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2.2 2
Pollenn as food for the predatory mites Iphiseius
degeneransdegenerans and Neoseiulus cucumeris (Acari:
Phytoseiidae):: dietary range and life history
Paull C.J. van Rijn 12 & Lynell K. Tanigoshi 2
'' University of Amsterdam, Institute of Biodiversity and Ecosystem Dynamics, Kruislaan 320, 1098SM
Amsterdam,Amsterdam, The Netherlands; * Washington State University, Research & Extension Unit, 1919 NE 78th
Street.Street. Vancouver, WA 98665, USA

Abstractt Although all known phytoseiid mites (Acari: Phytoseiidae) are
predatorss of mites or small insects, many readily feed and reproduce on
pollenn as well. This ability to feed on food from plant origin increases their
survivall during periods when prey is locally sparse, but might occur at the
expensee of the ability to utilise food as efficiently as specialised predators.
Inn this study we compare two predatory mite species used as biological
controll agents against thrips, Neoseiulus cucumeris and Iphiseius
degenerans,degenerans, with respect to (1) the range of pollen species that may serve as
foodd sources for a sustained oviposition, and (2) the life history and
expectedd intrinsic growth rates on some suitable pollen diets. The results
showw that /. degenerans is, compared to N. cucumeris, able to utilise a
largerr proportion of approx. 25 pollen species tested, but does not show
equallyy high ovipositional rates as N. cucumeris. Consequently, the highest
intrinsicc growth rate for /. degenerans (0.21 day"1) will be surpassed by JV.
cucumeris. cucumeris.
Keywords:Keywords: phytoseiids, life history, oviposition, rearing, diet, pollen, spider
mites,, biological control of thrips

Althoughh mainly described as predators of mites and small insects, many plantinhabitingg phytoseiid mites can feed and reproduce on pollen as well (Tanigoshi, 1981;
McMurtryy and Rodriguez, 1987; McMurtry and Croft, 1997). This ability might increase
survivall during periods of prey scarcity.
Pollenn is utilised as an easy food source to rear phytoseiid mites for research
purposess (McMurtry and Scriven, 1964). Moreover, pollens have been recognised as a
possiblee important factor in the success of biological control of spider mites (McMurtry
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andd Johnson, 1964; Kennett et at., 1979; McMurtry, 1992; Barret and Kreiter, 1995) and
off thrips (Ramakers, 1990; chapters 2.3 and 3.1).
Phytoseiidd mite species, however, clearly differ in their ability to utilise pollen.
McMurtryy and Croft (1997) characterised the 'life-styles' of different phytoseiid mites on
thee basis of feeding habits in four major types. Among other aspects, each group differs
inn the extent to which they utilise pollen as a food source: type 1 (spider mite specialists)
doo not feed on pollen at all; type II (less specialised spider mite feeders) and type III
(generalists)) feed on pollen but prefer or have better performance on prey; and type IV
(pollenn feeders) show the highest performance on a pollen diet. In addition, pollens differ
inn their value as a food source for phytoseiids. This is apparent from more than 90
studiess that tested pollen from nearly 200 different species as food for phytoseiid mites,
oftenn as part of a wider test including prey (Kostiainen and Hoy, 1996). Phytoseiids,
however,, might also differ in their ability to use pollen from different plant species. The
existingg literature is not appropriate for testing this interaction effect between mite and
plantt species. Even in those cases where different studies use pollen from the same plant
species,, observed differences can easily result from differences in plant environment,
pollenn treatment and experimental conditions. Only one study (Saito and Mori, 1975)
comparedd several mite species for their ability to use a range of pollen species (> 7) as
foodd source, thereby allowing conclusions on the difference between mites to utilise
differentt pollens.
Inn this paper we tested approx. 25 species of pollen as a food source for two
phytoseiids:: Neoseiulus cucumeris (Oudemans) and Iphiseius degenerans (Berlese).
Bothh species are characterised by McMurtry and Croft (1997) as type III (generalist)
predators,, and can effectively feed on thrips and whitefly larvae, spider mites and pollen
(chapterr 1.2). Both species are widely used for biological control of thrips in
greenhousess (Van Houten and Van Stratum, 1995; chapter 1.2). As the two species
originatee from different localities, no attempts are made to concentrate on pollen they
mightt have encountered in their natural habitat. It is assumed that variation in the food
qualityy of pollen is limited, and that adaptations to specific types of pollen will result in
ann ability to feed on other but similar pollens as well.
Thee value of different pollens as a food source is determined by the rate of
ovipositionn observed when the females have been feeding for a fixed period on this food
source.. Females are tested at an optimal age with respect to oviposition. The obtained
peakk ovipositional rate is, in a comparison of different phytoseiids, highly correlated
withh the intrinsic rate of population increase (Sabelis and Janssen, 1994). On two
suitablee pollen diets, as well as on a diet of spider mites, a full life table study is
performedd (including development, survival and age-dependent oviposition) for /.
degeneransdegenerans (to be compared with literature data for N. cucumeris).

