. These 

objectives may be broadly described and summarised as follows:
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• to discover, describe, document and preserve the species of a territory or 

region. Such information is vital in monitoring the world’s natural resources 

through geographical and climatic change and is used to promote the 

conservation and management of endangered species

• museums are repositories of ‘type material’, specimens which form the basis 

of biological nomenclature. Accurate identification of species is essential to 

understanding the different ecological and biogeographical relationships 

between organisms

• museums play a major role in providing information and strategies to combat 

disease and destruction and to prevent environmental pollution

• museum collections provide information on evolutionary phylogenies, and 

form the basis of archaeological and cultural hypothesis

• museum collections are a rich source of educational knowledge and provide a 

public understanding of science, cultural identity, social history and inspiration

7.3 Value and importance of the collection resource

The collections held in museums throughout the world represent a vital, non

renewable resource, encompassing a wide variety and diverse range of interests and 

disciplines. Although the word ‘museum’ was used by the Romans to mean ‘places 

for philosophical discussion’, it was not until the 15th century that the term was used 

to describe a collection of antiquities and other objects in Renaissance Florence 

(Lewis, 1992). Early natural history museums, reflecting the spirit of their age, 

typically contained objects of rarity and curiosity where the emphasis was placed on 

surprise rather than on instruction. The National Museum of Paris was created in 1636 

to display the multitude of collections and curiosities gathered from various parts of 

France. The great private collections, which were subsequently, donated to museums
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were the precursor of modern collections and provided the basis for the development 

of a museum culture.

Since the 18th century a museum has been, by popular design, a building used for the 

storage and exhibition of historic and natural objects. Such museums included the 

collections of the Vienna Natural History Museum (1748) and those of the Natural 

History Museum, London, formed in 1753. Museums continued to evolve rapidly and 

by the beginning of the 20th century dramatic changes had already taken place with 

the emphasis placed on preserving aspects of a nations history (Lewis, 1992). Rapid 

technological advancement and innovation increased public awareness of the changing 

world and reflected a greater demand for information and exhibition.

Museums are gradually losing their perception as buildings containing ‘musty cabinets 

in dark corridors’ and nowadays, the modern image of a museum usually conveys the 

concept of preserving evidence of the human and natural world combined with state of 

the art methods of interpretation and communication. Increased public awareness has 

resulted in a prolific museum industry that has witnessed dramatic changes in 

attendance figures. Visitor statistics for museums in the UK suggest that the number of 

visits per year is in the order of 75 million while in the United States more than 300 

million museum visits are recorded every year (AAM, 1984).

With the diminishing rate of natural resources, through the impact of human activity 

and habitat destruction such collections are increasing in value and importance. 

Despite this, many natural history museums are seriously underfunded, while 

conversely their utility value has significantly increased. It is now common for 

individual specimens to be accompanied by detailed supporting documentation 

including diaries, field notes and computerised records. More recently, many museums 

have now begun to preserve additional material for each specimen including, skeletal 

com ponents, material for DNA recovery and reconstitution and tissues for 

electrophoretic studies. This associated material greatly enhances the unit cost value 

and potential of specimens, particularly in the areas of taxonomy and basic and 

applied research.
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The modern computer literate world of today combined with recent technological 

advances in computer hardware and sophisticated software packages has greatly 

facilitated the generation of collection databases and information retrieval. 

Traditionally, this information has been compiled on card index systems and has 

proved both laborious and cumbersome. The advent of ‘user-friendly’ computer 

software has revolutionised collections management systems and the more recent 

development of digital technology has the potential to change dramatically, the way 

museums exchange and retrieve information.

Many museums are now exchanging collection information electronically through 

networking channels and as museums become more ‘digitised’ it will be become 

increasingly possible to access catalogue information and collection profiles on a 

world-wide basis. Digital technology will enable museums to provide information on a 

global basis, which would include representations of specimens, photographs, video, 

sound, and paintings, creating in effect a ‘virtual reality’ museum. While the protocols 

necessary for establishing a global museum networking system may yet be some way 

off, arguably the largest obstacle to overcome is the question of funding.

Compared with their counterparts in other museum institutions such as humanities- 

based collections and particularly those of fine art objects, natural history museums 

have a poor record in attracting adequate funding. When presenting the case outlining 

the importance of natural history collections, the monetary cost of specimens is often 

used as an indicator of value. However, this is very difficult to assess as the labour 

involved in collecting the material, followed by subsequent curation and on-going 

maintenance costs can be considerable and difficult to evaluate. In any case, many 

specimens in care throughout the world can never be replaced, primarily because the 

species they represent are already endangered, extinct or are subject to strict codes of 

practice in relation to their collection. Traditionally, museums have been slow to place 

financial value on specimens. This may be due to the volatile so-called ‘market value’ 

of a specimen, compared with its historic, scientific and cultural importance. The 

absence of a quantifiable cost per specimen makes it difficult to attract funding from 

private and governing bodies, compared to libraries and art collections which have a 

defined market and prestige value and attract greater media attention through auctions 

and private sales.
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Fundamentally, a knowledge of the commercial value of a collection is necessary to 

enable strategic planning and investment and obviously for insurance and audit 

purposes. Strict budgetary controls from governing bodies require substantiation for 

continued support. Against this background, it has become incumbent on museum 

authorities to place a reasonable monetary value on collections. This has been 

attempted by various workers. Lee et al. (1982) estimated the cost per specimen from 

field collection to incorporation in a research collection as 43 US dollars, not 

including inevitable on-going maintenance, storage and material costs. If such a 

formula is accepted then the real costs and value of collections can be imagined. A 

relatively small museum with half a million specimens under care would have a 

notional value of over 21 million US dollars. Survey results (Linnie, 1987) show that 

in over 100 museums surveyed, 31 per cent have collections containing in excess of 

one million specimens. One can only imagine the real costs at today’s value of 

accumulating such large collections.

