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Summary 
Glasshouse experiments were conducted 
to test the hypothesis that two broom 
(Cytisus scoparius) biological control 
agents perform better on, and prefer, 
broom that is growing vigorously. In-
sect performance and preference were 
assessed on host-plants subject to four 
moisture treatments for three months 
prior, and for the 12 month duration of 
the experiment. All measures of plant 
growth showed that broom grew most 
vigorously under moderate soil mois-
ture treatments. Arytainilla spartiophila 
females avoided ovipositing on plants 
grown under saturated conditions, but 
showed no preference between other 
treatments. Performance (e.g. oviposition 
rate) was signifi cantly higher on broom 
growing under moderate moisture than 
in saturated soil or at the lowest soil 
moisture content. For Leucoptera sparti-
foliella, preference (which treatment was 
selected when given a choice) was related 
to survival and pupal abundance, but not 
to oviposition performance. Results offer 
only partial support for the Plant Vigour 
Hypothesis that insects closely associ-
ated with their host-plant perform best 
on vigorously growing hosts, but tend 
to support the hypothesis that host-plant 
preference is related to performance of 
offspring for monophagous insects with 
immobile juvenile stages. With either 
agent present, several plant-growth pa-
rameters were reduced. This, combined 
with the ability of female insects to avoid 
unsuitable (less vigorous) host plants, 
confi rms that the two insects are poten-
tially effective control agents.

Introduction
Broom (Cytisus scoparius (L.) Link., a le-
guminous, temperate shrub, is a serious 
economic and environmental problem 
in New Zealand and Australia. Fowler 
et al. (2000) estimated the total cost of 
broom to New Zealand as $NZ 5.8−13.6 
million year−1. In New Zealand and Aus-
tralia, broom infestations reduce species 

diversity, provide cover for pest animals, 
hinder grazing, cultivation and forestry 
regimes and restrict assess to recreation-
al areas (Waterhouse 1988, Parsons and 
Cuthbertson 1992, Smith 1994, Hosking et 
al. 1996, Syrett 1996, Heinrich and Dowl-
ing 2000).

Biological control is likely to be the 
most effective and effi cient technique for 
broom management (Waterhouse 1988) 
because much of the infested land is of 
low value and diffi cult to access, making 
other control measures both costly and 
time ineffi cient (Clark 2000). Biological 
control programs for broom have been im-
plemented in New Zealand and Australia 
(Syrett et al. 1999). Leucoptera spartifoliella 
Hübner (Lepidoptera: Lyonetiidae) and 
Arytainilla spartiophila Förster (Hemiptera: 
Psyllidae) are two agents that have been 
established in New Zealand (Harman et 
al. 1996, Hosking et al. 1996, Syrett et al. 
2007). Both feed on the vegetative parts of 
broom, with the larvae of L. spartifoliella 
mining the epidermal cells of stem-twigs 
(Agwu 1974), and A. spartiophila nymphs 
and adults feeding on buds and on tender, 
actively growing parts of the plant (Wat-
mough 1968).

Pest plants that infest a wide environ-
mental range exhibit morphological and 
physiological differences, which may af-
fect the performance of insect herbivores 
(White 1969, Mattson and Haack 1987, 
Waring and Cobb 1992). As broom oc-
cupies a wide range of habitats varying 
in levels of soil moisture (Parsons and 
Cuthbertson 1992, Hosking et al. 1996), 
determining how insect biological control 
agents may be affected by the morphologi-
cal and physiological changes induced in 
their host plant by moisture stress has 
important implications for managing 
this weed. Hosking and Deighton (1980) 
found that drought stressed Opuntia au-
rantiaca (Cactaceae), when infested with 
the sap-feeder Dactylopius austrinus De 
Lotto (Hemiptera: Dactylopiidae), died 
sooner, and therefore predicted that this 
agent would have greater impact in years 

of drought. Steinbauer (1998) found that 
Carmenta mimosa Eichlin and Passoa (Lep-
idoptera: Sessidae), a biological control 
agent for the woody legume Mimosa pigra 
(Mimosaceae), infl icted greater damage 
on plants that were growing in moist soil. 
Hinz and Müller-Schärer (2000) reported 
that the gall-forming fl y Rhoplaomyia n. 
sp. (Diptera: Cecidomyiidae), a biological 
control agent for Tripleurospermum perfo-
ratum (Asteraceae), could establish over a 
wide range of habitats, but establishment 
and population growth of the insect were 
enhanced when the plant was growing in 
moist habitats.

