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MEDIA SUMMARY

Invertebrate pests continue to cause substantipllosses, while the standard methods of contgpllin
them are often unsustainable. Capturing the sex\ateatural pest control is one way to mitigate
these losses. Such services are estimated to e w#&#00 billion annually worldwide. Perennial
habitat is increasingly recognized for the impartate of providing habitat for beneficial inseetsd
making them available to move into crops. This aedle focused on better capture of pest control
services by investigating: the impact of earlyvairand predation on pest populations in the Lecky
Valley, how pest suppression was affected by crapreon-crop habitat in the surrounding farm and
landscape, the contribution of beneficial insewtsifon-farm refuges, and the voracity of two
common predators on aphid pests.

Conducting extensive field experiments on growpreperties throughout the Lockyer Valley, and in
the laboratory, we show that:
« The landscape surrounding fields and farms cartlgriefiuence the abundance and
movement of beneficials into crops.
e Landscapes with > 10% Lucerne provided more pregi@tto the crop early, keeping pest
populations lower for longer.
» Pest populations exploded in the absence of bealsfic
* Native vegetation is a source of beneficials, aag be important as a refuge when few crops
are growing.
« Growers can enhance beneficial populations by dingion-farm refuge.
« An on-farm refuge for beneficial insects resultgriare beneficials accumulating in the crop.
This effect is more pronounced when the landscapgibution of beneficial insects is low.
« Two common predators of crop pests consume 39 @ragbids per day, respectively, and the
more aphids available the more they eat.

These findings show that early arrival of predatots crops keeps pest populations lower for longer
However, landscapes vary in the abundance of l@akefisects available to colonize. As part of an
IPM program, growers can enhance pest suppresgiorahaging an on-farm refuge. Future R&D
should focus on trialling best-bet on-farm refugdians for vegetable production systems, and the
development of accompanying decision-support tmoissist growers with plant selection,
implementation and management.



TECHNICAL SUMMARY

The Problem At least two different mechanisms can explain higaeels of pest suppression in
certain landscapes than in others. First, landsctyae are structurally complex may simply harbor
more beneficials (eg. predators and parasitoi@s) §imple landscapes. A second mechanism may
relate to the timing of predator arrival to thegfld, i.e. field crops located in landscapedweait
higher proportion of natural enemy habitats areatiely to have one of those sources nearby,
allowing quick response of beneficials to any peddnising those crops. Each of these depends on
their dispersal ability, which may be facilitatégtdugh the provision of ‘on-farm’ refuges such as
unsprayed sections of crop, perennial Lucernetrigssof planted native vegetation. However, in
order to keep pest populations lower for longesadvantage the pests, and get more beneficials into
the crop sooner, the key mechanisms must be undersand linked with management options.

The Project ScienceT he findings of HAL projects VG05014, and VG0608Apw that beneficial
predators and parasitoids were found on many spetieative vegetation, with several beneficials
spending time in the edge habitat between nativanaat vegetation and crops, and moving into the
crop at different times throughout the year. Buitdon these findings, we conducted experiments
throughout the Lockyer Valley, QLD. We investigatéiithe impact of early predation on pest
populations and how pest suppression was affegtéahlol use (e.g. crops, grassland, bushland) and
the sources of natural enemies at multiple spstiales, e.g. farm, neighbouring farms, and landscap
2) the contribution of an on-farm refuge for beaigfiinsects in landscapes with few and many
beneficial insect sources, and 3) the potentiavofcommonly observed predators to eat pests.

The Key Research Findings

« Farm Field Trials - Early predation and the role of the surrounding landscape:

« Early arrival of predators is crucial to achieveximaum pest suppression. Delay in predator
arrival results in rapid aphid pest population gitow

e Landscapes vary in their ‘pest suppressive’ padértandscapes with > 10% Lucerne at a
scale up to 1.5km from the focal fields were theshmst suppressive. More grassland
resulted in the opposite.

* Non-crop habitat such as native remnant vegetaiarsource of beneficials, but is not a
driver for early predator colonisation. This habitay be more important as a refuge when
few crops are in the ground or when Lucerne is cut.

«Spatially-explicit modelling combined with an on-arm trial - Refuges near crops and the

role of the surrounding landscape:

* Modelling results show that in landscapes devoigretiator source populations, mobile
predators benefit from a refuge in the general,avbareas poor dispersing predators benefit
from an on-farm refuge near the crop. In landscaipbswith predator sources, regardless of
predator mobility, contribution of an on-farm retubas negligible effect on accumulation of
predators in the crop.

* Results of the field study that tested model ptéatis show an on-farm refuge for beneficial
insects near the crop results in more beneficsaiitic wasps) accumulating in the crop.
This effect is more pronounced when the landscapgibution of beneficial insects is low.

« Student run laboratory experiment - How many pestslo predators eat?:

* Two common predators of vegetable pests consunaa@®0 aphids per day, respectively,
and the more aphids available the more they eat.

Extension Highlights

* Results were communicated at four grower worksbaop,national conference, two
international conferences (funded invitation), dveversity lecture, three grower magazine
articles, and two published manuscripts.

Recommendationg-uture R&D should focus on: 1) trialling best-batfarm refuge options for
vegetable production systems in the different negli@) developing decision-support tools to assist
growers with plant selection (both native and agroit), sourcing seed and tube stock, and
implementation, and 3) investigating how the cdondibf native remnant vegetation affects the pest
load and habitat for beneficial insects. Some rammeontained mostly native plants, while othees ar
overgrazed, contain broad-leaf weeds known to harpests and disease of vegetable crops.



INTRODUCTION

With increasing costs of inputs, pest damage, @dmhanges to land management legislation
around water courses and continued pressure frbamwncroachment, an integrated approach to
vegetable pest management and land managemenquiseick Further, trend forecasting is showing
that consumers are becoming more conscious of@mgntal sustainability of production. These
trends combined with our previous work (HAL proe#tG05014, VG06024), results from this study,
and studies from around the globe are highlightiregbenefits of managing agricultural landscapes to
capture ecosystem services of pest control. Aprergiously demonstrated in HAL projects VG05014
and VG06024:

1) most species of pests and natural enemies dtehabitat users, and there appears to be species-
specific preference for different habitats, 2) salpests of vegetable crops prefer weeds, e sidgs
on exotic grasses and thrips on broad-leaf wegdhg3najority of native plants do not harbour pest
of vegetable crops, and there are many no-lowajlons for revegetation, 4) edge habitat between
native remnant vegetation and crops support maagiap of beneficials and sometimes pests (e.g.
Jassids on grasses) and there is a net immigrationremnant vegetation to crops at different times
of the year. These findings tell us that pest mdstrategies need to be considered at the stéte o
field, the farm and the surrounding landscape.

This project, HAL VG07040, was developed to intggrpest control at the different scales to
disadvantage pests, and better capture naturatpesol services. Beneficial insects provide
Important ecosystem services, controlling insestpthat result in savings of billions of dollaer p
year. For example, the annual ecosystem servipesifcontrol is estimated to amount to US$ 4.49
billion in the USA alone (Losey and Vaughan 200&) &400B/annually worldwide (Costanegal.
2007). However, the mechanisms behind pest cooyrabtural enemies have not been elucidated,
and pest populations frequently reach outbrealdeveest populations are regulated by factors
operating at multiple spatial scales. At the soéla landscape, natural habitats and crops act as
sources of beneficial insects that attack the ipeie field of interest, with increasing recoguitithat
beneficial insects are affected at wider spatiales; as they usually develop populations in mieitip
habitats (Poli®t al. 1997; Landiset al. 2000; Tscharntke and Brandl 2004; Laratigl. 2005;
Schellhornet al.2008). The abundance and richness of insect fmexdare affected by landscape
structure (Thiegt al. 2003), which in turn can result in higher predatim pests (Kruess and
Tscharntke 1994; Gardinet al. 2009; Chaplin-Krameet al.2011; Gagiet al.2011). However, each
of these mechanisms depends on the dispersalaifitihe pests and their natural enemies.

Given that growers do not have control of land leltheir own property, the only active
management option is on-farm refuge to capture, doud facilitate the movement of beneficial insects
into crops. This may be achieved through the pronisf “on-farm” refuges such as wildflower strips
that provide resources for the predatory and paidsspecies sought for pest control, unsprayed
sections of crop, perennial forages or strips ahf@d native vegetation, thereby conserving
beneficials during spraying. To optimally desigml gaace these refuges requires that we first
understand the contribution that these on-farnmstal#ished habitats in relation to other sources of
beneficial insects (namely environmental or langscsources). If there is a large “landscape source”
of beneficial insects nearby is there any valumaintaining an on-farm refuge? What is the cost of
not maintaining an on-farm refuge when the landsaamtribution is small? How does this change
for beneficial insects with different dispersal aagies?