7.4 The long - term care of museum collections

Given this valuable but undersubscribed resource, the fundamental responsibilities of 

those entrusted with the care of natural history collections are under-pinned by the 

efforts and methods used to prevent their deterioration. Museums by their nature 

represent repositories of an irreplaceable historical dimension. By preventing 

deterioration, the custodians of museum collections are preserving a valuable part of 

the natural heritage for future generations. To achieve this, curators strive for what is 

often referred to as ‘one hundred years permanence’ when preparing specimens for 

inclusion in archival collections. Indeed, many specimens in museums today date back 

several hundred years, providing testimony to the valiant curatorial efforts of museum 

personnel over the years.

As discussed in an earlier chapter, the key approach to preventative maintenance of 

collections is a multi-disciplinary, integrated pest management strategy. However, 

although the basic framework of this policy is the same for all types of collections, it is 

intrinsically more complex for natural history material given its rich diversity. 

Biological decomposition begins to take place as soon as the animal or plant dies and
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the preservation, storage and subsequent maintenance of such material can differ 

widely.

The deterioration of objects held in museums is a constant and serious concern for all 

those associated with the care of archival material. The main threats to collections are 

those of accidental or deliberate damage, including fire, water, natural disasters and 

theft. However, most damage is actually caused by factors resulting from improper 

care and maintenance conditions. In general, natural history specimens undergo 

physical and chemical changes as they age, resulting in discolouration, and structural 

changes. This deterioration is accelerated by poor, unstable environmental conditions 

and although inevitable, the rate of change can be controlled and minimised. Damage 

to specimens and materials can by caused by a variety of factors. These are 

summarised in Table 8, and include dust pollution, fluctuating and/or improper 

temperature and humidity control, prolonged exposure to light, use of chemicals and 

presence of moulds. Typically these conditions cause a gradual, but cumulative rate of 

damage and unfortunately, the inevitable effects are generally irreversible. Most of the 

resulting damage caused by negative environmental conditions can be minimised by 

the use of controlled temperature and relative humidity levels, the use of filters to 

remove damaging air particulates, ultra-violet screening on all windows and light 

sources to prevent fading and discolouration of pigments, and the correct storage of 

materials to prevent mechanical damage.

Poor environmental conditions will, over time, adversely affect collections, but severe 

as such deterioration may be, it will have considerably less impact than the damage 

caused to dried, perishable specimens and materials characteristic of natural history 

collections (notably those principally composed of protein) by a serious pest 

infestation. Current evidence suggests that despite widespread use of chemicals, many 

museums have experienced some level of damage, which is directly attributable to 

insect pests in particular. Fortunately, only a small number of the world’s insect 

species have evolved features, which enable them to exploit the conditions, found in 

stored collections.

The danger is compounded by a tendency among some workers to treat infestations as 

isolated incidents and under-estimate the potential damage that may be caused.



Table 8. Main causes of biodeterioration in museum objects

Dam aging  agent

Insects and other pests

Chemicals
(fumigation, deterrents, 
direct application)

Ultra-violet light

Temperature

Humidity

Air pollution 
(Acids and oxidants)

Movement, vibration 
and handling

O bjec ts  affected Damage caused P r e v e n t i o n

All types of dried materials affected, particularly of 
organic composition, including skins, bones, textiles, 
wooden cabinets, wooden objects, entomological collections, 
paper, books, paintings, frames, costumes, furnishings, 
herbarium collections

Varies between isolated, 
limited damage to individual 
objects to total destruction 
of entire collections

Use o f an integrated pest 
management (IPM) strategy

All types o f dried materials affected, including those of animal, 
plant, metal and wooden composition

Recrystallisation of chemicals onto 
specimens and materials, fading 
and discolouration. Potential human 
health risk

Reduce chemical use. 
Instigate IPM programme

Dried skins, herbarium materials, dyes and pigments, 
paper, books, paintings, photographs, 
all dried animal material/specimens

Fading, discolouration, 
general weakening of objects 
and materials

UV absorbers, laminated screens, 
screens, filters, UV barrier films, 
paints and varnishes

Virtually all materials affected Dehydration, condensation, 
general weakening of objects

Maintain between 18C-25C, avoid 
direct heat from sunlight and 
artificial light sources

W ill affect most materials, particularly wood and dried 
anim al/plant objects, paintings, paper, books

Promotes biological activity, 
causes morphological changes 
including shrinkage, warping 
and cleavage

Optimum conditions vary. Depends 
on materials. Do not exceed limits 
between 40-60% RH.
Avoid fluctuations of c. 5%

All museum surfaces affected. Cellulose and 
proteinaceous materials, textiles, books, paper. 
W ill react adversely with most organic materials

Discolouration, general 
weakening and deterioration. 
Oxidation and brittleness

Controlled air conditioning and 
filtration levels. Avoid exposure to 
external influence. Sealed display 
and storage areas.