Materiall and Methods
Mitee cultures
IphiseiusIphiseius degenerans was originally collected in 1983 in Morocco by J.M. McMurtry
(UCC Riverside, CA) and had been reared on various pollens for many years prior to these
experimentss (Van Houten et al., 1995). At the WSU experimental station in Vancouver
(WA)) the mites were kept in a climate room at approx. 25 °C and 70% RH. The mites
weree reared on large rectangular PVC arenas (35 x 20 cm) placed on top of a 4 cm-high
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foamm pad in a larger water-containing plastic utility tray. To provide a water source for
thee mite colony, the edges of the arena were smoothly covered with wet tissue paper that
touchedd the water barrier in the tray. For additional water sources (especially important
forr the less mobile larvae) three strips of moist filter paper (20 x 1 cm) were placed
acrosss the arena at equal distances. Sewing threads served as oviposition substrates.
Pollenn of hazel {Corylus avellana L.) or birch {Betula pubescens Ehrh.) was supplied as
aa food source every other day. To minimise cannibalism common among mites of
unequall stage and size, new rearing units were started from eggs, which resulted in
cohortss with a maximum age variation of two days.
NeoseiulusNeoseiulus cucumeris was obtained from Bionomics Ltd. in Vancouver, BC,
Canada,, two years before the experiments. Diapause tests showed that the mites enter
reproductivee diapause under short-day conditions (19 °C, L:D = 10:14), indicating a
strainn different from those provided by biological control companies today. The strain is
probablyy of the same origin as the one formerly used for biological control (Ramakers,
1983,, 1990) and life history studies (Van Rijn and Van Houten, 1991). The population
waswas maintained in the laboratory for about one year on bean plants infested with spider
mites,, and was transferred to a pollen diet a few months before the experiments. The
mitess were kept on smaller rectangular plastic arenas ( 8 x 1 5 cm) than /. degenerans, and
withh only one strip of wet filter paper. Pollen of broad bean, Viciafabae L. was supplied
ass a food source every other day. A piece (2 cm2) of transparent plastic, folded in an
obtusee angle, served as an oviposition substrate.
Experimentall conditions
Alll experiments were performed in a climate room at 25
1 °C and 70 5% RH.
Cohortss of 1. degenerans were put on bright green PVC arenas placed on blocks of
polyurethanee foam ( 8 x 7 x 2 cm). A pair of these arenas were placed in a PVC tray
measuringg 22 x 15 x 4.5 cm, and their edges were covered by wet tissue paper hanging
downn into the water, leaving an arena of 5 x 4 cm uncovered. Mites of/, degenerans that
walkedd on the wet tissue paper usually returned to the arena, and were consequently
includedd in the total number present. A black thread, 1 -cm long, served as an oviposition
substratee and was replaced after each count. For the smaller and less pigmented N.
cucumeris,cucumeris, cohorts were put on dark-blue plastic arenas of 5 x 2.5 cm on top of wet
cottonn wool. Mites that escaped from the arena usually got stuck in the wet cotton wool
andd were not able to return. A piece ( 1 x 2 cm) of transparent plastic, folded across at an
anglee of 120°, served as oviposition substrate. Eggs were removed from these 'shelters'
afterr every counting.
Thee substrate colour and isolation materials (tissue paper or cotton wool) were
differentt for the two species to maximise visual contrast and to minimise escapes for
eachh species. The sewing threads, although preferred as oviposition substrate by both
species,, was not used for N. cucumeris, as it is also preferred as a resting place for adult
mitess of this species, which makes it difficult to replace the threads without removing
mites.. Neither of the species feed on their eggs (see Faraji et ai, 1999), and eggs were
alwayss counted and removed before they hatched in order to avoid cannibalism on
larvae. .
Collectionn and preparation of pollen
Thee pollens tested as a food source for these mites were selected based on the following
criteria:: (1) the pollen should originate from a range of plant families, but some of the
plantt families should be covered by several species (in order to test family level
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similarities);; and (2) the pollen should be easy to obtain in large quantities (mainly wind
pollinators)) or originate from crops on which the mites are used as biological control
agentss (e.g. chrysanthemum, strawberry).
Thee pollens tested (Table 1) were collected in one of three ways: (1) from a
commerciall company (Firman Pollen Co., Yakima, WA) who market pollen for
pollinationn of fruit trees; (2) by hand; and (3) by using honey bees. These three groups
differr in the treatments with respect to storage and application. The first group of pollen
(alll Rosaceae) contained anthers as well as pollen grains. The material was stored in a
freezerr for about one year. Before application the material was crushed gently to release
moree pollen from the anthers. In the second (and largest) group inflorescences were
collectedd in the field or greenhouse and put in trays in layers of less than 3 cm and dried
inn an oven for two days at 37 °C. After the inflorescences had been crushed, the pollen
wass sieved out through gauze with mesh size of 150 um, and collected in little jars. In
thee third group the clumps of bee-collected pollen were crushed gently before
applicationn to make more pollen accessible for the mites. All pollen was stored for short
periodss under dry conditions in a refrigerator at 4 °C.
Tablee 1 Plant species of which pollen have been tested, ordered according to Cronquist's
classificationn system (Mabberley, 1997).
Family y
Pinaceae e
Cupressaceae e
Cupressaceae e
Aizoaceae e
Betulaceae e
Betulaceac c
Betulaceae e
Betulaceae e
Salicaceae e
Euphorbiac. .
Rosaceae e
Rosaceae e
Rosaceae e
Rosaceae e
Rosaceae e
Rosaceae e
Rosaceae e
Rosaceae e
Leguminosae e
Myrtaceae e
Onagraceae e
Boraginaceae e
Compositae e
Compositae e
Typhaceae e
Typhaceae e