A number of hypotheses have been 
developed to explain the responses of in-
sect herbivores to plant stress, and sev-
eral of these were reviewed by Galway 
et al. (2004). The Plant Stress Hypothesis 
(White 1969) predicts that insect herbiv-
ores will perform better on plants suf-
fering stress, such as through drought. 
However, it has been suggested that the 
mechanism through which the insects, in-
cluding sap feeders, are responding is a 
stress-induced increase in plant nitrogen 
(Huberty and Denno 2004). According to 
the Plant Vigour Hypothesis (Price 1991) 
an insect ‘closely associated’ with its host-
plant will perform better when the plant is 
growing vigorously. Mining insects, such 
as L. spartifoliella, may be considered close-
ly associated with their host plant (Inbar 
et al. 2001). Because they are more mobile, 
sap-feeding insects are not usually consid-
ered closely associated with a plant host. 
However, females of A. spartiophila select 
oviposition sites near developing buds 
where juveniles will feed, showing a close 
association according to criteria in Price 
(1991). Bud production is strongly related 
to host-plant quality and plant vigour.

Insect performance does not always 
match insect preference (Myers et al. 1981, 
Foss and Rieske 2003, Scheirs and De Bru-
yn 2005), although several workers have 
explained when positive performance-
preference relationships might be expect-
ed to occur. Ives (1978) suggested that a 
positive relationship would be important 
for an insect with relatively immobile im-
mature insect stages, when host-plant se-
lection by an ovipositing female directly 
affects the survival of her progeny. Craig et 
al. (1989) reported that more studies have 
shown performance and preference to be 
highly correlated for monophagous than 
for polyphagous species. Preszler and 
Price (1995) suggested that positive per-
formance-preference relationships should 
occur if two conditions were met: oviposi-
tion by the female is associated with the 
juvenile feeding site, and the successful 
development of juveniles is dependent on 
short-lived plant parts such as fl owers or 
seeds.

Positive performance-preference rela-
tionships should therefore be expected for 
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the two biological control agents under 
study. The biology of A. spartiophila fulfi ls 
all criteria discussed above, and L. sparti-
foliella all but reliance on short-lived plant 
parts. Through a series of glasshouse ex-
periments, this study aimed to test the hy-
potheses that the performance of L. sparti-
foliella and A. spartiophila will be greater on 
non-stressed, vigorously growing broom, 
and that host-preference will be positively 
related to performance.

Materials and methods
Plant propagation
In April 2000, ten 50 cm long branches 
were removed from a single 3–4 year old 
broom plant growing outdoors at Lin-
coln, New Zealand (43°38.5'S 172°28.8'E). 
From each branch, 300 10 cm long cut-
tings were taken, each containing at least 
three nodes. The cuttings were dipped in 
a root-promoting compound (Liba 10 000, 
NuChem™), placed into plastic propaga-
tion trays (1/3 peat and 2/3 perlite soil 
mixture), and a fungicide (Captan™) was 
applied. Trays were kept in a controlled 
environment room (20°C), on heat pads 
(18−20°C), with a photoperiod of 16 hours 
light. Cuttings were fertilized (Foliar Nitro-
phoska, BASF™) in May, and two months 
later were transplanted into 90 mm plastic 
tubes which were moved to a heated glass-
house (20°C). In August, cuttings were 
transplanted into 2.5 litre plastic pots (17 
cm diameter) with a half sand and half 
top-soil (Templeton loam) mixture. From 
these cuttings, the tallest and shortest ones 
were discarded, leaving a uniform stock 
of 160 plants, approximately 12 cm tall. 
These plants were used to conduct the in-
sect performance studies, and the follow-
ing year the same procedure was used to 
propagate plants for the insect preference 
studies. In the second year, insuffi cient 
plants grew from cuttings, so some plants 
of equivalent size grown from seed sup-
plemented the stock.