Virtually all objects affected, particularly fragile objects, 
entom ological collections

Cumulative and gradual. 
Transfer of pollutants, loss of 
constituent parts, 
general weakening

W ear protective gloves when 
handling material. Use ‘museum 
safe’ materials for packaging and 
storage. Better design of cases and 
flooring. Exercise ‘due diligence’ 
approach to handling material



Research has clearly shown that damage to collections, materials and storage 

containers can be very extensive and given suitable environmental conditions, 

infestations may remain hidden and develop rapidly before their presence is even 

detected.

It is incumbent on museum personnel to prevent this happening in the first instance 

and in recent years, as information has become more available, there appears to be a 

heightened awareness and a greater emphasis on the long term care, development and 

management of collections. This is evident in a review of relevant literature prior to 

the last ten years, which clearly highlights the lack of research carried out in the area 

of pest biology and control pertaining to museum situations. However, this has 

gradually changed and over the last five years in particular, a considerable amount of 

information on all aspects of pest control management in museums has been published 

in journals and specially commissioned reports. This in turn has encouraged debate, 

and nowadays, workshops, seminars and conferences on all aspects of pest control 

matters are a regular occurrence.

7.5 Management policies: the way forward

Pests of course are not unique to museums and much of the knowledge gained 

regarding their biology and control has evolved from experience and direct parallels in 

other fields, notably crop protection and the control of insects and other arthropods of 

medical importance. Much remains to be done in examining pest control methods 

operated by other industries and evaluating their feasibility and importantly their 

adaptability for use in museum situations. Many of the techniques currently employed 

in museums were originally developed by the chemical industry in response to 

healthcare issues and commercial losses to field crops and harvested produce.

While there is no clear evidence that damage to museum collections caused by 

arthropod pests is decreasing, the amount of information, interest and discussion 

generated has heightened awareness of the problem and there are firm indications that 

pest control management is now an integral component of collection protection policy. 

Unfortunately, this has been somewhat offset by the reduction in curatorial staff
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employed in many museums, notably in Great Britain. Ironically, as museums have 

become more ‘user-friendly’, greater workloads have been placed on staff through 

increased public interaction, special exhibitions and increasing emphasis on the use of 

information technology. In this situation the responsibility for collection protection is 

often placed on already overworked individuals who are clearly unable to devote the 

time necessary to fulfil the function satisfactorily and unintentionally relegate the task 

to a lower status on their priority list.

Clearly, the amount of care required to protect collections is relative to museum size 

and complexity and in most cases cannot be entrusted to one individual. As discussed 

in the previous chapter, integrated pest management requires an institutional approach 

encompassing all staff at all levels. There is a minimum requirement to have a clearly 

defined role and command structure outlining all aspects of the institutions mission 

statement relating to pest prevention. A well-planned collection management strategy 

based on the principle of prevention is an essential step in ensuring the long-term 

welfare of collections. Management policies must of course be flexible enough to 

adapt to changing attitudes and trends. It is already clear that the traditional use of 

chemicals often applied in a liberal and ad hoc manner and without due recognition of 

the hazards involved, is gradually declining and in some instances has been eliminated 

completely.

This trend is set to continue as occupational and environmental health laws become 

more stringent. Eventually chemicals may only be permitted for use in museums in 

limited circumstances and under strictly controlled conditions. As the subsequent 

inevitable reduction in chemical usage occurs, it will no longer be possible for 

museums to use chemicals as long-term deterrents in exhibition and storage cases as 

has been the case for generations. Against this background, chemical treatment may be 

limited to infestations that have been discovered at the early stage of development and 

where the precise source has been identified.

7.6 Alternative pest control methods

Given this scenario, museums will find it necessary to further reinforce their collection 

management policies and seek alternative methods of pest control. Greater emphasis
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will be placed on detection methods such as monitoring traps incorporating the use of 

pheromones, chemical lures and sticky contact surfaces. Pheromone traps in particular 

are now available for a wide variety of stored product insects problematic in the food 

industry (Pinniger, 1991) some of which are now also regular pests of museums. 

Further research and development in this area particularly in the synthesis of the 

chemical constituents found in naturally occurring pheromones will result in a greater 

range, availability and efficiency of traps.

The use of ultra-violet lamps with integral electrified grid, widely used in the food 

industry to lure flying insects away from food areas also offer potential for museum 

applications (Anon., 2000). Correct placement of these traps, particularly in sensitive 

areas and timed to operate at specific periods can be used to attract and kill airborne 

insects that may already have invaded the museum building. Ultra-violet traps utilising 

saturated polymer hot melt adhesives, as an alternative to the electrified grid method 

are also widely available. Given the apparent successful utilisation by food and drink 

manufacturers and retailers of both these types of traps, it is surprising to find that 

museums have not yet used this long established and relatively inexpensive non

chemical technique.

Pest control in the food and drinks industry, largely driven by consumer demand and 

legislative compliance is increasingly moving towards reductions in pesticide usage 

with a greater emphasis being placed on hygiene standards, proofing of buildings and 

more rigorous cleaning regimes (Linnie, 1996). In sensitive storage areas, much can be 

done by choosing the optimum specifications for the design of the museum envelope 

i.e. the choice of impervious and well-proofed materials for walls, ceilings and floors. 

Taken a step further, the recent advances in cleanroom technology, prevalent in the 

micro-electronic and pharmaceutical industries appear to offer potential for selective 

use in museums without apparent disadvantages. As discussed earlier in this chapter 

various factors can contribute to and accelerate biodeterioration in museum objects. 