One of the key recommendations from past projétdd, VG06024, was to determine the
response time of beneficial insects to pests ipgirg systems near remnant vegetation and the scale
of changes in vegetation management to delay péstization. The aims of this project (HAL
VGO07040) were to investigate: 1) the impact ofyarkedation on pest populations and how pest
suppression was affected by land-use and the soafaeatural enemies at multiple spatial scaleg, e.
farm, neighbouring farms, and landscape; 2) theritartion of an on-farm refuge for beneficial
insects in landscapes with few versus many sowfesneficial insects, and 3) the potential of two
commonly observed predators to eat pests.

We answered these questions by: 1) conducting sixeelandscape scale experiments on 28
fields on farms across the Lockyer Valley, 2) sangpfor beneficial insects in 460 habitats
throughout the valley, 3) developing a spatiallplecit landscape model to determine: a) how the
presence of natural enemy source habitat at tliscape scale influence the benefit of establisied o

4



farm predator refuges near crop fields, b) howdispersal capacity of predators influences this
process? 4) experimentally testing in the field phedictions of the spatially-explicit landscapedal
for refuge potential, and 5) conducting a studeatllaboratory experiment testing the voracitywaf t
common predators of a pest of vegetable crops.

In the research reports that follow the informatienerated from extensive landscape scale
experiments and habitat sampling is found in ReseBeport | -Is there a benefit from predators
arriving early to the crop? What's the role of tteem and the surrounding landscapéertie
information generated from developing spatially lesiplandscape models and field testing of model
predictions on the benefit of on-farm refuges isnfd in Research Report lIEarly and fast crop
colonization: the role of on-farm refuges in higénieficial landscapes versus low beneficial
landscapes?The information generated from laboratory studigaluating the voracity of predators
of a vegetable pest is found in Research Repo#t‘HHow many aphids can the striped ladybird beetle
and the red and blue beetle eat?’



l.
Early arrival of predators to crops: Is there a berefit and what'’s the role of

the surrounding landscape?
Alejandro C. Costamagna, Nancy A. Schellhorn
CSIRO Ecosystem Sciences

Introduction

Beneficial insects provide important ecosystemisesvcontrolling insect herbivores (pests) that
result in savings of billions of dollars per yelaor example, the annual ecosystem service of pest
control is estimated to amount US$ 4.49 billiothia USA alone (Losey and Vaughan 2006).
However, the mechanisms behind pest control byrabtmemies have not been elucidated, and pest
populations frequently reach outbreak levels. Peptilations are regulated by factors operating at
multiple spatial scales. At the scale of a landecaatural habitats and crops act as sources of
beneficial insects that attack the pest in thalfadlinterest, with increasing recognition thatunat
enemies are affected at wider spatial scales,egsusually develop populations in multiple habitats
(Poliset al. 1997; Landist al. 2000; Tscharntke and Brandl 2004; Laretigl. 2005; Schellhorret

al. 2008). The abundance and richness of insect {inedare affected by landscape structure (Thies,
et al. 2003), which in turn can result in higher predatim herbivores (Kruess and Tscharntke 1994;
Gardineret al. 2009; Chaplin-Krameet al.2011; Gagiet al.2011).

At least two different mechanisms can explain hidaeels of pest suppression in certain landscapes
than in others. First, landscapes that are stralbguicomplex may simply harbor more natural
enemies than simple landscapes, a scenario coateldan previous empirical studies (Kruess and
Tscharntke 1994; Thies and Tscharntke 1999; Gardinal. 2009; Gardineet al.2009). A second
mechanism may relate with the timing of predatoval to the crop field, i.e. field crops located i
landscapes with higher proportion of natural enddyitats are more likely to have one of those
sources nearby, allowing quick access of naturairées to any pest colonizing those crops. ltis
important to assess the importance of this mecharas it has a practical application: if growers
identify sources of natural enemies in the landsctey can modify to certain extent the distribuiti

of their crops in the farms in order to maximizetguppression. Theoretical models suggest that to
achieve pest suppression it is critical that preaattack pests as early as possible, when pogngat
are still low (Chang and Kareiva 1999; Gardiatal.2009). Although there are empirical studies
that support this theoretical prediction, thoselistsi were not designed to separate the effectryf ea
impact from the effect of longer impact of predaton pests (i.e. predators arriving early exert
predation for a longer period of time than thosevisag late) (Landis and Van der Werf 1997; Fatx

al. 2004; Foxet al. 2005; Costamagna and Landis 2006).

We conducted a large scale field study to assessftect of early predation on pest populationtha
Lockyer Valley and how this control was affectedthg sources of natural enemies at the landscape.
Our hypothesis is that landscapes with more aburatahcloser sources of beneficial insects will
have better pest control by natural enemies. Timaerstanding what are the sources of beneficial
insects and at what distance they need to be btaterovide effective pest control, will allow
developing habitat management plans for horticaltiarms.

Materials & Methods

We used the melon aphiflphis gossypiGlover (Hemiptera: Aphididae) as a model insest.pe
Melon aphids are polyphagous with a world-widerdisttion and a reported host range of more than
700 plant species (Hollingsworét al. 1994; Wool and Hales 1997; Capinera 2001). In ralist A.
gossypiihas been collected from more than 200 differestdi@nd is a major pest of horticultural
crops and cotton (Swairat al. 1991; Fitt 1994; Wool and Hales 1997; Heratral. 2001).

Insecticide applications are widely used to cormrojjossypiidespite the potential for the
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development of insecticide resistance and the enmiental costs of pesticides (Hollingswoethal.
1994; Wilsoret al. 1999; Herroret al. 2001).

We conducted our experiments on bare fields on grgroperties that amongst several crops were
also growing melon and pumpkin. This allowed ustemdardize the treatment and capture the effects
of the local versus landscape context on the poeslaf melon aphid attacking cucurbit plants. The
field experiments were conducted in November 2@@9ly season test) and March 2010 (late season
test). We expected to have higher natural enemylations and therefore higher aphid suppression
at the late season test. We are aware that metaot gart of the vegetable industry levy, but ibak

for a nice experimental system were we can prodaedlings, and pests, thereby establishing
treatments in the field.

We selected 28 horticultural landscapes represgatigradient of natural vegetation areas and crop
diversity in the Lockyer ValleyHig. 1). In four cases it was possible to repeat thieinethe same
fields during both tests, but in most cases entinelw fields were used. We chose this approach
because it allows for a broader representatioamis and greater complex of pests and natural
enemies.

We also used melon plants infested with silveniaitefly nymph, but this part of the experiment was
unsuccessful.

Fig. 1. Location of the 28 experimentafield on farmghe Lockyer Valley (4 fields were used
during both seasons and therefore the overlapmimggpdo not show in the figure).

Early versus late predation effects

In each field we tested the effects of early vetatesfield colonization by natural enemies from
habitats outside the field on melon aphid suppoessio rule out any potential local effect of the
focal fields, we followed three strategies. Fithg experiment was conducted on fallow fields (but
always within pumpkin growing farms), to avoid confding effects of different crop types and plant
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phenologies, and to minimize the number of predgtoesent in the field before our manipulations.
Second, we used sentinel potted plants, to rulsautifferences. And finally, all treatments were
enclosed in cages (see below) that minimize theatipf resident predators (i.e. ants and ground
predators), which are less affected by the landscaptext, and therefore not expected to show
significant responses to the presence of sourcbsradficial insects outside the fields studied.

During the early season trial, in each bare-seitifselected for the study, eight locations witthie

field were used, locating four of them close (5 amyd four of them far (20 m) from the field border.
Locations were separated between each other by Wendid not observe differences between close
and far from field border during the early seasal,tand therefore for the late season trial vidige
locations per field at an intermediate distancenfthe border (10 m). In each of the eight locatjon
four manipulations were conducted in a factoriaige to separate the effect of early (first week of
the experiment) versus late predation (second wesk)g natural enemy exclusion cages. Therefore,
the four treatments conducted were: 1) continuoadaiion (cages open to predators), 2) early
predation (cages open to predators fowgek, then closed), 3) late predation (cages dltse
predation during Stweek, then open for thé“aveek), and 4) continuous natural enemy exclusion
(Fig. 2). Early (2) and late (3) predation treatments vesf@eved by swapping the cage covers after
the first week of manipulation. This design allos/to separate the intrinsic effects of predators
suppressing aphids early in the pest colonizationgss (measured by the early predation treatment),
from the effects of predation of predators arrivaigp in the first week but sustaining aphid
suppression during the two weeks (measured byahentious predation treatment), i.e. this last
treatment combines both early predation with twekseof predation.