Moisture treatments
An intermittent soil moisture stress was 
applied in which soil water vapour con-
tent (SWVC) for each plant was meas-
ured daily using a HydroSense® moisture 
probe. Plants were watered only when 
they reached a minimum designated 
SWVC. If plants required watering, water 
was applied into the top of pots, until it 
fl owed freely out of the bottom, indicating 
that saturation had been reached. 

Four SWVC treatments were chosen 
ranging from excessive moisture to lim-
ited moisture (saturation, 25%, 19% and 
13% SWVC). In the saturated treatment 
(this equates to approximately 40% SWVC) 
pots were kept standing in a 20 cm diam-
eter × 2.5 cm high saucer that was kept full 
of water. The lower end of the scale was se-
lected based on a small pre-trial, showing 
broom wilted when soil moisture reached 

13% SWVC, signifying a level of drought 
stress was being imposed.

Insects
In early November 2000, twigs from a nat-
ural occurring broom infestation with L. 
spartifoliella pupae attached were collected 
from Burnham, New Zealand (43°36.2'S 
172°42.6'E), and taken to the laboratory 
where they were placed into clear plastic 
containers. Containers were stored near 
windows so pupae would receive natural 
day-length. Arytainilla spartiophila adults 
were collected from a planted population 
of broom at Lincoln using a beating tray.

For the insect performance study, newly 
emerged adults (<24 h old) of L. spartifoli-
ella were sorted into groups that contained 
fi ve males and fi ve females, and placed 
onto designated plants in late November 
2000. As the age of A. spartiophila adults 
could not be determined, groups consisted 
of 10 males and 10 females, to allow for the 
likely inclusion of adults that may have 
been too old for oviposition, were placed 
onto designated plants in the glasshouse. 
Insects were confi ned on plants by gauze 
bags (75 × 45 cm) that enclosed the entire 
plant. Control plants (i.e. contained no in-
sects) were also bagged. Bags and any live 
insects were removed one week later. In 
September 2001, plants were again bagged 
to confi ne insects on their host-plants be-
fore they developed into a mobile stage. 
These bags then were kept on plants for 
the remainder of the experiment.

For the insect preference study, newly 
emerged (<24 h) L. spartifoliella adults (50 
males and 50 females) were collected from 
the containers at the beginning of each ex-
periment and released into the centre of 
the glasshouse. A larger release size of 100 
male and 100 female A. spartiophila adults 
was used to compensate for the uncertain-
ty of age; some adults would have been 
towards the end of their lifespan when 
collected. 

Insect performance experimental design
The insect performance experiment was 
conducted in an enclosed 3 m2 glasshouse, 
which contained steel mesh benches ar-
ranged along the walls. In the fi rst week 
of September 2000, 160 plants were placed 
on the benches in the glasshouse and 
randomly assigned to one of four SWVC 
treatments. Each SWVC treatment com-
prised 15 plants for the addition of L. spar-
tifoliella, 15 plants for the addition of A. 
spartiophila and 10 plants serving as con-
trols (with no insects added). Insects were 
added to designated plants 12 weeks later, 
thereby giving plants enough time to ad-
just morphologically and physiologically 
to their SWVC treatment. The experiment 
ended 12 months after insects were added 
to plants.

For the insect preference experiments, 
plants were randomly assigned to one of 

four SVWC treatments, which were im-
posed in late August 2001. Experiments 
were conducted in the same glasshouse 
used for the performance study. Plants 
(10 seedlings and eight cuttings from each 
SVWC treatment) were randomly placed 
onto benches in the glasshouse and L. 
spartifoliella adults were released from the 
centre of the glasshouse. After one week, 
all plants and insects were removed. This 
experiment was repeated for A. spartiophila 
using a new set of plants.