Heat and moisture can combine to cause instabilities in materials and specimens. 

Vibration can cause particle generation and migration while the build-up of static 

electricity can attract airborne contaminants to vulnerable surfaces. Background 

ambient pollution can contain hydrocarbon particles, chemicals and fungal spores, all
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of which can be detrimental to the continued welfare and integrity of museum 

collections.

While it may not be financially possible or indeed necessary for museums to meet the 

high specifications required for industrial cleanrooms, the general principles involved 

can be applied. In the design of cleanrooms, certain details are paramount. 

Essentially, the definition of a cleanroom is based on an environment in which 

temperature, humidity and the concentration of airborne particles is controlled within 

specified limits. Thus, the control of air velocity, which limits the amount of airborne 

particles and the control of temperature and humidity levels are strictly controlled. Air 

velocity and removal of airborne matter is achieved by constantly changing and 

filtering the ambient air supply through the use of high efficiency particulate air 

(HEPA) filters. The selection of the required velocity rate will depend on the precise 

conditions and the level of potential contamination involved. In industrial applications 

this is often set at between five and 50 changes per hour, although in certain sensitive 

situations such as healthcare and microelectronic component manufacturing, air 

changes can be set at between 400 and 600 per hour. Temperature and humidity levels 

are also important components of the cleanroom concept and are controlled by air 

conditioning recirculating systems.

Presently, this type of approach is beyond the remit of a typical museum, however the 

principles behind the cleanroom concept offer clear advantages for particularly 

valuable or sensitive collections and in the future may be adapted accordingly. The 

capital costs of installing such a system can be offset by the reduced heating and 

power consumption costs.

7.7 Museums in the future

Generally, museums have been slow to benefit from technological advances in other 

industries. This is, in many cases understandable, as new methods require full 

investigation before they can be used with confidence in museum situations. However, 

scientific investigation requires financial and material resources which are often 

under-subscribed in museums. Consequently, there is an inherent danger that untested
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techniques may be adopted without adequate validation. However, most of the 

methods and principles discussed here are by definition user-friendly and do not 

represent inherent dangers to either operators or collections.

Clearly museums are undergoing significant change. Advances in conservation 

techniques, legislative compliance, the information technology revolution and 

increased consumer demands are already impacting on museums. Precisely how 

museums react to these changes and developments will depend to a large extent on the 

resources at their disposal and the vision and commitment of the museum personnel 

involved. But as these developments progress so too must the efforts used to prevent 

collection deterioration. Advances in other areas of museum development will be 

considerably negated if the very basic requirement of instilling and enforcing the basic 

principles of collection protection are not enshrined in the institutions management 

statement.

So how are pest control policies likely to evolve in the next century? It is already clear 

that the inevitable reduction in pesticide usage will lead to a more targeted approach 

with the emphasis firmly placed on the use of specific chemicals under controlled 

conditions against a specific pest. More information will be available on the biology of 

the invading pest, the conditions that support its growth, general behaviour, and the 

ability of the chosen chemical to interrupt and prevent further development. On-line 

database information with digitised images will be available to assist with the 

identification and eradication of infestations and subsequent corrective action and 

conservation methods. The more progressive museums will already have incorporated 

integrated pest management policies as a vital tool in their collection protection 

strategy with the focus heavily placed on preventing pest access in the first place 

rather than subsequent control and eradication measures. An essential ingredient of 

this approach will be a quarantine zone for all incoming and returned material where 

every specimen, object, container and associated material will be held for a monitoring 

period to establish whether pest activity is present.

With increased public perception of museums as a leisure and educational attraction, 

the commercial face of museums will be reflected by spectacular corporate sponsored
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interactive exhibitions involving virtual reality imagery and computer aided design 

albeit with fewer museum specimens. Traditional permanent and temporary 

exhibitions will be complimented by ‘on-line, real-time’ information, which will 

allow interactive participation and permit the transmission of vast amounts of 

repeatable data. This will result in less space being made available for collections and 

cause greater demands on storage requirements. While this may only be achieved by 

the larger state funded museums the increased revenue from such activities would 

ideally be directed back into collection support.

Buildings and storage areas will be ‘pest-proofed’ as much as possible and the trend in 

national museums will be to create environmentally controlled containment areas for 

specially valuable and sensitive collections, designed to ‘cleanroom ’ standards 

specifically to exclude pests, microbial activity and general deterioration. Research 

into non-chemical methods of quarantining specimens and eliminating suspected 

infestations will have produced the information and equipment necessary to establish 

the precise exposure regimes required to prevent potential pest activity.

Despite these advances, there will remain the threat of unexpected occurrences. Newly 

discovered insect species, which have, since become established museum pests, 

causing widespread damage to collections (Reesa vespulae (Milliron) in Finland, and 

Anthrenus sarnicus Mroczk. in Britain) are reminders that constant vigilance is 

required. This is further underlined by the infestation in 1997 of a 15th/16th-century 

oil painting in the National Gallery of Ireland, ( ‘Taking of Christ’) by the Italian artist 

Carravaggio. The painting, valued at £35 million, had been attacked by the biscuit 

beetle, Stegobium paniceum (Coleoptera: Anobiidae), an established pest of museum 

collections. A visitor to the museum noticed the beetles on the frame of the painting 

and alerted the gallery to the situation.