All treatments were enclosed by two white rectaagplastic containers that contained a potted plant
of pumpkin maintained in place by four empty pdig(2). The external plastic container was
secured to the ground by a metal tent stake patigtr a hole in the bottom, therefore an inner
container, without any bottom holes was includegdrevent ants and other ground predators to enter
the cages. The external container was coatecinutside with a strip (5 cm wide) of Fluon to ¢eea

a slippery barrier that prevents ground predatddiinb into the containers. The pumpkin plants
within the predator exclusion cage were completelered by a fabric of spun bonded polypropylene
that allows natural sunlight to reach the plantsgravents insect movement (Greenharvest.com.au),
supported by a plastic medfig. 2). The treatments exposed to predation were cdigyea “sham
cage” that consisted in the same plastic mesh tieiaxclusion cage but covered only in the upper
part by the polypropylene fabric, allowing predadocess to the plants on all sides of the cagés Th
polypropylene “roof” served both as a control facraclimate conditions between treatments and as a
protection from mortality cause by intense rainfalherefore, the “sham cages” used in the early
(during first week), late (during second week) andtinuous (during both weeks) predation
treatments are designed to measure in a consavatnner the impact of predation as the only
mortality factor acting upon the aphid populatioffowever, although in other systems sham cages
have been used effectively to test for the impagredation on aphids (Costamagna and Landis 2006;
Costamagnet al.2007; Costamagnet al. 2008), we cannot completely rule out any interfese
between the presence of the roof and the impautenfators, and therefore we added a fifth treatment
of continuous predation without cover in sevenhef fields in the late season trial. Comparison of
this completely open with sham cages would meastegerence of the sham cage with predation in
the absence of significant rainfall events.



Week 2

Predator Late Early Continuous
exclusion Predation Predation Predation

Fig. 2. Experimental design used to test the relativeot$fof early versus late predation on aj
pestsE = predator exclusion cageS = sham cages (open to predatiddjiring the second week
the experiment, E and S cages were swapped betateesmd early predation, to limit predatior
only one week in both treatmer

In each pumpkin plant we placed 10 (early seasal) ar 12 (late season trial) apterous (vless)
female melon aphids that were reproductive or geaproductive, following the methods descril
in Costamagnat al.(2006) After the first week of the experiment, we cadchaiphid populations |
all plants and swapped cage covers between rly and late predation treatment, to generate dbe
final treatment combinations. A final count of ajshwas performed after the second wee
manipulation. A total of 763 aphid populations.(@§00+ aphids) in caged plants were manipul
and quatified for this experimen

The plants used in these trials were initially gnawmnder greenhouse conditions, and shortly befa
field trials they were exposed to outside condgitmincrease their hardiness. Pots were maintair
trays covered by double naveven, spu-bound polypropylene cloth to maintain plants fré
insects. Despite the efforts to increase theidinass, plants response to field conditions varie
each landscape, resulting in some fields in whiohpotted plants peormed poorly. This was mo
noticeable during the second trial, when re-high rainfalls during February 2010 delayed oulidf
experiment for two weeks, and the plants had tmamtained under covered conditions to pro
them from hail and stron@infall. To account for this, we only includedtive analysis of the resu
those fields in which the conditions were adeqgf@t@phid population growth. We quantified 1
suitability for aphid growth by testing whethemwias significant populationrowth (i.e. final numbe
of aphids / initial number of aphids > 1) in thegator exclusion treatment, using -sample t-tests.
As a result of that condition, 19 fields (12 in 20@ in 2010) were included in the final analy

Data analysisaphid mpulation growth was analysed using a generalimegit model with a negati\
binomial distribution and a lolirk function (gim.nb function, Venables and Ripley 2002
Development Core Team 2011)sing the lo-link allow us to model aphid growth asponential
population growth, which has been demonstratedratetor aphid populations during the tii
frames used in our experimg@ostamagr et al. 2007) Specifically, we fitted models that inclu
initial number of aphids, treatment in week 1 xg, treatment in week 2 x time, field, year, andtl
interactions as fixed factors. Since most fieldsreot repeated across the two years of the expat]
fields and years were used in separate modelsprédgent and analysis of deviance for all
significant competing models using Akaike’s Infotina Criteria adjusted for sample size (AlC
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lowest indicate best support by data) and Akaikesgghts Wi, highest indicate best support by data)
to select the best models (Burnham and AndersoR)20fe used Log-likelihood ratio tests to
evaluate the contribution of each additional veaab explain the data (Venables and Ripley 2002).
Since we found a significant field x predator mauégion interaction, we further analyse the effaxfts
predator manipulation using pre-planned contrasisng them within each field. One sample t-tests
were performed using R (R Development Core Teami 201

Landscape composition effects on pest suppression

Landscape composition around each field studiedquastified to a radius of 2 km, following the
methods described in Thiesal.(2003) and Gardinest al. (2009). We used aerial images from
Google Earth as our basic template to digitalizerttaps of each landscape using ARC GIS 9.1 (ESRI
2005). During the two field trials, we conductatensive ground verification to obtain detail
information of all the crops and vegetation coymesent during the periods under study, and used
that information to correct and update the origtfigltal maps. Areas where access was not granted
were given a value of zero and therefore excludea finalysis; these areas averaged only 2.4 + 2.3%
of the landscape (mean £ SD; range = 0 — 8.9%).idétify 30 different land cover types and used

them to estimate habitat diversity, using Simps@itgersity Index (Gardineet al.2009):D = 1/2

(p)? , wherepi is the proportion of habitat in thih land-cover category, with increasing with

habitat diversity. We estimated habitat diversityg % area occupied by major land cover categories
at five spatial scales: 0.25, 0.5, 1.0, 1.5, afckeh from the field centeiF{g. 3). Crops that occupied
less than 3% of the landscape were combined togietlaecategory called “other crops”, with the
exception of Cucurbits, that were maintained sdpdoma analysis, as they were the model system of
our study.

Fig. 3. Example of a
digitalization of a
landscape at the Lockyer
Valley, Queensland,
Australia. Different
colours indicate different
land cover categories. The|
five concentric circles
represent radius of 0.25,
0.5, 1, 1.5 and 2 km from
the field use for the
experimental
manipulations of predation
We calculated the area of
each land cover within
each circle and then
estimated the percentage
area cover by each of then
at the five spatial scales

-

—,

— 3 =
Data analysis We investigated the relationship between aphjgbression and the composition of

the horticultural landscapes using multiple linesgression analysis (MLR). We constructed separate
MLR models for each predator manipulation treatna¢mach spatial scale. We used the number of
aphids surviving in the predator exclusion treatnasna control for any environmental effects ofheac
landscape on aphid growth, and therefore we inttedhis as the first predictor in all models. We
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started with full models, including all the landgegredictors and using teeepoption in thedm
package of R to perform stepwise backward selectigmedictors, minimizing the AIC (R
Development Core Team 2011). The resulting model® further investigated by removing
correlated predictors, to minimize multi-collinggr{Neteret al. 1996). In addition, we fitted models
for all other predictors that were individually celated with the final number of aphids observed in
each treatment (tested using Pearson coefficierdn@lation) but were not included in the final
model produced by stepwise regression. For eadapos treatment and spatial scale studies we
present all the models with substantial suppotthieydata, following the rule of Burnham & Anderson
(2002), i.e. models withi < 2. The model with the lowest AlCc for each @ted treatment indicates
the landscape predictors with the most explangiovyer and the scale at which they affect predation.
Finally, we present partial correlation coefficiet indicate the strength and direction of the
relationship between each predictor and aphid sorship in the experimental manipulations.

Landscape functional effects on pest suppression

We classified each of the habitats within a scale km radius from the experimental fields as searc
of natural enemies (i.e. natural enemies presemtjatrix (i.e. areas that does not contribute toina
enemy populations in the landscape). We asselsguiésence of natural enemies using sticky traps.
Each sticky trap (ST) consisted of a transparelyppopylene cup (250 ml) coated with Tangletrap
and held by bulldog clips to a bamboo stick jusiwebthe canopy level of the ground vegetationpor t
a maximum height of approximately 50 cm above gdouim habitat with trees (i.e. Riparian non-
crop, bush-land) we included a second ST attachadriee at a height of 1.5 — 2 m from the ground.