Plant physiological measurements
Stem-water vapour pressures of three 
cut shoot-tips (about 6 cm in length) per 
plant, from six randomly selected insect 
free plants from each treatment were re-
corded with a pressure chamber (PMS 
Instruments Co™). Measurements were 
taken between 11 pm and 2 am over three 
consecutive nights in January and in Oc-
tober 2001. From the dried, above-ground 
plant material, fi ve samples of shoot-tips 
per treatment from control plants (with 
no insects), from L. spartifoliella infested 
plants, and from A. spartiophila infested 
plants, were randomly selected. From 
each sample, approximately 30 g of shoot-
tips were fi nely ground and analysed for 
percentage total nitrogen and percentage 
total carbon using the technique outlined 
by Walinga et al. (1995).

Plant morphological measurements
Heights and stem diameters were record-
ed in September 2000 when SVWC treat-
ments were imposed, and then every three 
months until September 2001. Height was 
measured from the tallest stem-tip to the 
soil line. The diameters of stems were 
measured at the soil line, using callipers. 
In November 2001, the number of live 
(longer than 1 cm) and dead shoot-tips 
were counted. For each plant, the above-
ground biomass was removed, and the 
below-ground biomass was washed to ex-
clude soil. They were then put separately 
into brown paper bags (45 × 25 cm), placed 
in drying ovens (60°C) for fi ve days, and 
weighed. 

Insect performance measurements
Oviposition rates were recorded in De-
cember 2000. Numbers of L. spartifoliella 
eggs, or A. spartiophila oviposition scars, 
per plant were counted using a ×10 mag-
nifi cation hand lens. Arytainilla spartiophi-
la oviposition scars were counted, rather 
than eggs, as females deposit their eggs 
inside the stem. The number of oviposi-
tion scars was assumed proportional to 
the number of eggs. Numbers of L. sparti-
foliella pupae or A. spartiophila adults were 
recorded in November 2001. Leucoptera 
spartifoliella pupae were counted by visu-
ally searching plants, while A. spartiophila 
adults were counted by placing the gauze 
covered plants (containing the adults) into 



Plant Protection Quarterly Vol.24(2)  2009   57

a refrigerator for half an hour, then beat-
ing the plant over a plastic collecting tray 
(60 × 40 cm), dislodging the insects so that 
they could be counted. Survival rates for 
L. spartifoliella (the number of pupae per 
plant divided by the number of eggs per 
plant, multiplied by 100) and A. spartiophila 
(the number of adults per plant divided by 
the number of oviposition scars per plant, 
multiplied by 100) were calculated.

Insect preference measurements
Total oviposition was recorded for the in-
sect preference tests. For each plant, the 
numbers of L. spartifoliella eggs or A. spar-
tiophila oviposition scars were recorded for 
all SVWC treatments using a ×10 magnifi -
cation hand lens.

Analysis
For each treatment, the percentage of 
plants surviving was calculated. All re-
maining analyses were based on data from 
surviving plants.

To assess the effects of SVWC treat-
ments and time (between January and 
October) on stem-water vapour pressure 
a two-way ANOVA was conducted. The 
data on stem-water vapour pressure were 
not normally distributed so they were nat-
ural log transformed. To determine how 
SVWC treatments and time affected height 
and stem diameter, a repeated ANOVA 
was conducted. To assess the effects of 
SVWC treatments on plants surviving to 
November 2001, one-way ANOVA tests 
followed by post-hoc (LSD) analyses 
were conducted for plant physiology and 
morphology measurements. A Kruskal-
Wallis test was used to assess the effects 
of the treatments on the number of dead 

shoot-tips, as variances were unequal. 
Linear and quadratic contrasts were de-
termined for all parameters that showed 
significant differences between SVWC 
treatments.