Common n
Genus s
Author r name e
Species s
Cultivar r
PiPitins
sylvesiris sylvesirisL. .
pine e
Cedrus Cedrus libani libani
Rich. .
cedar r
sp. .
Juniperus Juniperus
juniper r
Mesembriar Mesembriar
ihemumihemum sp.
iceplant t
Betula Betula pubescens pubescens
Ehrh. .
birch h
AA Inus
rubra rubra
Bong. .
alder r
Coiylus Coiylus aa velIa na
L. .
hazel l
Corylus Corylus americana americana
March. . filbert filbert
L. .
babylonica babylonica
Salix Salix
willow w
Ricinus Ricinus communis communis
castorr (bean)
L. .
Malus Malus
Borkh. . apple e
domestica domestica
Redd Delic.
Pvrus Pvrus
communis communis
L. .
pear r
Bartlett t
Prunus Prunus dulcis dulcis
(Miller) ) almond d
NePlus s
Prunus Prunus armeniaca armeniaca
LL
apricot t
Tilton n
Prunus Prunus domestica domestica
L. .
plum m
Frier r
Prunus Prunus avium avium
LL
cherryy (sweet) Van n
xx ananassa
Fragaria Fragaria
Duch. .
strawberry y
Totum m
sp. .
Rubus Rubus
raspberry y
Vicia Vicia
fabae fabae
L. .
broadd bean
sp. .
Eucalyptus Eucalyptus
gumm tree
angusiifblium angusiifblium
L. .
Epilobium Epilobium
fireweed d
Echium Echium sp. .
bugloss s
annuus annuus L. .
Helianthus Helianthus
sunflower r
DendranthemuDendranthemu x grandiflora
(Ramat.) ) chrysanthemum m
Typha Typha latifolia latifolia L. .
cattaill (common)
Typha Typha angustijótia angustijótia
L. .
cattaill (narrow-eaf) )

Origin' '
NO O
WA A
WA A
NL L
NL L
WA A
NL L
WA A
WA A
WA A
WA A
WA A
WA A
WA A
WA A
WA A
WA A
FR R
NL L
FR R
Fl l
FR R
WA A
WA A
NL L
NL L

Method' '
HH
HH
HH
HH
HH
HH
HH
HH
HH
HH
CC
CC
CC

cc
cc
cc
HH
BB
HH
BB
H+B B
BB
RR
HH
HH
HH

Areaa of collection: WA, Washington State, USA; FR, France; NL, Netherlands; Fl,
Finland;; NO, Norway. ' Method of collection: C, commercially obtained; H, handcollected;; B, bee-collected.
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Ovipositionall rate on various diets
Too evaluate the nutritional value of the different pollen species, gravid females were
testedd at an optimal age with respect to oviposition: 13 to 19 days old for/, degenerans
(thiss study) and 12 to 15 days old for N. cucumeris (Van Rijn and Van Houten, 1991).
Forr every replicate 12 females were transferred to an experimental arena and offered
pollenn of a single species for six consecutive days. Eggs and females were recorded
everyy 24 hours. Because it took around three days to physiologically adapt to the new
diet,, only the data for days 4 and 5 were used to calculate the number of eggs produced
perr day per female. Every combination was tested in three replicates at different
momentss in time. Ovipositional rates were considered different when Duncan's multiple
rangee test indicated a P-value of less that 0.05.
Ass a reference for oviposition on prey these tests were also performed on diets of
twoo spider mite species: cassava green mite, Mononychellus tanajoa (Bondar), and twospottedd spider mite, Tetranychus urticae Koch. The former was chosen as it produces
veryy little webbing, and was offered in surplus by putting the predators directly on (5 x 4
cm)) leaf sections cut from infested cassava plants, Manihot esculenta Crantz. To avoid
hinderr by the webbing produced by T. utricae, eggs and juveniles of this species were
washedd from bean leaves and offered daily in surplus on a plastic arena similar to the
oness described above.
Lifee table studies
Forr the three different diets - pollen of broad bean, pollen of castor bean, Ricinus
communiscommunis L., and two-spotted spider mites, T. urticae - (cohort) life table studies were
performedd for /. degenerans starting with 30 eggs, less than 5 hours old, per arena, in
fourr replicates (arenas) per treatment. Either pollen was provided every other day, or
smalll bean leaves with all stages of spider mites were provided every 12 hours. Care was
takenn that the food source was never depleted.
Initially,, stage and number were recorded every 12 hours. Protonymphs could be
distinguishedd from larvae by their number of legs. The number of mites that moulted to
thee deutonymph stage was based on the number of exuviae showing eight legs. By
timelyy removal of the cast skins from the arena, the number of adults could be derived
fromm the number of new eight-legged exuviae. Seven and 12 days after the start of
reproductionn the recording interval was increased to 24 and 48 h respectively. New eggs
andd dead mites were removed after every recording. Surviving mites were transferred to
cleann arenas every two weeks.
Thee median time of transition between life stages was estimated by linear
interpolationn of the probit-transformed cumulative number of mites that moulted.
Terminationn of the pre-ovipositional period was defined as the moment every adult
femalee on average had produced one egg. This moment was estimated by linear
interpolationn of the cumulative number of eggs. Population parameters, such as net
reproductionn (R0) and intrinsic rate of increase (rm, based on the Lotka-equation), are
estimatedd assuming a constant sex ratio.
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a. Iphiseius degenerans