We deployed one ST within 20 m from the cornerrof accessible field or habitat with vegetation
cover (i.e. crop, weed, or non-crop habitat (a afirative vegetation and exotic weeds) within 1 km
radius from our focal field in each landscape ursdedy (17.9 + 4.4 samples / landscape, mean + SD).
ST were deployed within the three initial dayshd first week of experiment and recover in similar
period of time during the second week of experimimtmean collection times of 6.9 £ 0.9 days
(2009, range 5 — 8 days), and 9.2 + 0.4 days (2@hge 8 — 10 days). We sampled all major land
cover types present in the landscapes, at a rd&Tofland cover): Cucurbits = 72, Grassland = 44,
Lucerne = 68, non-crop bush land (eg. mix of natizgetation and exotic weeds) = 25, Other Crops =
157 and Riparian non-crop vegetation (eg. mix ¢ifveavegetation specific to water courses and
exotic weeds) = 94. We also deployed one ST ah&ral location within our caged manipulations,
and those ST were replaced by new ones when cagesswapped during the first week of the
experiment, obtaining a separate measure of naneahy abundance for each week of the
experiment (n = 262). All ST samples were expressagumber of insects / 7 days, to allow
comparison among different collection times. Nat@nemies in high versus low ST did not differ,
and therefore those were combined, using their rf@astatistical analysis.

Data analysis we performed MLR models as described in theiptes/section to relate aphid
suppression with predictors that classify the labiaccording to their function, rather than their
vegetation cover. We therefore constructed newigi@d of aphid suppression, based on the areas
that acted as sources of natural enemies. Wedmresi that an area was a source if it contained at
least one natural enemy in our sampling.

Landscape predictors were classified broadly asbaunyg all land covers together or calculating
specific values for the major land cover typ€allle 1). For the first group we constructed eight
predictors to test for: 1) natural enemy effquts se(i.e. without using information of the area of the
land cover where they were collected), 2) the aiganatural enemies in the landscaes se(i.e.
classifying areas as with or without natural ena)ig) natural enemy load effects (i.e. the nunatber
natural enemies present multiplied by the areaatfhabitat), and 4) distance from source effaéas (
how far natural enemies need to travel to reackexiperimental field). These eight basic predictors
were calculated for each of the three scales awedawithin the 1 km radius sampled with ST (i.e.
0.25, 0.5 and 1.0 km radius), resulting in a tofd24 predictors.
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Table 1.Predictors of landscape effects on aphid suppresscorporating information about the
natural enemies present on them.

Predictor Calculation

Combining all Land Covers
Natural Enemy (NE) effects
Mean NE Mean all ST in each landscape

Area effects
Mean area with NE areague / # areas sampled with ST
Proportion area with NE areaug / total area sampled with ST
Proportion number of areas with NE # STng, / total # ST

NE load effects

Mean load NE [2(areque) X NE)] /# areas sampled ST
Adjusted load NE Mean load NE / area sampled with ST

Distance from source effects
Distance to nearest source Distance to closest argg

Mean distance to source > (distances to arga) / # areage)

Effects per Land Cover
Area effects
Mean aregc, with NE area.c) g / # areagc) sampled with ST
Proportion aregey with NE areac) g / total aregc) sampled with ST
Proportion number of areag with NE  # STy ng / total # ST,

NE load effects

Mean load Nigc [Z (areq.cyne) X NE)] /# areage) sampled wittST
Adjusted load Nk, Mean load Nk, / are@c) sampled with ST

Notes aregg) = areas with at least one natural enemy;@jeaareas of an specific land cover; ST =
sticky trap.

We also calculated in a similar way predictorsdima and natural enemy load effects separately for
each land cover, which resulted in 40 additionaebmtors. For this second approach, we extrapblate
the number of natural enemies found in the fielda@ed to all fields with that land cover present i
the landscape. Therefore, this approach to devefaiscape predictors constitutes a hybrid between
using pure landscape metrics without informatiomatural enemies (the previous section and the
most widely method used) and using only informatibout natural enemy abundance, disregarding
the vegetation cover of the habitat sampled. Wienated the land cover predictors only at the 1 km
radius scale, as there were not enough sampledl fafrthem in each landscape at each of the two
smaller spatial scales. Finally, we construct joteds separately for three different predator
groupings: 1) mobile predators (insect with flyingtars captured by ST), 2) spiders (capture by ST
by ballooning, by proximity with crops canopy, or dimbing), and 3) all predators combined.

Due to the higher number of potential predictoestthe actual number of landscapes, to avoid over-
fitting effects we did not fit all the potential M.models to the data. Instead, we explore sepgratel
the relation between each predictor and aphid gsn using Pearson correlations. We only
incorporated into MLR models predictors that hagaificant correlation with aphid suppression
(estimated conservatively Bt< 0.10, in order to avoid overlooking importantighles). Predictors
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were tested against predation in the continuoudapian treatment only, as natural enemy sampling
with ST at the landscape scale overlapped botfirteand second week of the experiment, therefore
preventing to estimate predator numbers separétedarly and late predation. As with the MLR
models use in the previous section, the numbeplafia surviving in the predator exclusion treatment
was used as the first predictor in the model tdrobfor any potential landscape specific
environmental effects on aphid population growtlodél selection statistics were estimated by the
same methods described in the previous sectionp@oesons of predator abundance among major
land cover types were performed using Analysis afidce, and treatments were compared using t-
tests adjusted by the Bonferroni method for mwtgdmparisons (R Development Core Team 2011).

Results
Early versus late predation effects

Predation by flying natural enemies caused hightatior on melon aphid populations, with a 60%
reduction observed when predators had continuatessado the aphids from the initial week of the
experiment in comparison with the predator exclusieatmentKig. 4). When predation was
restricted to just one week, we observed a snaittiof higher aphid suppression if predators had
access during the first week (early predation, 2@¥id reduction) than if predators arrive in the
second week (late predation, 34% aphid reduckan,4). These results show that it is crucial that
predators arrive to the field shortly after thetpés achieve maximum suppression. Statistical
analysis of the data showed no difference betweadg and late season trials (season and its
interaction term effectg,able 2).

120 - Fig. 4. Melon
aphid populations

100 - after four

i predator

80 manipulations

60 - during the two
weeks of the
40 - experiment,
combining all
20 - fields used in the
0 study (mean *

Exclusion Late Early Continuous fSEI(I;A, n=19
Manipulations of Predation ields).

Final number of aphids / plant

By contrast, predation and landscape have significapacts in aphid population growthable 1).
However, the model with the most support by th@ aas the model that included an interaction
between predation and landscape (lowest AlCc anglikelihood, highesWi, Table 2), indicating
that continuous, early, and late predation impeaatied across the landscapes studied.

Out of the 19 landscape tested, we observed signifiaphid suppression in 14 landscapes when
predators have continuous access to aphids, ired wiey arrive early but only for one week, ané in
when they arrive lateT@ble 3). Continuous predation resulted in higher sumpoesthan either early
or late predation (restricted to only one week)Onandscapes, and in 5 of those it was higher than
both (Table 2). This indicates that the longerasxe to predators significantly reduced aphid
populations in comparison with those protected fpyedation during one week. Early predation,
which showed an overall trend of higher supprestian late predatiori{g. 4), resulted more
effective than late predation in 4 landscapescaithig that in those landscapes arriving early was
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more effective to suppress aphids. However, we falsnd the opposite trend in two landscapes,
where late predation was more effective than gardyation Table 3). These results suggests that in
those landscapes there was a numerical respomsedztors, i.e. more predators attacked the aphids
after their populations build up than during thigi@dhweek of the study, when aphids populations
were smaller.

Table 2 Summary of model selection statistics and consparof variable effects for evaluating
predation of melon aphid by natural enemies inLitekyer Valley, Queensland, Australia (in bold the
best explanatory model).