One-way ANOVA tests followed by 
post-hoc (LSD) analyses were conducted 
to assess the effects of SVWC treatments 
on the performance of L. spartifoliella and 
A. spartiophila. Linear and quadratic con-
trasts were also determined for each per-
formance measure. 

To determine if the abundance of in-
sects, or insect by SVWC treatment inter-
actions, affected the survival of broom, a 
logistic regression was conducted. Plants 
from oviposition treatments where no 
oviposition occurred were excluded from 
analyses. The explanatory variables were 
SVWC and insect treatments, and the ini-
tial height of plants was used as a covari-
ate. To assess the effects of insect presence, 
or insect by SVWC treatment interactions, 
on plant morphology two-way ANOVAs 
were conducted. Total biomass was as-
sessed as the primary impact measure. The 
explanatory variables were SVWC and in-
sect treatments, and the initial height of 
plants was used as a covariate. 

Data collected from the preference ex-
periment were natural log transformed, 
as they were not normally distributed. A 
two-way ANOVA was used to assess L. 
spartifoliella oviposition and A. spartiophila 
oviposition scars against SVWC treatment 
and plant stock (seedlings or cuttings). 
All ANOVAs were followed by post-hoc 
(LSD) analyses to determine which SVWC 
treatments varied from one another. Lin-
ear and quadratic contrasts were also 
used to assess whether insect preference 

Table 1. Mean plant physiological and morphological measurements taken from broom plants after they had been 
growing under one of four soil water vapour content (SWVC) treatments (saturation (≈40%), 25%, 19% and 13% 
SWVC), from September 2000 to November 2001. F and P-values are shown from one-way ANOVAs, as well as 
P-values from quadratic contrasts.
Plant measurements SWVC treatments Analysis

Saturation 25% 19% 13% F P
Physiological measures
% Total-carbon 47.6 48.3 47.4 47.1 5.19 0.011
% Total-nitrogen 2.2 3.2 3.0 3.4 6.73 0.004
C:N ratio 21.6:1 15.1:1 15.8:1 13.9:1

Morphological measures
Initial height (m) 0.116 0.122 0.149 0.114 0.458 0.713
Total biomass (g) 63.7 100.4 109.2 53.3 3.45 0.029
Above-ground biomass (g) 53.7 72.0 82.4 38.0 3.26 0.035
Below-ground biomass (g) 10.0 27.8 26.8 9.0 8.02 0.046
Final height (m)A 1.51 1.58 1.47 1.31 5.48 0.001
Final stem diameter (mm)A 11.3 13.2 13.3 10.1 16.1 0.000
Live shoot-tips 271 508 658 383 5.29 0.152
Dead shoot-tipsB 43 6 5 1 3.47 0.325
A Recording taken in September 2001.
B Kruskal-Wallis test was employed rather than a one-way ANOVA.

responses were linearly related to levels of 
host-plant stress, or whether both ends of 
the host-plant stress spectrum were differ-
ent from the middle two host-plant stress 
treatments.

Results
The effects of soil moisture on broom 
growth

Plant physiological and morphological 
measures confi rmed that different levels 
of moisture stress were imposed on broom 
for all four SWVC treatments (Table 1). 
Plants in the 13% treatment had signifi -
cantly higher stem-water vapour pres-
sures, with differences detected within the 
fi rst six months. Plants in the saturated 
and 13% treatments, compared with the 
plants in the 25% and 19% treatments, had 
less total biomass, less above-ground bio-
mass, less below-ground biomass and had 
thinner stems. Plants growing in the 25% 
treatment had signifi cantly higher total 
carbon levels and were taller compared 
with plants in the other SVWC treatments. 
Total nitrogen levels were signifi cantly 
lower in plants growing in the saturated 
SVWC treatment. 

Plants growing in the different SWVC 
treatments also differed in appearance. 
Broom plants growing in the saturated 
treatment were as tall as those growing 
in the 19% treatment but their stems were 
thinner, giving them a spindly appearance. 
These plants were also yellowish rather 
than dark green in colour, and rarely had 
leaves. Plants growing in the 25% and 
19% treatments were tall and bushy, with 
lots of new growth. These plants were 
dark green with abundant leaves. Plants 
growing in the 13% treatment were less 
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vigorous than those in the 25% and 19% 
treatments, were paler in colour, and pos-
sessed fewer leaves.