00
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2

3

4
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timee since diet transfer (days)

Figuree 1 Changes in the ovipositional rate of (a) Iphiseius degenerans and (b)
NeoseiulusNeoseiulus cucumeris after transition to pollen diets different in their final value: cherry
(openn dots), hazel (open diamonds), castor bean (open triangles), pear (closed dots),
sunflowerr (closed diamonds), pine (closed triangles), and control (water only; stars).
Pointss and vertical bars represent means and standard errors over three replicate
experiments. .

Results s
OvipositionalOvipositional rate on various pollen diets
Whenn females of/ degenerans were transferred from a diet of birch pollen to a diet of
waterr only (control), their ovipositional rate declined slowly before it became virtually
zeroo around day 4 (Fig. la). Females of N. cucumeris, however, stopped producing eggs
withinn one day of the transition to a water-only diet (Fig. lb). On food sources that give
risee to continued egg production, oviposition generally reaches a stable level within three
days,, for both species, indicating that reproduction on days 4 and 5 is a good indication
forr the nutritional value of the pollen for that mite species. The different pollen species
showedd large differences in suitability as food source for predatory mites (Table 2, Fig.
2).. The mites cannot use pollen of cedar or juniper as a food source, whereas pollen of
pinee or chrysanthemum gives rise to low ovipositional rates. With pollen of bean,
rosaceouss species and cattail, rates of oviposition are among the highest for both mite
species.. The two mite species show clear differences in the utilisation of pollen that
originatess from sunflower, willow and betulacean species; whereas / degenerans is able
too produce eggs at a rate between 0.8 and 2.4 per day on these types of pollen, N.
cucumeriscucumeris produces virtually no eggs. Since no pollen species was found that could
servee as a food source for N. cucumeris but not for / degenerans, the latter species
seemss to have a wider pollen dietary range than N. cucumeris.
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Tablee 2 Ovipositional rate (mean
SE, in eggs/day) of Iphiseius degenerans and
NeoseiulusNeoseiulus cucumeris after four and five days of feeding on different types of prey and
pollen;; the latter characterised by plant family and species, grain size and mode of
pollination. .
Foodd source

Ovipositionall rate (eggs/day)'
Neoseiulus Neoseiulus
Size 1 1 Pollin. . Iphiseius Iphiseius
mode2 2 degenerans degenerans cucumeris cucumeris

Foodd type / Species
gymnospermm pollen:
WW
PinusPinus sylvestris
Pinaceae e
WW
Cupressaceae e CedrusCedrus libani
WW
Cupressaceae e JuniperusJuniperus sp.
angiospermm pollen:
17 7
I sp.
I
MesembrianthemumMesembrianthemum
Aizolaceae e
WW
23 3
BetulaBetula pubescens
Betulaceae e
WW
25 5
AlnusAlnus rubra
Betulaceae e
27 7
CorylusCorylus avellana
Betulaceae e
ww
(27) ) w w
CorylusCorylus americana
Betulaceae e
(20) ) ]/W W
Salixx babylonica
Salicaceae e
27 7
Euphorbiaceae e Ricinuss communis
ww
33 3
MalusMalus domestica
Rosaceae e
29 9
PyrusPyrus communis
Rosaceae e
(30) )
PrunusPrunus dulcis
Rosaceae e
(30) )
PrunusPrunus armeniaca
Rosaceae e
(30) )
PrunusPrunus domestica
Rosaceae e
(30) )
PrunusPrunus avium
Rosaceae e
FragariaFragaria x ananassa 23 3
Rosaceae e
(25) )
Leguminosae e Viciafabae Viciafabae
70 0
EpilobiumEpilobium angustifolium
Onagraceae e
36 6
HeHeHa nth us annuus
Compositae e
5
DendranihemaDendranihema x 25
grandiflora
Compositae e
22 2
TyphaTypha latifolia
Typhaceae e
ww
20 0
TyphaTypha angustijolia
Typhaceae e
ww
bee-collectedd pollen:
II
RubusRubus sp.
Rosaceae e
II
EucalyptusEucalyptus sp.
Myrtaceae e
II
EpilobiumEpilobium angustifolium
Onagraceae e
II
Boraginaceae e EchiumEchium sp.
prey: :
Tetranychidae e TetranychusTetranychus urticae
Tetranychidae e MononychellusMononychellus tanajoa
controll (water only)
Family y