Climate changes combined with modern central heating and increased international 

commodity traffic may increase the risk of pests, more favourably suited to warmer 

countries becoming established in countries, which heretofore did not support their 

development. Allied to this are fears that pesticides in current usage are no longer 

providing satisfactory results. Evidence of mite and beetle resistance to pesticides such
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as phosphine have been noted by scientists where elevated numbers of resistant strains 

of grain store pests have been reported (Anon., 1998).

Given the expanding role of museums and the predicted restrictions in acquiring new 

species, the potential and value of the collection resource is set to escalate. Oldfield 

(1985) estimated that by the end of the 20th century between a half and one million 

species will have become extinct. For some groups, and parts of the world, museum 

collections will soon represent the only record of biodiversity. Management of this 

resource in the future will have to respond to greater challenges than witnessed before. 

Greater expectations and demands placed on collections will create both opportunities 

and threats on museums core objectives.

How will society in the 21st century view the performance of natural history museums 

in the latter half of the previous century? Hopefully, the answer will not be 

representative of a period of neglect and destruction. Museums enter the new 

millennium in a period of exciting change and innovation. The fundamental task of 

those entrusted with the care and stewardship of collections is to ensure that they 

remain intact and secure for future generations. Such individuals have a special 

responsibility. Collections destroyed by pests and other agents of biodeterioration 

serve as a tangible reminder of the danger of complacency.
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Chapter 8

SUMMARY OF OVERALL CONCLUSIONS

The background to this project and the stated objectives are detailed in Chapter 1 

(section 1.4: a-d). In this final chapter, a summarised account of the main conclusions 

drawn, relative to the stated objectives is given.

(a) Information on the status of museum collections was gathered by survey, 

initially in Great Britain and Ireland, and subsequently extended to museums world

wide (excluding the USA). The results of these surveys, presented in Chapter’s 2 and 

3 respectively, clearly indicate that many natural history collections have been 

damaged through attack by pests, notably insects. The Dermestidae (Coleoptera) 

caused the most damage and were the most frequently recorded pest group. The 

integration of infested material into established collections transmitted through 

specimen loans, exchanges and gifts, was hsted as the main source of pest entry.

Pesticides are used to control or deter pests in virtually all of the museums surveyed, 

with naphthalene, para-dichlorobenzene, and Vapona reported as the most widely used 

substances, although naphthalene and para-dichlorobenzene appear to be declining in 

use among American institutions. The use of certain chemicals was reported to have 

caused damage to specimens and materials including discolouration, soiling, 

corrosion, tarnishing, weakening, embrittlement, weight loss and changes in surface 

appearance. Objects affected include leathers, metals, skins, textiles, bones, feathers, 

entomological collections, paintings and books.

Chemicals were associated with adverse health conditions among museum workers, 

ranging from mild disorders to chronic illness and death. The range of medical 

ailments occurring at work were linked with chemical substances used for pest control 

by 32% of those surveyed (world survey), and were most frequently associated with 

exposure to naphthalene, para-dichlorobenzene, and Vapona type products.

- 202-



(b) The principal methods of chemical pest control used in museums were 

identified in the surveys. The effectiveness of these methods when used in 

concentrated amounts against all stages in the life cycle of two recognised museum 

insect pests was evaluated. The results show considerable variation in susceptibility 

between egg, larval, pupal and adult stages. This was consistent for both species and 

for each of the chemicals used. Exposure periods required to achieve 99% mortality 

for various stages in the life cycle of both species were determined. Excluding 

naphthalene which had a low mortality performance (with minor exceptions) over the 

time scales used, the maximum exposure period required to achieve 99% mortality for 

D erm estes m aculatus  (Coleoptera: Dermestidae) was 33 hours using para- 

dichlorobenzene and 27 hours using Vapona. For Anthrenus verbasci (Coleoptera: 

Dermestidae), a maximum exposure period of 54 hours was required for 99% 

mortality using para-dichlorobenzene and 24 hours using Vapona.

The ineffectiveness of naphthalene as a suitable killing agent against insect pests of 

museums was highlighted in the results. LT99 levels were not reached for eggs and 

pupae of D. maculatus and for eggs, larvae and pupae of A. verbasci following 

exposure to naphthalene vapours for periods of between 48 and 60 hours. In general, 

Vapona was more effective than para-dichlorobenzene, requiring in most cases, 

considerably less time to kill the test insects and also to reach LT50 levels. Apart from 

the egg stage, this was consistent for both of the species tested. Exposure periods of 

less than 1 hour were sufficient to achieve LT99 values for adults of D. maculatus and 

larvae and adults of A. verbasci. Despite such variation in susceptibility potential, and 

apart from naphthalene, which generally delivered poor toxicity performance, para- 

dichlorobenzene and Vapona are considered effective ‘fumigant’ agents against 

museum insect pests.

However, because of health and safety concerns relating to the use of para- 

dichlorobenzene in the museum environment, Vapona is considered here as the more 

appropriate and effective choice of the three chemicals tested for the short-term 

treatment of infested museum material. The results show that Vapona provided a 

potentially effective treatment tool for the eradication of pests in localised conditions. 

Given an application rate of approximately 0.57g/m^ of dichlorvos impregnated resin
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strip, a maximum exposure period of 27 hours for D. maculatus and 20 hours fo r  A. 

verbasci was sufficient to achieve 99% mortality over all developmental stages. In 

order to sustain sufficient vapour concentration, a two-fold increase (1.14g/m^) in the 

above application rate of Vapona over a minimum exposure period of 48 hours is 

recommended.