The effects of host-plant soil moisture on 
insect performance
Leucoptera spartifoliella oviposition showed 
a positive linear relationship with increased 
soil moisture, with oviposition signifi cant-
ly higher on the plants in the saturated 
treatment compared with those in the 13% 
treatment (Table 2, Figure 1a). However, 
the opposite trend was found for pupal 
abundance and survival (Table 2, Figure 
1b,c). Arytainilla spartiophila performance 
measures showed quadratic relationships 
for all performance parameters measured, 
with performance signifi cantly lower in 
the saturated treatment, peaking in the 
19% treatment and lower again in the 13% 
treatment (Table 2, Figures 2a,b,c).

There was no significant insect by 
SWVC treatment interaction (df = 6, χ2 = 
5.40, P >χ2 0.494) and no signifi cant main 
effect of insect treatment (df = 2, χ2 = 1.53, 
P >χ2 0.465) on plant survival. However, 
the survival of broom was infl uenced by 
SWVC treatment, with survival lowest 
when plants were growing in the saturated 
treatment. There was no signifi cant insect 
by SWVC treatment interaction and no 
signifi cant main effect of insect treatment 
on total biomass (Table 3). Nevertheless, 
the presence of the insects reduced stem 
diameters and the number of live shoot-
tips and increased the number of dead 
shoot-tips on plants (Table 3). There was 
also a tendency for plants to be shorter 
(Table 3). Though dead shoot-tips showed 
a signifi cant insect by SWVC interaction, 
with dead shoot-tips highest on plants 
growing in the saturated treatment with-
out insects, this result was due primarily 
to a few plants in the control treatment 
that bore an excessive number of dead 
shoot-tips.

As host-plant drought stress increased, 
L. spartifoliella oviposition preference 
increased (Table 4, Figure 3), while A. 

spartiophila oviposited prefer-
entially on host-plants grown 
under moderate to low soil 
moisture, and also preferred 
plants grown from seed (Table 
4, Figure 4).

Discussion
Insect performance
As broom plants grew most 
vigorously under moderate 
moisture treatments, and had 
lowest nitrogen content when 
growing under saturated con-
ditions (Table 1), insect herbiv-
ores were expected to perform 
best on those plants growing 
at intermediate moisture lev-
els, and worst under saturated 
conditions. 

Although both insects were 
judged to be ‘closely associ-
ated’ with their host plants 
according to criteria in Price 
(1991) and therefore were ex-
pected to respond similarly 
to a moisture gradient in 
host-plant soil conditions, in 
fact there were distinct differ-
ences. For L. spartifoliella, egg 
to pupal survival and pupal 
abundance showed a negative 
linear relationship with soil 
moisture, with values at the 
lowest moisture level signifi -
cantly higher than for satura-
tion (Figures 1b,c). The better 
performance of insect juvenile 
stages may result from higher 
nitrogen levels in plants grown 
under drier soil conditions. In 
contrast, females laid more 
eggs on plants in the saturated 
treatment than those growing 
in drier soil (Figure 1a). There 
are at least two possible ex-
planations for the discrepancy 
in performance measures. 
They may result from females 

Table 2. Effects on insect performance (measured as oviposition, 
abundance and survival) for L. spartifoliella and A. spartiophila 
tested by one-way ANOVAs for broom grown under four soil water 
vapour content (SWVC) treatments (saturation (≈40%), 25%, 19% 
and 13% SWVC). F and P-values are shown from ANOVAs, as well 
as the P-values for linear and quadratic contrasts.
Insect species Performance 

measure
ANOVA P-value
F P Linear 

contrast
Quadratic 
contrast

L. spartifoliella Oviposition 4.30 0.008 0.001 0.918
Pupal abundance 2.74 0.056 0.010 0.610
Survival 5.89 0.002 0.000 0.764