0.433 (
0.033 (
0.000 (

0.09) be
)) a
)) a

0.00 0(

0.00) ab

0.00 0(

0.00) ab

1.477 <
2.12 2
1.55 5
1.96 6
1.21 1
0.80 0
1.73 3
1.77 7
1.36 6
2.28 8
2.01 1
1.24 4
2.28 8
1.30 0
r
2.31 1
1.48 8
0.86 6 (
0.53 3
1.94 4 (
1.98 8 (

0.02) e-h
0.21) h-1
ii
)) h-1
gg
0.02) bed
0.07) f-j
0.11) f-j
)) e-h
ll
ll
gg
ll
0.22) e-k
ll
ee
0.09) cde
)) bed
0.04) g-k
0.02) g-k

2.69 9
0.76 6
0.02 2(
0.00 0(

ff
)) abc
0.02) ab
0.00) ab

0.03 3<
1.92 2
2.37 7(
2.32 2

0.03) ab
ff
0.00) c-f
ff

2.07 7(
2.79 9(
2.49 9(
2.28 8(
2.50 0
0.00 0(
0.00 0(
2.46 6(

0.67) c-f
0.20) def
0.20) c-f
0.20) c-f
)) c-f
0.00) ab
0.00) ab
0.24) c-f

1.65 5
2.09 9
0.40 0
0.66 6 (

ii
)) h-1
)) e-k
0.06) bed

1.29 9
2.83 3(
0.73 3
1.53 3(

)) bed
0.07) def
)) abc
0.08) b-e

1.97 7
2.97 7
0.00 0(

)) c-f
)) def
0.00) ab

1.57 7
1.92 2
0.02 2

)) e-h
)) g-k
)) a

11
Grain size of angiosperm pollen: mean of polar and equatorial diameter (based on
Erdtman,, 1952; Erdtman et al., 1963; Moore et ai, 1991). Bracketed data based on other
speciess within the same genus. 2 Pollination mode: W, by wind; I, by insects. 3 Means in
onee column followed by identical characters are not significantly different from one
anotherr (P > 0.05; Duncan multiple range test).
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Tablee 3 Development of Iphiseius degenerans at 25 °C at different diets (pollen of broad
beann and castor bean, spider mites of Tetranychus urticae): age at stage termination
(mediann value
SD, obtained with probit regression analysis) and stage duration
(differencee between successive median values). Based on an ensemble of 4 replicate
experiments,, each containing initially 30 individuals of similar age.
Agee at stage termination (days)1
Diet: : Broadd bean
pollen n

Stage e

Stagee duration (diys) )

Castor r
pollen n

Spider r

120-113 3

120-80 0

Bean n

miles s

Castor r Mites s

nn (initial-final)

120-118 8

egg g

2.066

a

1.922

a

1.933

a

2.06 6

1.92 2

1.93 3

larva a

2.955

a

2.800

a

2.922

a

0.88 8

0.88 8

0.99 9

protonymph h

4.099

a

3.900

a

4.799

b

1.14 4

1.10 0

1.87 7

deutonymph h

5.211

a

5.233

a

6.711

b

1.12 2

1.33 3

1.92 2

pre-oviposition n

7.31 1

2.10 0

2.75 5

2.60 0

7.99 9

9.31 1

Mediann values within one row that lie within each 95% confidence interval (2 x SE)
havee the same letter.
N Ncucumeris cucumeris

.. degenerans
ViciaVicia (Leg.)
BetulaBetula (Bet.)
TyphaTypha (Typ.)

AlnusAlnus (Bet.)
EpilobiumEpilobium (Ona.)

==

MesembrianthumMesembrianthum (Aiz.)
PyrusPyrus (Ros.)

HHH^^^^^^^H H

11

CorylusCorylus (Bet.)
PrunusPrunus (Ros.)

h^^^HH

HelianthusHelianthus (Com.)
SalixSalix (Sal.)
PinusPinus (Pin.)
JuniperusJuniperus (Cup.)

22

1

0

1

2

ovipositionall rate (eggs/day)

Figuree 2 Ovipositional rates (means and standard errors) of Iphiseius degenerans (left
side)) and Neoseiulus cucumeris (right side) after four to five days on different pollen
diets,, sorted according to the mean rates of the first species. Only those pollen diets are
includedd that are tested for both predator species, and bee-collected pollen is not
included.. The pollen diets are indicated by the generic name and (between brackets) the
firstfirst three letters of the family name. The data for two Prunus species (P. domestica and
P.P. avium) are lumped.
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Figuree 3 (a) Age-related oviposition and (b) survival of females of Iphiseius degenerans
forr three different diets: pollen of broad bean (closed diamonds, solid line), pollen of
castorr bean (open triangles, dashed line), two-spotted spider mites (Tetranychus urticae;
openn circles, dotted line). Points indicate overall means of four replicate experiments.
Ovipositionall data are smoothed (weighted 3-value moving average) beyond day 11.
Liness represent best fit by (a) a shifted Weibull distribution function or (b) a shifted
Weibulll cumulative probability function.