Statistical Model df AlCc Wi Log-lik. test L Ratio
1- Initial aphids (Null model) 504 5131.38 0.00 -5127.36
2- Initial aphids + season 503 5133.40 0.00 -5127.35 1vs2 0.01
3- Initial aphids + predation 499 5093.46 0.04 -5079.23 1vs3  48.13
4- Initial aphids + predation x season 497 5092.56 0.06 -5074.19 3vs4 5.04
5- Initial aphids + landscape 486 5111.29 0.00 -5069.55 1vs5 57.81

6- Initial aphids + predation x landscape 429 5087.04 0.91 -4904.91 3vs6 174.32

Referencesdf = degrees of freedom; AlCc = Akaike’s Informatiorit€ion adjusted for sample size;
Wi = Akaike’s weights; Log-lik. = Log-likelihood; L &io = ratio of Log-likelihood tests; initial
aphids = effect of the initial number of aphidsfiral population number (null model); season =arl
versus late season trial; predation = effects eflgtor manipulations; landscape = effects of the
landscapes used in the study.
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Table 3.Final number of aphids / plant (mean + SE, baakgformed data) after predator manipulations i émudscape studied. Different letters in each
row indicate significant differences among treattadf < 0.05, pre-planned t-test contrasts, significapipsession is indicated in bold).

Trial landscape Pred. Exclusion Late Predation Early Predation Continuous Pred.
Early 1 334 + 205 a 31.3 + 248 a 203 + 16.1 a 434 + 267 a
season 2 63.8 + 32.6 a 199 + 131 b 26.1 + 174 Db 20 + 1.2 c
3 97.0 + 45.1 a 243 + 146 b 224 + 139 b 1.1 + 0.7 c
4 1915 + 91.1 a 89.3 + 541 ab 75.4 + 457 b 555 + 266 b
5 69.5 + 33.6 a 80.7 + 496 a 1146 + 704 a 628 + 303 a
6 50.3 + 24.8 a 506 + 318 a 399 + 252 ab 203 + 101 b
7 928 + 773 a 62.6 + 684 a 683 + 746 a 236 + 198 a
8 2145 + 1014 a 164.7 + 99.1 a 16.2 + 100 b 109 + 54 b
9 50.6 + 21.3 a 69.7 + 313 a 935 + 420 a 340 + 123 b
10 63.6 + 40.9 a 282 + 234 ab 56 + 49 c 13.1 + 8.6 bc
11 150.3 + 67.5 a 879 + 50.2 ab 51.3 + 295 b 616 + 279 b
12 101.6 + 60.6 a 837 + 521 a 99.6 + 61.7 a 121 + 6.1 b
Late 13 99.0 + 36.2 a 340 + 113 b 804 + 260 a 332 + 110 b
season 14 76.0 + 35.2 a 227 + 129 b 434 + 178 ab 33.0 + 155 ab
15 127.0 + 273 a 745 + 184 b 745 + 184 b 378 + 8.6 c
16 109.6 + 27.0 a 1054 + 259 a 853 + 239 b 918 + 226 b
17 75.2 + 24.0 b 66.0 + 21.2 b 95.0 + 302 a 526 + 169 c
18 97.7 + 385 a 740 + 219 a 53.8 + 16.0 b 888 + 296 a
19 84.0 + 242 a 51.3 + 170 b 685 + 226 ab 508 + 174 b
Landscapes with aphid suppression 6 9 14
Landscapes with late > early suppression 2
Landscapes with early > late suppression 4
Landscapes with continuous > late or early suggioe 10
Landscapes with continuous > late & early supgioes 5
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Landscape composition effects on pest suppression

A total of 4,670 land cover areas were mapped adhes19 landscapes analysed (245.8 +
66.2 areas / landscape, mean * $&8hle 4). Landscape composition was very variable, but
in general it was dominated by grasslands and pess(@5.9% of the total area, range 5.5 —
44.8%), fallow fields (21.9%, 3.6 — 48.3%), and +woap bushland (21.1%, 3.0 — 55.9%).

The only single crop type that represented mone 844 of the landscape was Lucerne (5.8%,
0.4 — 11.8%). Cucurbits accounted for 1.6% (0400%), and all other crops combined
represented 8.6% (1.2 -20.0%) of the landscape d&eally, we observed small percentages
of the landscape with houses (4.4%), major pavads¢1.8%) and natural or artificial water
reservoirs (1.9%).

Table 4. Land cover types identified in the landscapadist in the Lockyer Valley, during
the experiments of November 2009 and March 2018joMand categories represent areas >
4%, with the exception of Cucurbit crops, which wassidered separately as it was the focal
crop under study. Major land categories were us@ultiple regression analysis to test their
influence on aphid suppression, diversity categosiere considered to estimate habitat
diversity.

Major land categories Diversity land cover categories % area # areas

Grassland Grassland (pasture) 25.920 828
Fallow land (stubble or bare-soil) 21.863 935
Non-crop (bushland) Non-crop (remnant bushland) 21.088 210
Lucerne Lucerne 5.833 275
Non-crop (riparian) Non-crop (remnant riparian) 4.540 26
Cucurbits Cucurbits (melon, watermelon) 1.644 132
Other crops Sorghum 2.194 112
Weedy fields 1.670 88
Corn 1.011 34
Beans 0.993 39
Brassicas 0.794 44
Turf 0.603 53
Tomato 0.252 18
Onion 0.244 16
Spring onions 0.182 13
Carrots 0.124 4
Orchards 0.118 11
Potato 0.113 7
Capsicum 0.096 6
Cereal grains 0.081 8
Lettuce 0.055 6
Sunflower 0.038 6
Celery 0.025 5
Hay 0.022 1
Beetroot 0.016 1
Silver beet 0.014 2
Sweet potato 0.003 1
Houses and urban 4.359 949
Roads 1.803 136
--- Water (lakes, water storage porids) 1.892 465

'!Non-crop (remnant bushland) represents uncultivatetisometimes grazed land containing
a mix of native and exotic plant species. Non-qrepnant riparian) is similar to non-crop
(bushland), but along water courses such as cramehksb

2 Other crops include all crops representing < 4%ref (except cucurbits)

% Fallow fields, houses, roads, and water bodiegwet considered in the multiple regression
analysis as they are not a significant source seGts.
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Aphid survival on the cdinuous and early predation treatments was coniplietdependen
of their potential for population growth in eachdiscape, measured by predator exclu
treatments (the control treatmeTable 5), indicating that predation during the first we
compleely disrupted aphid population growth. By contraphids survival in the la
predation treatment was highly correlated withrtpetential population growth in ea
landscape (partial correlation coefficients randnagn 0.70 to 0.82Table 5), indicating that
predation was not as strong as when it was delfoyealweek Table 5). Therefore, potentit
of population growth was the main predictor insidjnificant models of aphid survival on t
late predation treatment.

At most scales investigategredation was significantly higher in landscapeth\aihighe!
proportion of LucerneTable 5, Fig. f). This is indicated by significant negative etfeof
the area of Lucerne observed at most models aiusscales and for all preda
manipulationswith partial correlations ranging fro-0.40 to -0.68 Table 5. The
proportion of cucurbits and other crops were atsmeiated with aphid decrease, but only
reduced number of models and with minor effectabitat diversity also decrease ap
populations, but this effect was significant in onlye model. By contrast, the percentage
grassland and native vegetation were consisteaigciated with higher aphid populatio
suggesting that these habitats may interfere witdation

Continwus and early predation responded to landscapeasitigm at large scale, with tl
two best models explaining predation occurring.atkin radius from the experimental fiel
(adjusted® =0.45, and?® = 0.48;Table 5 models in boldFig. 5 and 6 respctively). For
both predator treatments Lucerne increased aphpiorsssion significantly at that sci
(partial correlations 0f0.63 anc-0.48, respectively).

Fig. 5. Relation between

150 1 the number of aphids
surviving in the
. . continuous predation
100 4 treatment and the areas of

Lucerne at a scale of 1km
radius or 2km diameter.
The higher the Lucerne
area, the lower the
number of aphids
surviving. (sedlable 5

for the statistics of the
model).

50 1

surviving aphids

0 5 10 15

% Lucerne (1.5 km radius)

For continuous predation, grassland had a disreigtifect on suppression (partial correlai
= 0.48), whereas for early predation the disruptiffect was associated with the are:
native vegetatiopartial correlation = 0.55). By contrast, thetbasdel to explain lat
predation occurredt@ smaller spatial scale, 0.m radius from the experimental fie
(adjusted® =0.65,Table 5, in bold, Fig. 7). In addition of a large effect of aphid pntial
population growth (partial correlation = 0.82), rh@vas a positive association between
area of norerop bushland and aphid increase (partial cormiati0.54), suggesting agait
disruptive effect of nomrop habitat on aphid suppression. wever, models at wider scal
had also considerable support from the data, stiggdbat at a scale of 2 km radius the ¢
of Lucerne significantly increased aphid suppresémljustea? = 0.62, partial correlation
0.63,Table 5 modelin italics, Fig. 8
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Table 5. Summary of multiple regression models statigtc®valuating the relation between landscape twer types and melon aphid suppression at
different spatial scales in the Lockyer Valley, &afia.