Faciors, which may affect insecticidal performance in a museum situation, were 

idertified. Such factors can be minimised by extending exposure periods or by 

increasing the quantities of the chemical agent used. Treatment should be followed by 

a suitable quarantine and inspection period before the introduction of 

specimens/materials into the museum environment.

The toxicity of para-dichlorobenzene, naphthalene and Vapona against all stages in the 

life cycle of D. maculatus under simulated museum conditions was also evaluated, 

partxularly in relation to the period for which specific treatments may remain 

effective. The results show that naphthalene had a low toxic effect on eggs, larvae, 

pupie and adults of D. maculatus including the early stages of exposure. It was also 

shovn that the highly volatile nature of para-dichlorobenzene crystals significantly 

decriased residual performance and overall toxicity.

Vapona was clearly the most effective of the test chemicals used. After the first month 

of exposure, 100% mortality was reached for the adult stage and was subsequently 

maittained over the twelve-month period. It was less effective against egg and pupal 

stages, possibly because of the lower metabolic rate of these stages, but maintained 

high performance at the adult stage up to the end of month ten. The results also 

indicate that with Vapona, effective control was still maintained, even when used at 

leves considerably less than those reported by other workers. Based on the results 

obtaned, Vapona is recommended as the preferred chemical treatment of the three 

chenicals evaluated for the ongoing protection of museum specimens against potential 

insect invasion. An application rate of Icm^ provided useful and long-term protection 

agaiist all stages in the life cycle of D. maculatus, notably the adult stage



(c) The effectiveness of certain temperature regimes, and in a seperate study, 

anoxic environments for the control of insect pests of museum collections was 

evaluated. In the first part of the study, a range of high and low temperature regimes 

were used to determine lethal boundary limits for the insect life stages tested. The 

results show that although there was some variation in susceptibility between the two 

species evaluated and also between the different life-cycle stages, exposure to a 

temperature regime of -2 0 ”C for 6 hours was sufficient to achieve 100% mortality 

throughout all stages of both species.

Although exposure to a raised temperature/exposure regime of 50“C for 6 hours was 

found to be effective in killing all life-cycle stages of both insect species tested, the 

inadequate amount of information available on the potential adverse effects of raised 

temperature on museum materials raises doubts regarding its suitability. For this 

reason, exposure to sub-zero temperature regimes appears at least in the short term, 

more feasible for museum applications.

Based on these results, lethal boundary limits are proposed for the eradication of insect 

infestations from museum collections and also as a potential quarantine method for 

incoming material.

The effectiveness of a low-oxygen atmosphere for the control of insect pests in 

museum collections was also evaluated. Various stages in the life-cycle of eight 

different insect species of recognised pest status were exposed to a low-oxygen 

atmosphere of approximately 1.5% to determine whether such an environment would 

be potentially suitable as a method of controlling pests in museum collections. Adult 

stages of each of the insect species investigated did not survive the low-oxygen 

atmosphere, whereas control batches held under the same conditions but with ambient 

oxygen levels produced 100% survival rates. Viability was observed in larvae of A. 

verbasci held at the low-oxygen atmosphere for ten days. Forty per cent of larval 

stages tested recovered well and developed into the pupal stage. Further tests on A. 

verbasci larvae showed that exposure to a low-oxygen atmosphere over an extended 

time period of 20 days or more caused 100% mortality.

- 205 -



The lethal effect of an atmosphere reduced in oxygen to the range of insect species and 

their respective life-cycle stages tested, suggests that the treatment has promising 

potential as a method of eradicating pests in certain museum situations, providing a 

non-toxic and residue free alternative to conventional chemical control methods. The 

deployment of such techniques may also be used to routinely quarantine incoming 

material offering a safer, residue-free alternative at relative low-cost when compared 

with conventional chemical control methods.

(d) A proposed collections management policy based on an integrated pest 

management (IPM) strategy is presented. The approach is based on a reduction in 

chemical usage, brought about by consideration of building design and maintenance, 

non-chemical pest control methods, staff participation, continuous evaluation and a 

pre-determined response to potential pest infestations.

i

i

1
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Appendix 1: Nomenclature

The binomial nomenclature for the test insects given here and listed in chapters four 
and five follow the standard checklists for the Psocoptera (Kloet and Hincks, 1964), 
Coleoptera (Schnack, 1985) and Lepidoptera (Hansen, 1996).

Coleoptera: Dermestidae 
Dermestes maculatus De Geer 
Anthrenus verbasci (Linnaeus)

Coleoptera; Tenebrionidae 
Tribolium confusum Jacquelin du Val 
Tribolium castaneum (Herbst)

Coleoptera; Silvanidae
Oryzaephilus surinamensis (Linnaeus)

Coleoptera; Anobiidae 
Stegobium paniceum  (Linnaeus)

Lepidoptera; Pyralidae
Plodia interpimctella (Hiibner)

Psocoptera; Liposcelidae 
Liposcelis bostrychophilus Badonnel



Appendix 2: Questionnaire used for pest control in museums survey

PEST CONTROL IN MUSEUMS SURVEY
INDICATE ANSWER BY INSERTING A TICK IN THE APPROPRIATE BOX, E.G.