Lifee history and population parameters
Development Development
Thee median developmental times for the different stages of /. degenerans are presented
inn Table 3. For I. degenerans (as for N. cucumeris) the larvae can develop into
protonymphss without food, but the protonymphs need food for further development. This
developmentt was longer on a diet of castor pollen than on broad bean pollen. Nymphal
developmentt was eventually delayed on a diet of T. urticae (in the presence of webbing).
Sexx ratio, reproduction and survival
Onee day after the onset of reproduction the overall proportion of females was 0.550
(nn = 531). Iphiseius degenerans started reproducing at a rate of one or more eggs/day
(Fig.. 3a). On a diet of Vicia or Ricinus pollen, reproduction further increased to a
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maximumm of 2.2 or 1.9 eggs/female respectively up to around 20 days after oviposition.
Onn a diet of spider mites the ovipositional rate fluctuated around 0.9 eggs/day for the
firstt 20 days of reproduction. Mortality was virtually absent during the first 15-20 days
off adult life, but slowly increased until survival declined to 50% around 45 days after
ovipositionn (Fig. 3b).
PopulationPopulation parameters
Nett reproduction (Ru) for /. degenerans varies between 18 per female on a diet of
(webbing)) spider mites and 28 per female on a diet of Vicia pollen (Table 4). Together
withh variation in egg-to-egg period these differences result in intrinsic growth rates (rm)
off 0.15 and 0.21 per day, respectively (Table 4).
ComparisonComparison with N. cucumeris
Thee peak ovipositional rate of N. cucumeris when fed with Vicia pollen (Table 2) are
similarr to those obtained in the life history study by Van Rijn and Van Houten (1991),
especiallyy when compared with those mites that have been reared on pollen for many
generationss (2.6 eggs/day). The associated rm-value for N. cucumeris is 0.22 per day,
whichh is only slightly higher than for /. degenerans. Compared with I. degenerans, N.
cucumeriscucumeris has a longer egg-to-egg period (8.3 days) and a shorter oviposition period, but
thiss is compensated for by a higher peak oviposition rate and a higher offspring sex ratio
(0.64)) (Van Rijn and Van Houten, 1991). With several other pollen types N. cucumeris
showedd even higher ovipositional rates (Table 2), and consequently, the maximum rmvaluess are expected to be higher for N. cucumeris than for /. degenerans.

Discussion n
Pollenn diet spectrum and life history
Thiss study shows that, in comparison with N. cucumeris, I. degenerans can use a wider
rangee of pollen species as food sources (Fig. 2). This is most apparent with the pollen
fromm three betulaceous plant species, which could be used for sustained reproduction by
I.I. degenerans but not by N. cucumeris. On the other hand, /. degenerans has a lower
maximumm ovipositional rate than N. cucumeris and, although partly compensated for by
otherr life history components, a lower intrinsic rate of increase (both on pollen and on
spiderr mite prey. Tables 2 and 4).