Radius (km) Model Log-lik. AICc A Wi  Adj. r’ P Partial correlations

Continuous Predation

Intercept (1) + Aphid Potential Growth (A) -88.85 185.30 10.15 --- -0.05 0.7366
0.25 | + Riparian* -86.69 180.98 25.74 0.00 0.16 0.0492
0.50 _—
1.00 | + Grassland* - Lucerrié -84.15 179.16 4.00 0.05 0.32 0.0181 G:0.48;L:-0.44
| + Grassland* -86.18 179.96 4.80 0.03 0.21 0.0291
| — Lucerne* -86.66 180.92 5.77 0.02 0.17 0.0476
1.50 | + Grassland* - Lucerne** -82.15 175.16 0.00 0.35 0.45 0.0033 G:0.48;L: -0.63
| + Grassland* - Lucerne** - Native Vegetation-80.90 176.41 1.26 0.19 0.48 0.0046 G: 0.56; L: -0.68; NV: -0.35
| - Lucerne** -84.67 176.95 1.79 0.14 0.32 0.0066
2.00 | - Lucerne** -84.21 176.02 0.87 0.23 0.35 0.0042
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Table 5. (Continuation)

Radius (km) Model Log-lik. AICc Ai Wi Adj. r? P Partial correlations
Early Predation

Intercept (1) + Aphid Potential Growth (A) -88.85 185.30 7.76 0.01 -0.05 0.7366

0.25 | + Grassland -90.93 189.46 8.92 0.00 0.08 0.1300

0.50 | + Native Vegetation** -86.89 181.38 0.84 0.19 0.40 0.0023

1.00 | + Native Vegetation* - Lucerfé -85.82 18250 1.96 0.11 0.43  0.0045 NV:0.56;L:-0.43
| + Native Vegetation*** -87.74 183.08 2.54 0.08 0.34 0.0051

1.50 | + Native Vegetation* - Lucerne* -84.84 180.54 0.00 0.30 0.48 0.0020 NV:0.55;L:-0.48
| + Native Vegetation** -87.34 182.27 1.74 0.12 0.37 0.0035

2.00 | - Lucerne** -87.34 182.28 1.74 0.12 0.37 0.0035
| + Native Vegetation** -88.11 183.82 3.28 0.06 0.32 0.0073
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Table 5. (Continuation)

Radius
(km) Model Log-lik. AICc 4i Wi Adj.r? P Partial correlations

Late Predation

Intercept (1) + Aphid Potential Growth (A) -86.60 180.80 3.26 0.05 0.53 0.0003

0.25 |+ A** + Grassland’ -84.92 180.69 3.15 0.05 0.58 0.0004 A:0.78;G:0.37
0.50 |+ A** + Native Vegetation* -83.34 177.54 0.00 0.25 0.65 <0.0001 A:0.82; NV: 0.54
1.00 1+ A**_Cucurbits” - Lucerne* - O€  -80.84 180.69 3.15 0.05 0.69 0.0003 A:0.77; C:-0.45; L: -0.58; OC: -0.49
| + A*** - Lucerne -84.95 180.76 3.22 0.05 0.58 0.0004 A:0.73;L:-0.40
1.50 |+ A** - Lucerne* - OC" -82.44 179.49 1.95 0.09 0.66 0.0002 A:0.74;L:-0.61; OC: -0.07
| + A *** _ Lucerne"’ -84.55 179.95 2.41 0.08 0.60 0.0003 A:0.70;L:-0.61
| + A *** - Habitat Diversity"’ -84.65 180.17 2.63 0.07 0.59 0.0003 A:0.73; HD: -0.48
2.00 |+ A**_Lucerne*-OC" -81.86 178.34 0.80 0.17 0.68 0.0002 A:0.77;L:-0.63; OC: -0.06
| + A *** _ Lucerne* -83.92 178.70 1.16 0.14 0.62 0.0002 A:0.73;L:-0.63

Notes At each spatial scale we present first the madgldd the minimum AICc, and indicate all competingaels ¢i < 2) within each scale below, however, the
valuessi columnare calculated for all models within each predatanipulation treatment; models in bold indicatet Inesdel for each predation treatment. For
details about summary statistics see notes ufagle 1 and data analysis section in material and meth@4d3 = Other crops. Significant predictors are
indicating as: ***P < 0.001, **P < 0.01,P < 0.05, and’ P < 0.10. Partial correlations indicated by theiaté of each predictor.

! none of the models fitted at this scale were Siggnit.
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Partial residuals (aphids cont. pred.)

% Lucerne (1.5 km radius)

Fartial residuals (aphids cont. pred )

10 20 30 40 a0

% Grassland (1.5 km radius)

Fig. 6. Relation between the number of aphids surviumnipe continuous predation

treatment (represented by the partial residualkeofnodel), and the areas of Lucerne and
grassland at a scale of 1.5 km radius. The hitfieeLucerne area, the lower the number of
aphids surviving predation, whereas the opposfaceivas observed for the area of grassland
(seeTable 5for the statistics of the model).
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Partial residuals (aphids early pred.)

% Lucerne (1.5 km radius)

Fartial residuals (aphids early pred.)

| | I | | |
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% Non-crop bushland (1.5 km radius)

Fig. 7. Relation between the number of aphids surviuingpe early predation treatment
(represented by the partial residuals of the model) the areas of Lucerne and non-crop
bushland at a scale of 1.5 km radius. The higihet ticerne area, the lower the number of
aphids surviving predation, whereas the opposfectivas observed for the area of non-crop
bushland (se@able 5for the statistics of the model).
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Fig. 8. Relation between the number of aphids surviuinipe late predation treatment
(represented by the partial residuals of the modelk) the aphid potential growth and areas of
non-crop bushland at a scale of 0.5 km radius. id\pbtential growth is estimated for each
landscape by aphid population size in the predatolusion treatment, the higher positive
correlation, the less aphid populations were digdipy predation. Similarly, the higher the
non-crop bushland area, the higher the numbertatiagsurviving predation (séeable 5for

the statistics of the model).
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Fig. 9. Relation between the number of aphids surviuinipe late predation treatment
(represented by the partial residuals of the model) the aphid potential growth (see caption
of Fig. 8 for explanation) and areas of Lucerna stale of 2 km radius. Higher percentage
of Lucerne in the landscape resulted in highercaphppression (sélable 5for the statistics

of the model).
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Landscape functional effects on pest suppre

We sampled a total of 2,554 predators with the&gticaps (ST) located at 1 km radius fri
the experimental fieldT@able €). Most of the predators were spiders, occurringsr®% of
the samples, followed in importance by severaliggeaf aphidophagous ladybird bee:
(9.2% of the samples), brown and green lacewir@(},. hoverflies (3.2%), and predatc
bugs (2.9%). Only eight aphid parasitoid specimeeie detected by ST, corming the null
levels of parasitism observed in the experimentatipulations of aphids. Mobile predat
varied significantly in abundance across the miajod type covers sampleFs s5=6.49,P <
0.0001), being more abundant in Luce (L), other crops (OCand cucurbit (CU), with
lower abundances in grassla (G) (Fig. 10g. The lowest numbers were collected from-
crop bushland (NVand nol-crop riparian (R)Kig. 10g. Spiders were more abundant i
homogeneously distributed across cctypes, although we observed significantly oy
abundance in the narrop riparian habitaiFs sg=2.74,P = 0.0187;Fig. 10k).

a) Mobile predators
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Fig. 10. Natural enemy abundance per major Icover types. Mobile predators include
predators with flying adult stages. Different lestamong cover types indicate signific
differences P < 0.05,t-tests adjusted by the Bonferroni method for mudtiggbmparisons
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Table 6. Natural enemies of melon aphids collected by stickgs in the Lockyer Valley,
Australia, during the two field experiments in Navger 2009 and March 2010.