A. spartiophila Oviposition scars 11.5 0.000 0.000 0.014
Adult abundance 7.72 0.000 0.007 0.002
Survival 5.39 0.003 0.030 0.003

Figure 1. The effects of broom soil water 
vapour content (SWVC) treatments from 
September 2000 to November 2001 on mean 
(± 95% CI) Leucoptera spartifoliella (a) 
oviposition measured in December 2000 
(average oviposition plant−1), (b) pupal 
abundance measured in November 2001 
(average pupae plant−1), and (c) percentage 
egg to pupal survival. Saturation ≈40% 
SWVC and N represents the number of 
plants in each treatment.
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Figure 2. The effects of broom soil water 
vapour content (SWVC) treatments from 
September 2000 to November 2001 on mean (± 
95% CI) Arytainilla spartiophila (a) oviposition 
scars measured in December 2000 (average 
scars plant−1), (b) adult abundance measured in 
November 2001 (average adults plant−1), and (c) 
percentage oviposition scar to adult survival. 
Saturation ≈40% SWVC and N is the number 
of plants in each treatment.

Table 3. The effects of initial plant height, soil water vapour 
content (SWVC) treatments (saturation (≈40%), 25%, 19% and 
13% SWVC), insect treatments (plants with no insects, plants 
with Leucoptera. spartifoliella, and plants with Arytainilla 
spartiophila), and interaction of SWVC treatments by insect 
treatments on broom survival and morphology. Degrees of 
freedom, mean of squares, F and P-values are shown from two-
way ANOVAs. 
Plant measurement Treatment Analysis

df MS F P
Total biomass Initial height 1 10123 7.73 0.006

SWVC treatment 3 30615 23.4 0.000
Insect treatment 2 2025 1.55 0.217
Insect*SWVC 6 1179 0.901 0.497

Above-ground 
biomass

Initial height 1 3328 5.60 0.020
SWVC treatment 3 13805 23.2 0.000
Insect treatment 2 947 1.60 0.208
Insect*SWVC 6 812 1.37 0.235

Below-ground 
biomass

Initial height 1 1843 7.22 0.004
SWVC treatment 3 3322 13.1 0.000
Insect treatment 2 304 1.19 0.308
Insect*SWVC 6 198 0.776 0.591

Height Initial height 1 0.155 1.11 0.294
SWVC treatment 3 0.736 5.30 0.002
Insect treatment 2 0.350 2.52 0.085
Insect*SWVC 6 0.162 1.17 0.329

Stem diameter Initial height 1 39.591 9.67 0.002
SWVC treatment 3 81.088 19.8 0.000
Insect treatment 2 25.43 6.21 0.003
Insect*SWVC 6 7.866 1.92 0.087

Live shoot-tips Initial height 1 333376 10.2 0.002
SWVC treatment 3 393364 12.1 0.000
Insect treatment 2 700164 21.5 0.000
Insect*SWVC 6 43692 1.34 0.245

Dead shoot-tips Initial height 1 927 3.45 0.066
SWVC treatment 3 3096 11.5 0.000
Insect treatment 2 1511 5.62 0.005
Insect*SWVC 6 670 2.49 0.026
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over compensating for the low 
quality of the plants growing 
under saturated conditions 
and laying more eggs (Kon-
doh and Williams 2001). An-
other possibility is that the ‘at-
mosphere’ around the plants 
growing under saturated con-
ditions in the glasshouse was 
more humid and more suit-
able for adult moths than the 
more desiccated environment 
around plants growing in dri-
er soil. The response observed 
from L. spartifoliella provides 
some support for the Plant 
Stress Hypothesis (White 1969, 
Huberty and Denno 2004).