 ^
Section A - General information

1. Name:

2. Museum Address:

3. How long have you been employed in the museum?

Less than one year D 1 -5  years 5 -10  years ^
10-15 years □  15-20 years □  more than 20 years □

4. Indicate type(s) of collections you are personally involved with:

Zoological □  Botanical □  Anthropoligical □
Other [] (please sp)ecify) _____________________________

5. Indicate size of museum’s holdings (perishable dried material only):

Less than 5,000 specimens □  5 - 10,000 specimens □
10 - 25,000 specs □  25 - 50,000 □  50 - 100,000 □

100 - 500,000 □  500,000 - 1 ml □  Over 1 ml □

Section B - Environmental Conditions

Indicate typ)es of storage containers used:

Exhibition type cases [] Metal storage cases []
Wooden storage cases □  Enclosed drawers within cases □
Open shelving [] Other Please soecifv



7. Indicate environmental conditions in the museum:

Entire Building Storage Area Display Area 

Is the temperature controlled? Yes □  No □  Yes □  No □  Yes □  No □
Is the relative humidity controUed?Yes □  No □  Yes □  N oD  YesD No □
Is the air filtered? Yes □  No □  Yes □  No □  Yes □  No □
Is the air recirculated? Yes □  No □  Yes □  No □  Yes □  No □

8. Are there access doors opening directly to building exterior?
Main b’lding Yes □  No □  Storage area Yes □  No □  Display area YesD NoD

9. Are there windows opening directly to building exterior?
Main b’lding Yes □  No □  Storage area Yes □  No □  Display area YesD NoD

Section C - Museum Pests

10. Have yur collections ever been attacked by pests? Yes □  No □

11. List pests encountered in your museum:
Dermestid Beetles □
Anobiid Beetles □
Tenebrionid Beedes □
Mites □
Cockroaches □
Moths □
Silverfish □
Psocids (Book Uce) □
Fungi □
Unspecified pests □
Others □



12. Indicate pest which posed the greatest threat to the collections :

13. Indicate damage caused:

14. Indicate suspected mode of entry of pests you have encountered;
Integration of new material □  Through ventilation system □
Return of loan specimens □  Unknown □  Other □

15. Have you noticed any seasonal variation in pest infestation?
Yes n No n

Section D - Pest Control Procedures

16. Does the museum have a specific pest control strategy? Yes □  No □

Does this strtegy involve any of the following? Please specify.
Spot fumigation □ Chamber fumigation □
Pesticides in storage cases □ Pesticides in display cases □
Trapping devices □ Freezing techniques □
Humidity control □ Temperature control □

18. How often does the museum fumigate its collections?
Never □  Regularly d  Occasionally □
Only when infestation is suspected □



19. Does the museum fumigate incoming specimens?
Always □  Never □  Occasionally □
Only when infestation is suspected CH

Section E - Pesticides

20. Indicate pesticides currently used in your museum

Vapona □ Pyrethrins □
Naphthalene □  Phosphine □
Paradichlorobenzene □  Carbon Disulphide □
D.D.T. Q None □
Methyl Bromide □ Others, please specify

21. If used as a preventative measure, how often are they replaced? 
Every 3 months □
Between 3-6 months □
Only when needed □
Very irregularly □
Other, please specify

22. Are these pesticides applied in specific concentrations or quantities? 
Yes □  No □

23. Indicate reasons for using the pesticides you have listed:
Effectiveness □ Safety □
Ease of handling q  Economy □
Tradition q Availability □
Legality □ Other □



Section F - Effects on Specimens and Materials

24. Indicate pesticides used in your museum that have caused anyu of the following 
adverse effects on Specimens onlv:

Pesticide(s)
Discolouration of specimens ---------------------------------------------------
Deterioration of specimens ---------------------------------------------------
Condensation on specimens ---------------------------------------------------
Recrystalization on specimens ---------------------------------------------------
Others ---------------------------------------------------

25. Indicate pesticides used in your museum that have caused any of the following 
adverse effects on storage of displav materials:

Pesticides
Paper discolouration ---------------------------------------------------
Pinning foam melts (entomology ) ---------------------------------------------------
Plastic melts ---------------------------------------------------
Glues/adhesive melts ---------------------------------------------------
Textile discolouration ---------------------------------------------------
Metal corrosion, pins etc . ---------------------------------------------------
Others, please specify ---------------------------------------------------

Section G - Health and Safety

26. Do you work in close proximity to where pesticides are in constant use?
Same building Yes □ No □
Same room Yes □ No □
Same section Yes □ No □

27. Approximately, how much of your time is spent in this area? 
Over 75% □  25% - 50% □
50% -75%  □  Under 25% □



28. How many other people work in this area?
ID  2D  3D 4D 5D 6D l U  8D 9D  Over 10 □

29. Which of the following categories describes your health? 
Excellent □  Good □ Average □  Bad □

30. Do you suffer from any of the following symptoms while at work?
Often Sometimes Never

Digestive disorders
Headaches
Sore throat
Sore eyes
Nausea
Dizziness
Chest pains
Dermatitis
Vomiting
Others, specify if you wish

31. Do you think that any of the following factors contributes to these symptoms?
No Perhaps

Ambient temperature □ □ □
Ambient humidity □ □ □
Pesticide usage □ □ □
Others, please specify

32. Do these symptoms appear when working in any particular area?
Yes □  No □ If Yes, please specify _________

33. Do these symptoms appear when working with any particular materials?
Yes □  No □ If Yes, please specify _________

34. What safety precautions do you take to minimise health hazards caused by certain 
pesticides?



Please specify:

Have you observed any adverse physical effects on other museum staff caused by 
of pesticides?
Yes □  No □  If Yes, please specify _________________________



Fig. 4.2 Exposure/mortality relationship of eggs of D.maculatus to concentrated vapours of para-dichlorobenzene
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Fig. 4.3 Exposure/mortality re la tio n ^ p  o f  larvae of D.maculatus to concentrated vapours of para-dichlorobenzene.
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Fig. 4.4 Exposure/mortality relationship of pupae of D. maculatus to concentrated vapours of para-dichlorobenzene.
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Fig. 4.5 Exposure/mortality relationdiip of adults of D.maculatus to c»ncentrated vapours of paradichlorobenzene.
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Fig. 4.6 Exposure/mortality relationship of eggs of D. maculatus to concentrated vapours of 'vapona'̂ ”.
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Fig. 4.7 Exposure/mortality relationship of larvae of D.maculatus to concentrated vapours of 'vapona'™.

Alpha
Beta

Gamma

LT 50
Log LT 5C

From ,J '.Q  .

to 15.0  ..

SSR 0 .0 0 3

Fig. 4.7

r?Ei^sure (rioiir^ ̂

Time Resp

i4;o

7.0
. I-

kR/0^
J 2 ; 0
!l5;b
. Vi- -> ■

: 
■ ■

a-' '-'M' '.■

0.950
Q .^ 0
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Fig. 4.8 Exposure/mortality relationship of pupae of D.maculatus to concentrated vapours of 'vapona'™.
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yir,r}\i-Â - • • • , 0.0
0.0
0.0
0.0
0.0
0.0

Fig. 4.8

1.2 T

1.0 -

0.8 - -

I  0.6 -

0.4 --

0.2 - -

0.0
0 186 12 24 30 36

Exposure (Hours)



Fig. 4.9 Exposure/mortality relationship of adults of D.maculatus to concentrated vapours of Vapona’™.
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Fig. 4.10 Exposure/mortality relationship of eggs of D.maculahis to concentrated vapours of naphthalene.
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Fig. 4.11 Exposure/mortality relationship of larvae of D.maculatus to concentrated vapours of naphthalene.
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Fig. 4.12 Exposure/mortality relationship of pupae of D.maculatus to concentrated vapours of naphthalene.
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Fig. 4.13 Exposure/mortality relationship of adults of D.maculatus to concentrated vapours of naphthalene.
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Fig. 4.14 Exposure/mortality relationship of eggs of A.verbasci to concentrated vapours of para-dichlorobenzene.
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Fig. 4.15 Exposure/mortality relationship of larvae of A.verbasd to concentrated vapours of para-dichlorobenzene.

Alpha
Beta

Gamma

LT 50 
Loa LT 50

From
To

-sk
54.0  ’

SSR 0.318

Fig. 4.15 Exposure/mbrtali 
Mortality . 

Exposure (Hours)

Time Reap
1.0  ̂ 0;'030 
2.Q, .0^30 

0 0 . Q]030

.|.p ,, 0.030 
6{0 . 0,030 
7,16 ^ o!o30 
8.0 0.050

12 , 0 .

i8':o

O.pBO
d;050
0:400
0.450

'21.0 0i230 
*24,p^ b .250 
|7:0^p.'300

:32i j )  d\35 '0  
,3626::0.650

3 9 i i i
4 21  
45 
4 8 i » 0  
51 
54

m
)00

LnT
0.0
0.7
1.1
1.4 
1.6  
1.8
1.9 
2.1 
2.2
2.5 
2.7
2.9

Calc'ed Sq Res
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.16
0.17
0.18
0.21
0.26
0.35
0.46
0.59

#NUMI
#REFI
#REF!

0.02
0.02
0.02
0.02
0.02
0.02
0.02
0.01
0.01
0.01
0.06
0.08
0.00
0.00
0.00
0.01
0.01
0.00

Fig. 4.15 Exposure/mortality relationship of 
larvae of A.verbascl to concentrated vapours of 

para>dichlorobenzene.

1.2 T

1.0 -

0.8 -

I  0.6 -

0.4 --

0.2 - -

0.0
0 6 12 18 24 30 36 42 48 54

Exposure (Hours)



Fig. 4.16 Exposure/mortality relationship of pupae of A.verbasd to concentrated vapours of para-dichlorobenzene.
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Fig. 4.17 Exposure/mortality relationship of adults of A.verbasd to concentrated vapours of para-dichlorobenzene.
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Fig. 4.18 Exposure/mortality relationship of eggs of A.verbasci to concentrated vapours of 'vapona'™.
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Fig. 4.19 Exposure/mortality relationship of larvae of A.verbasd to concentrated vapours of'vapona'™.
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Fig. 4.20 Exposure/mortality relationship o f  pupae of A.verbasd to concentrated vapours of Vapona’’''^.
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Fig. 4.21 Exposure/mortality relationship of adults of A.verbasd to concentrated vapours of 'vapona'"̂ ”.
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Fig, 4.22 Exposure/mortality relationship of eggs of A.verbasd to concentrated vapours of naphthalene.
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Fig. 4.23 Exposure/mortality relationdiip of larvae of A.verbasd to concentrated vapours of naphthalene.
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Fig. 4.24 Exposure/mortality relationship of pupae of A.verbasd to concentrated vapours of naphthalene.
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Fig. 4.25 Exposure/mortality relationship of adults of A.verbasd to concentrated vapours of naphthalene.
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