Order / Family  Species Common name Total  Total %
ind. samples samples
Aranae Spiders 2280 698 75.9
Neuroptera
Hemerobiidae Micromussp. Brown Lacewing 71 50 5.4
Chrysopidae Green Lacewing 2 2 0.2
Diptera
Syrphidae Hoverfly 52 29 3.2
Coleoptera
Two-spotted
Coccinellidae Diomus notescens Ladybird 30 28 3.0
Coccinella Transverse
transversalis Ladybird 26 25 2.7
Hippodamia White Collared
variegata Ladybird 25 22 2.4
Micraspis frenata  Stripped Ladybird 4 4 0.4
Coelophora
inaequalis Variable Ladybird 3 3 0.3
Common Spotted
Harmonia conformis Ladybird 2 2 0.2
Cryptolaemus
montrouzierj Mealybug Ladybird 1 1 0.1
unidentified
Ladybird 1 1 0.1
Dicranolaius Red and Blue
Melyridae  bellulus Beetle 22 21 2.3
Hemiptera
Anthocoridae Orius sp. 18 18 2.0
Geocoridae  Geocorissp. Big eye bug 5 5 0.5
Nabidae Damsel bugs 4 4 0.4
Hymenoptera
Subfamily:
Braconidae Aphidiinidae parasitoids 8 7 0.8
Total 2554 920 100

We found that 23 of the predictors measuring laagsdunctionality correlated aphid
suppressionAppendix I). With those predictors we fitted 29 MLR modelatthad
combinations of all independent predictors in thigal full model, and were subject to
stepwise backward regression, as in the previatt®seanalysisAppendix Il). This

analysis yielded five models that were signific@rdble 7). The best predictors for aphid
suppression combining all land covers were eithemiumber of all predators combined or of
mobile predators present within 1 km radius from eélxperimental fields, explaining 21-25%
of the variation of the dat&ig. 11 and 12. Adding the potential population growth of the
aphids only add a modest increase in the prediptiveer of the modeHig. 13. A better fit

to the data was obtained by predictors that inaated both the information of the area
covered by each vegetation type and the abunddnuwral enemiest@ble 7). The best
model explained 48% of the variation of the datd sunggested significant aphid suppression
associated with increased number of all predatoathier crops, but a decrease in aphid
suppression associated with higher numbers of twegen Lucerne, in contrast with our
expectationsHig. 14). Measures of distance from patches with predat@re not correlated
with aphid suppression, and all other predictoas showed marginally significant
correlations were not significant in any of the misdnvestigated.
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Table 7. Summary of multiple regression models statigoc®valuating the relation between landscapetfanal predictors and melon aphid suppression at
different spatial scales in the Lockyer Valley, &afia.

Radius (km) Model Log-lik. AICc  4i Wi Adj. r? P Partial correlations

Predictors combining all land covers

1.00 Intercept (I) - Mean load all predators (AP) -85.67 178.94 0.0 052 0.25 0.01745
| - Mean load mobile predators (MP) -86.19 17997 1.0 0.31 0.21 0.02935

| + Aphid Pot. Growth (A) - MP* -85.10 181.06 2.1 0.18 0.25 0.04015 A:0.33; MP: -0.57

Predictors for individual land covers
1.00 | + Mean AP yceme) — Mean AP oc) -60.25 132,50 0.0 0.997 0.48 0.00751 AP.:0.73; APoc: -0.45
| + Mean Spidergy, -68.11 144.21 11.7 0.003 0.24 0.03136
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Fig. 11 Relation between the number of aphids surviifripe continuous predation treatment and
the load of all predators at 1km radius. Mean lo&all predators (AP) represent a measure of the

total abundance of predators in the landscapestjlby sampling effort, and was calculatedas:
(areqapy X AP) /# areas sampled with sticky traps. Highredator abundance in the landscape
resulted in lower aphid populations (Sksble 7 for the statistics of the model)

Fig. 12. Relation

* between the number of
aphids surviving in the
continuous predation
treatment and load of
mobile predators at 1km
radius (calculated as in
figure 10, but using only
mobile predators).
Higher mobile predator
abundance in the
landscape resulted in
lower aphid populations
(seeTable 7 for the

=y B | *e | | statistics of the model).
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Relation between the
number of aphids
surviving in the
continuous predation
treatment
(represented by the
partial residuals of
the model), and the
aphid potential
growth Fig. 14
botton; see caption of
Fig. 7 for
explanation) and load
of mobile predators
at 1km radius
(calculated as in
figure 10, but using
only mobile
predators). Higher
mobile predator
abundance in the
landscape resulted in
lower aphid
populations (see
Table 7for the
statistics of the
model).

Our results demonstrated dramatic increases ipgbesuppression by predators when they arrive
immediately after pest colonization on the fielthis confirms previous theoretical predictions that
suggest that generalist predators arriving eartrap fields in low numbers can exert the same or
even more suppression than larger number of spgaialtural enemies, that typically arrive latearth
the pest and sometimes too late to prevent outlpepilations (Landis and Van der Werf 1997;
Chang and Kareiva 1999; Symond=tral. 2002; Gardineet al.2009). The proposed mechanism
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for this highly effective pest suppression is tiestpmortality produced by predators when pest
numbers are low, before they reach threshold desdhat lead to outbreak populations under
exponential growth.

Previous studies have provided empirical evidehaeduggest that relatively small number of
generalist predators present early in the seaen,caop emergence, are highly effective to suppre
pest populations (Landis and Van der Werf 1997;, Eaxdiset al. 2004; Foxet al. 2005;

Costamagna and Landis 2006). However, those stedidd not distinguish the impact of predators
arriving early from the impact of increased timeig predation, i.e. the accumulated effect of
more days of predation on the same pest populatanr. experimental design is unique because we
manipulated separately predator arrival (by delgyiredation using cages) and length of predation
(by maintaining the same time interval predatiothim early and late predation treatments).
Comparing the early with the late predation treatt®suggests that there is an overall trend ofdrigh
suppression of aphids in populations under eadggtion. However, this general trend varied across
landscapes, with only four landscapes where pralatas significantly higher in the early than ie th
late predation treatment. Moreover, we observadimncases the opposite effect, higher suppression
of predators arriving late than those acting duthrgfirst week of the study. At least two
mechanisms can explain this unexpected result, k@l environmental conditions may have varied
between the two weeks, resulting in lower poputetiof predators available to suppress the aphids.
These may have included abiotic factors (i.e. teatpee, rain, humidity) or the dynamics of other
pests in nearby fields that may have moved awagati@n from our experimental fields.

Alternatively, predation may have been more effectiuring the second week of the experiment due
to a numerical response of predators, i.e. aphpdifations that become attractive to more predators
when they reach a population level above a cetita@shold (Hemptinnet al. 1993; Elliott,

Kieckhefer et al. 2002; Evans and Toler 2007)mbst cases (14 landscapes) we observed significant
suppression by natural enemies, with similar (agatly additive) effects of predation in the firsta
second week.

At the landscape scale, we did not observed aip@sissociation between the area of non-crop
bushland and riparian vegetation, and the levetgpbfd suppression in our manipulations. Moreover,
the area of native vegetation was positively asgediwith higher aphid populations at various s;ale
being the most significant predictor of late préstat This result contradicts the theoretical
expectation for the role of native vegetation arabhof the empirical work previously conducted on
the landscape ecology of biological control ovesg&auess and Tscharntke 1994; Marino and
Landis 1996; Thies and Tscharntke 1999; Menadkeal. 2003; Thiest al. 2003; Costamagret al.
2004; Roschewitet al. 2005; Bianchet al. 2006; Gardineet al.2009; Gardineet al. 2009;

Gardineret al. 2009; Holzschulet al. 2010; Werling and Gratton 2010), and from the hyack

Valley, VG 05014 and VG06024. These studies shaveddral enemies on native plants, and net
immigration from the riparian remnant to the croparge numbers in spring, but movement back and
forth throughout the year. However, at least tmportant features of our study system may explain
this apparent contradiction between our resultspgadious findings. First, almost all previous
studies have been conducted in temperate to cgidn® where natural enemies need to go through
an overwintering period. In most of those regiomsodlots and forests are therefore crucial as
overwintering habitats to sustain natural enemyupains (Landiet al. 2000). By contrast, the
subtropical coastal climate on the Lockyer Valldgw natural enemy populations to move year-
round through crop habitats, since there is napeanithout at least some crops covering a portion o
the landscape. Therefore, the role of non-crop lanshand native vegetation as an overwintering site
is minimal in our system.