Tablee 4 Demographic parameters of Iphiseius degenerans at 25 °C at different diets.
Meann ( SE) of four replicate experiments, each containing 14-20 female mites of similar
age. .
Parameterr
Broad bean pollen
Mediann life span (days)
41.8
)
Nett reproduction, R0 (-)
27.9 ( 4.3)
Intrinsicc rate of increase,/-m (day 1 ) 0.208 ( 0.009)
Cohortt generation time, Tc (days)
21.4 ( 1.3)
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Diet t
Castor pollen
Spider mites
44.3
)
52.7
)
22.5
)
17.6
)
0.179 ( 0.003) 0.147
)
22.5 ( 0.3)
24.8 ( 0.7)
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Thee observed differences between the two phytoseiids suggest a trade-off between
diett width on the one hand and maximum reproduction on the other, e.g. due to
morphologicall or physiological constraints. The lower reproduction shown by /.
degeneransdegenerans under optimal food conditions might be compensated for by a reduced risk
off starvation, due to a wider range of potential food sources. The extended survival of/.
degeneransdegenerans on extrafloral nectar fits well into this risk-reducing strategy (chapter 2.3).
Notee that comparative studies with spider mites as prey {Takafuji and Chant, 1976;
Nwilenee and Nachman, 1996) have shown that the the low reproductive rate of /.
degeneransdegenerans is not the result of a low rate of feeding, but of a low efficiency of
convertingg prey into eggs.
Thee results of our study may not fully represent wild populations of these species.
Bothh strains have been maintained in the laboratory for many years and selection for
betterr performance under the rearing conditions probably occurred (Van Rijn and Van
Houten,, 1991).
Ourr study does not indicate a trade-off between feeding on pollen and feeding on
prey,, as both species show a similar performance on the better pollen sources and the
twoo spider mite prey, when the latter is offered without hindering webbing. With
webbingg of Tetranychus spp. the performance of both phytoseiids is reduced (Sabelis
andd Bakker, 1992), and this explains why in other studies reproduction and rm-values are
lowerr on Tetranychus prey than on pollen (McMurtry, 1977; Castagnoli and Simoni,
1990).. When T. pacificus was offered to /. degenerans on a paper substrate (Takafuji and
Chant,, 1976; Eveleigh and Chant, 1981), the maximum 2.2 eggs/day ovipositional rate
wass similar to ours. Nwilene and Nachman (1996) reported similar results (i.e., 2.0
eggs/day)) when M. tanajoa, which produces only minor webbing, was used as food
source. .
Otherr studies indicate that the two species also differ in their foraging behaviour
withh respect to pollen. When both species are released on flowering sweet pepper plants,
Vann Houten and Van Stratum (1993, 1995) observed N. cucumeris mainly on the leaves,
wheree it might find pollen that drops from the flowers, while /. degenerans aggregates in
thee flowers where pollen and nectar are concentrated. Probably as a consequence, the
latterr species builds up higher numbers. Also when pure cattail pollen was offered on
cucumberr plants, /. degenerans showed a stronger aggregation on leaves with pollen
thann N. cucumeris (Van Rijn and Van Stratum, unpubl. results).
Thee study by Saito and Mori (1975) is the only other study known where the dietary
performancee of several mite species was tested for a range of > 7 pollen species. In that
studyy three mite species clearly differed in the range of pollen that could be utilised as
foodd sources, and those differences correlated with the maximum performance on a
specificc diet of pollen. Whereas Amblyseius largoensis (Muma) could develop and
reproducee well on 9 out of 11 species of pollen, JV. longispinosus (Evans) could do this
onn only 4 out of 11 species, and N. paraki (Ehara) ranked an intermediate position of 5
outt of 9. Amblyseius largoensis exhibited the fastest development and oviposition on
pollenn diets and N. longispinosus the slowest, especially when compared with their
performancee on a diet of spider mites. Testing a more limited range of pollen, Swirski et
al.al. (1967) found that Euseius scutalis (Athias-Henriot) (= rubini) could use all six
pollenss for reproduction, whereas Typhlodromips swirskii (Athias-Henriot) failed to do
thiss on lemon, Citrus limon (L.), pollen. In addition, three comparative studies are
knownn that tested between three and five pollen species as a food resource, but without
differentiall performances for the two mite species studied (Swirski et al., 1970;
Overmeer,, 1981; Schausberger, 1992). Clearly, more studies should be aimed at
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comparingg predator species under identical conditions, as only these studies can reveal
differencess in dietary range and reproductive success between predator species.
Thee ability to feed on and profit from certain types of pollen can be the result of
differencess in morphology (e.g. feeding apparatus, sensory organs), physiology
(digestivee system) and behaviour {e.g. feeding preferences). However, little to nothing is
knownn about this relationship. The studies by Flechtmann and McMurtry (1992ab) show
somee interesting directions. Their behavioural studies showed that phytoseiid mites pick
upp individual pollen grains, rupture the excine by their chelicerae and finally withdraw
thee grain content. Morphological studies of the chelicerae of 15 phytoseiid species
(Flechtmannn and McMurtry, 1992b) showed that only Euseius species, known as typical
pollenn feeders, as well as /. degenerans, have a spoon-like structure on the lobe of the
fixedd digit. Moreover, these species show a wider deutosternal groove than the other
species.. Functional explanations for these structures, however, are still missing.
Characteristicss of pollen suitable as food for phytoseiids: grain size, pollination
typee and plant taxonomy
Pollenn grain size does not have an important effect on its quality as food source for the
mitess (Table 2). When excluding gymnosperm and bee-collected pollen, there is no
significantt correlation between the log of the grain diameter and the ovipositional rate
forr either /. degenerans or N. cucumeris (R2 < 0.05, P > 0.05). The size differences of
pollenn grains are relatively small anyway (i.e., 90% of the tested angiosperm pollens are
betweenn 20 and 30 jam). Even the extremes in size between Mesembrianthemum (17 um)
andd Epilobium (70 (am) initiate similar ovipositional rates by both mite species.