For A. spartiophila, all three 
performance measures showed 
the same pattern, with highest 

values at 19% SWVC (Figure 2). The psyl-
lid did not show a clear stress response, 
even though the moisture treatments were 
applied in a pulsed form (Huberty and 
Denno 2004) that was expected to allow 
recovery of cell turgor between periods of 
moisture defi cit and allow a sap-sucking 
insect to respond to elevated nitrogen. 
The response of the psyllid is likely to be 
related to larger plant biomass (Table 1) 
resulting in a higher number of suitable 
developing buds for oviposition and ju-
venile development, with adequate nitro-
gen. The saturated treatment was the least 
suitable, probably because of its low ni-
trogen content. The optimal performance 
of A. spartiophila on the most vigorously 
growing plants at intermediate host-plant 
moisture levels supports the Plant Vigour 
Hypothesis (Price 1991).
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Figure 3. Mean (±95% CI) Leucoptera spartifoliella 
oviposition per plant, for plants growing under four 
soil moisture treatments, where ovipositing females 
were allowed to select host-plants from any treatment. 
N is the number of plants used in the analyses, and 
saturation ≈ 40% SWVC.

Table 4. The effects of soil water vapour content (SWVC) treatments (saturation (≈40%), 25%, 19% and 13% SWVC), 
and plant source (seed or cuttings) on insect oviposition preference. Degrees of freedom, F and P-values are shown 
from ANOVAs, as well as the P-values for linear and quadratic contrasts.
Insect species ANOVA P-value

Treatment df F P Linear 
contrast

Quadratic 
contrast

Leucoptera. spartifoliella Seed/Cutting 1 1.81 0.173 – –
SWVC treatment 3 2.75 0.052 0.013 0.249
Seed/Cutting*SWVC 3 1.26 0.293 – –

Arytainilla spartiophila Seed/Cutting 1 4.22 0.045 – –
SWVC treatment 3 3.56 0.020 0.004 0.206
Seed/Cutting*SWVC 3 0.819 0.489 – –

Figure 4. Mean (±95% CI) number of Arytainilla 
spartiophila oviposition scars per plant, for plants 
growing under four soil moisture treatments, where 
ovipositing females were allowed to select host-plants 
from any treatment. N is the number of plants used in 
the analyses, and saturation ≈40% SWVC.

Relationship between preference and 
performance
In the preference experiment, L. spartifo-
liella oviposition showed the opposite re-
sponse to soil moisture treatment (Figure 
3) to that in the performance experiment 
(Figure 1a). This indicated that when al-
lowed to chose, female moths were able 
to select those host plants that would be 
more suitable for development of their off-
spring. This positive performance-prefer-
ence relationship supports the hypothesis 
that oviposition preference and offspring 
performance are linked in monophagous 
insects that have immobile juvenile stages 
(Ives 1978, Craig et al. 1989). The relation-
ship between performance and prefer-
ence was less clear for A. spartifoliella. Al-
though the psyllid laid few eggs on plants 
grown under saturated conditions, there 
was no signifi cant difference in prefer-
ence shown between the other soil mois-
ture treatments (Figure 4), even though 

performance measures were signifi cantly 
lower at the lowest soil moisture level as 
well as in the saturated treatment (Figure 
2, Table 2). 

Conclusions and implications for 
biological control
There are occasions when ovipositing in-
sects do not choose sites that are optimal 
for the development of their offspring 
(Mayhew 2001), but in the case of the two 
broom herbivores, it has been shown here 
that performance is often related to prefer-
ence along host-plant moisture gradients. 
Other studies indicate this also to be the 
case for host plants grown under differ-
ing light regimes (unpublished data). 
Although these experiments were not de-
signed to measure the impact of the two 
potential biological control agents on their 
host plant, the reduction in stem diameter 
and number of live shoot-tips, and well as 
the increase in dead shoot-tips (Table 3), 
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indicate that the insects have the potential 
to damage broom. Insect-attacked plants 
also tended to be smaller overall than 
control plants. We conclude that while A. 
spartiophila is likely to reach highest popu-
lations on vigorously growing broom un-
der optimal moisture conditions, L. sparti-
foliella may be more effective on drought 
stressed broom.
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