Consequentlyy other pollen features, such as exine thickness and structure and nutritional
composition,, may play more important roles.
Decisivee for the form of pollen grains is their mode of transport: pollen transferred
byy insects usually have sculptured exines, whereas pollen grains from wind-pollinating
plantss have smooth surfaces (Faegri and Van der Pijl, 1979). These two types of
pollinationn are almost equally represented in the set of pollens tested as food sources.
Anyy clear relationship between pollination type and the ability of the mites to use the
pollenn as a food source, however, was absent (Table 2).
Althoughh the physical and chemical causes for edibility are still obscure, they must
havee a strong relationship with plant taxonomy. Pollen originating from plant species
thatt are related at the family level generally shows similar results when offered as a food
sourcee for predatory mites. When defining a food source as good when it results in a
ovipositionn rate of at least one third of its maximum (i.e., 0.8 eggs/day for I. degenerans
andd 0.9 eggs/day for N. cucumeris), all rosaceous pollens appeared to be good food
sourcess for both mite species. All betulacean pollens are good food sources for /.
degeneransdegenerans but not for N. cucumeris. Pollen from Pinopsida (Gymnospermae) is
unsuitablee for either of the mites.
Thesee results, formulated at the family level of the pollen source, are generally
confirmedd by literature data on other phytoseiids. Pollen from gymnosperms is generally
unsuitablee food for phytoseiids such as E. addoensis (Van der Merwe and Rijke) (Grout
andd Richards, 1992), E. ftnlandicus (Oudemans) (Kostiainen and Hoy, 1994), E. hibisci
(Chant)) (McMurtry and Scriven, 1964), N. longispinosus, N. paraki (Saito and Mori,
1975)) and Metaseiulus validus (Chant) (Charlet and McMurtry, 1977). Exceptions are A
largoensis,largoensis, Typhloseiopsis pini (Chant) and Typhlodromus pyri (Scheuten) who readily
reproducee with pollen of Picea abies Karst., Podocarpus macrophylla D. Don and/or
PinusPinus spp. (Saito and Mori, 1975; Charlet and McMurtry, 1977; Tanaka and Kashio,
1977;; Engel and Ohnesorge, 1994).
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Thatt pollens from betulaceous plants {e.g., alder, birch and hazel) can be a good food
sourcee for some but not all phytoseiid species is confirmed by the observation that E.
addoensisaddoensis (Grout and Richards, 1992), E. finlandicus (Schausberger, 1992; Kostiainen
andd Hoy, 1994) and A. largoensis (Saito and Mori, 1975) exhibit relatively high growth
andd reproduction rates with these food sources, but that A. andersoni (Overmeer, 1981),
N.N. longispinosus, N. paraki (Saito and Mori, 1975) and T. pyri (Overmeer, 1981; Englert
andd Maixner, 1988; Engel and Ohnesorge, 1994) show poor or variable results.
Pollenss from fruit trees and other rosaceous plants have been widely studied and
showw mainly positive results (e.g., Kampimodromus aberrans (Oudemans)
(Schausberger,, 1992), E. finlandicus (Schausberger, 1992; Kostiainen and Hoy, 1994),/!.
largoensislargoensis (Tanaka and Kashio, 1977), E. tularensis Congdon (Ouyang et al., 1992), N.
umbraticusumbraticus (Chant) (Knisley and Swift, 1971), and T. pyri (Duso and Camporese, 1991;
Engell and Ohnesorge, 1994), with the only clear exception being Phytoseiulus persimilis
Athias-Henriot,, which does not feed on pollen of any kind (McMurtry, 1977; Ashihara et
ai,ai, 1978).
Practicall implications
Knowledgee about the profitability of different pollens can be used to optimise rearing
systemss for phytoseiid predators. Generalistic phytoseiid mites kept in the laboratory are
mostt often fed pollen from either broad bean or iceplant (Tanigoshi, 1981). Our study
confirmss that these pollens are amongst the best food sources, but are produced by
insect-pollinatedd plants in relatively low amounts (approx. 1 mg per bean flower) and
theirr collection is rather laborious. This study showed that some wind-pollinating plants
producee pollen of similar profitability. The inflorescences of these plants contain much
moree pollen (approx. 10 mg for birch and as much as 500 mg for common cattail), which
greatlyy reduces labour costs per unit of pollen. For the commercial production of /.
degenerans,degenerans, the use of pollen from wind-pollinating plants on an artificial substrate (as
describedd in Material and methods) might be a good alternative to flowering castor bean
(Ramakerss and Voet, 1995, 1996).
Usingg pollen collected by honeybees would be another way to reduce labour costs.
Inn our study the ovipositional rate obtained with bee-collected pollen from fireweed was
muchh lower than with hand-collected pollen from the same plant population. On the
otherr hand, tests with pollen from eucalyptus showed that given bee-collected pollen the
predatorss displayed high ovipositional rates. These results, however, were obtained with
dailyy refreshed pollen. Direct observations indicated that, under the experimental
conditions,, bee-collected pollen readily absorbed water from the air (liquefying the
clumpss of pollen), and lost its food value after one or two days, whereas some of the
hand-collectedd pollens retained their quality as a food source for many days (Van Houten
andd Van Rijn, unpubl. results).
Anotherr possible application of pollen is for augmentation of biological control in
greenhouses.. Model studies, based on laboratory experiments, have shown that edible
pollenn will probably reduce the prey's equilibrium level, but that in the initial phase it
mightt increase the prey population (chapter 3.1). This latter problem will especially
occurr when thrips are the prey, since these insects feed on pollen as well. The pollens
testedd in this study also differed in their profitability for the western flower thrips,
FrankliniellaFrankliniella occidentalis (Pergande) (Hulshof and Vanninen, 1999) and this possibly
allowss the selection of a pollen that includes positive effects on the predators, but avoids
thee enhancement of the prey. Experimental tests of the model predictions in cucumber
greenhousess already show that small amounts of pollen (approx. 10 mg/plant/week) are
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enoughh to enhance the population increase of /. degenerans, and subsequently reduce
westernn flower thrips populations to much lower levels than without pollen (chapter 3.1).
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