A second difference between our study system aenqurs studies refers to the level of disturbance
of the non-crop remnant habitat. An important mdsigned to non-crop habitat in other systems is t
serve as a refuge from disturbance effects on @agnemies, including extreme temperatures,
unfavourable humidity conditions and general asésiassociated with cropping (i.e. cultivation,
pesticide application, etc) (Landés al.2000). However, the native vegetation in the lyeckvalley

is to a great extent under grazing by cows, anelig open (i.e. tree canopies are typically sepdjat
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and with a low diversity of plant species in thelerstory, suggesting a less favourable habitat in
comparison with the typical temperate forests wineost other studies were conducted. A similar
reasoning can also be applied for the role of ¢gmads, since they were also associated with higher
aphid populations. The results of our samplindhsiicky traps corroborate these hypotheses, since
both native and riparian vegetation, as well asslaads, registered the lowest levels of natural
enemies observed. However, our sampling was lthidgethe periods under study (less than four
weeks combining both experiments) and we cannetaut that native vegetation may harbor higher
natural enemy population at different times ofybar as has been shown in VG05014 and VG06024,
and recent findings from a GRDC project on the ibgrDowns. Native remnant vegetation

harboured natural enemies during the time whenci@ps were in the ground (April-June).

Our results indicate that the area with Lucerrteésmost influential in increasing aphid suppreassio
This result is consistent at several scales, afthdiis most significant at larger spatial scdles > 1
km). This results is not unexpected, as Lucerseblegn shown as an important reservoir of natural
enemy populations, as it is not typically sprayethwsecticides (Hossaiet al.2001; Elliott,
Kieckheferet al. 2002; Hossaimt al. 2002; Snyder and Ives 2003; Pearce and Zaluclks;2@@arce
and Zalucki 2006). In addition, our sampling wétitky traps suggests it was the habitat with high
number of natural enemies during the period ofstudies. Thus, Lucerne can also be a refuge for
aphidophagous natural enemies. It provides preyisatypically under minimal chemical disturbance
(although is sprayed for Jassids Jan-Feb), andomamenable to a push pull system due to
somewhat regular cutting and baling.

Classifying habitats as sources using the infolmnadf natural enemy abundance provided by the
sticky traps and disregarding the actual vegetataver present on them, was less effective to @xpla
our data. As we expected, increased abundancatarfah enemies combined with the size of those
areas resulted in higher aphid suppression, atbsilwas consistent for all predators combined or
mobile predators separately and explained 21-25&beobariability in the data. However, a more
effective method to predict aphid suppression wamtnbine the mean number of predators found in
each vegetation type with the total area of coveraghe landscape, which resulted in a model that
explains 48% of the data. This model indicatedyaificant increase in aphid suppression with
higher number of predators in other crops, butgintrast with our expectations, a decrease in aphid
suppression associated with higher number of poeslat Lucerne. This result is difficult to explai
as we would have expected that the higher numbgrreafators in Lucerne spill over to other crops.
However, it is possible that Lucerne has a duatendgnamic role than previously thought. During
cutting or periods of regrowth, Lucerne may act tigass a source of natural enemies, therefore
forcing natural enemies to forage in other hahit&@g contrast, if pest populations are high in
Lucerne fields, they may act as sinks of naturahges, pulling them into the Lucerne and off of
other fields, thereby decreasing biological contibthese assumptions are correct, we can then re
interpret our results as follows. First, when wel at the area of Lucerne without information abou
their natural enemy populations, we are actualptuéng most of its role as a source. In this
scenario we are assuming that most Lucerne fiekl;hdeed sources of natural enemies most of the
time. Second, when we refine our models and iraratp information about natural enemy
abundance in those Lucerne fields, we are givingeme@ight to areas that have high natural enemy
populations, that are most likely to act as sin&sulting in an a negative association between
Lucerne and aphid suppression. Further researseded to fully understand the role of Lucerne
and how management can play a key driver in arel@-Wiological control.

In summary, we observed strong effects of naturalrées suppressing aphid populations, which
were more effective if they arrive immediately afige pest population. We found that most of the
natural enemies were present in managed habitdisyparly in Lucerne, suggesting that it is crucia
to preserve biological control to minimize inseictecapplications on these crops. Riparian and non-
riparian bushland remnant vegetation has relatil@ler populations of natural enemies, but also low
variability, making it a consistent low source aftural enemies.
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lI. Crop colonisation: the role of on-farm refugesin high beneficial
landscapes versus low beneficial landscapes

James Hereward, Felix J.J.A. Bianchi, Alejandr&C8stamagna and Nancy A. Schellhorn
CSIRO Ecosystem Sciences

Introduction

The movement of beneficial insects into agricultaraps may be facilitated through the
provision of “on-farm” refuges such as wildflowerigs, perennial forage crops or strips of
native vegetation that provide resources for tleelgtory and parasitic species sought for pest
control (Brewetet al 2008; Werling and Gratton 2008; Haemteal 2009; Tscharntket al
2002). In addition, vegetable growers are oftenngsWwhat should they plant where to
encourage beneficial insects. To optimally desiggh glace these on-farm refuges requires
that we first understand the contribution that ¢hes-farm or established habitats in relation
to other sources of beneficial insects (namelyr@mvhental or landscape sources). If there is
a large “landscape source” of beneficial insectglngis there any value in maintaining an
on-farm refuge?

Tscharntkeet al. (2005) hypothesized that agri-environment schef@gsrevegetation and
environmental plantings) will be most effectiveeinhancing biodiversity in simple
landscapes. In cleared landscapes there may lmnaogh species diversity to effectively
colonize the managed habitat. In complex landsctygee is already high species diversity
and adding on-farm habitat for natural enemies mgtladd much. Therefore, what is the
benefit of maintaining an on-farm refuge when #rediscape contribution is small? How does
this change for beneficial insects with differeigpeérsal capacities?

Here, we explore these issues initially using sisitexplicit modelling and then test some of
the predictions of these models in a local-scatérotied field study to examine critically
whether these predictions hold up under farm cadt This section is split into two
subsections, firstly the model rationale, methadsl results (its predictions) are described,
then we show how we designed and implemented ¢ifiet Study to address the predictions of
the model. Next, we describe the field experimeethods, and results. The findings of these
two studies are then discussed in relation to mamagt implications, and areas that could
benefit from further research are highlighted.

Material & Methods - Model — Simulation of crop colonisation processiesm multiple
source habitat types.

Research questions:

* How does the presence of natural enemy sourceghabithe landscape scale influence
the benefit of established on-farm predator refugss crop fields (e.g. flower strips,
perennial forage, native vegetation)?

* How does the dispersal capacity of natural enemfegence this process?

This model considers a 64 by 64 grid “designedtitaape, containing “Landscape Source”
(LS) background predator habitat, “Refuge Sour&S) established predator habitat, crop
and matrix (unsuitable habitat). Predators aréitytonly present in LS or RS and colonise
the landscape from these habitats. The landscape twoidal structure so predators that
move from the map on one side reappear at the sifhenf the map. Predator dispersal is
described with a Laplace (negative exponentialhéePredators that arrive in the crop stay
there (i.e. sticky crop), predators arriving in@her habitats continue to move (for example
natural enemies that lay eggs/parasitise). No poedaortality or reproduction takes place.
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Scenarioslandscapes contain 39%, 10% or 4% LS, and 0.1%h&San be established
next to the crop or far awafig. 1). We further consider 3 types of predators: mofilean
dispersal distance approx 30 m), intermediate (ndespersal distance approx 20 m) and
poorly dispersing (mean dispersal distance appnmy. 7Thus, we have a 3 (39%, 10% or 4%

LS) x 2 (RS close and far) x 3 (mobile, intermeeliand poorly dispersing predator) factorial
design.
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Fig. 1. Landscapes with 3 levels of Landscape Sourckt(@oey), a crop (dark grey), Refuge
Source (black; far and close) and matrix (white).
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Results -Model

Establishing “Refuge Sources” (either near or fant crops) in high “Landscape Source”
landscapes has a negligible effect on the accuinnlaf predators in the crofig. 2A and

3A). This is true for mobile, intermediate and poatigpersing predators. The contribution of
predators from “Refuge Sources” gets swamped biatige numbers of predators colonising
the crop from the abundant “Landscape Source”.

In medium “Landscape Source” landscapes, estabgjstitefuge Source” (either near or far
from crops) has only a small effect on the accutiarieof mobile and intermediate dispersing
predators in the crop. However, for poorly dispeggiredators, “Refuge Source” near the
crop leads to faster crop colonization by predateos instance, it takes 380 time steps to
accumulate 20% of the predators in the crop whefu&e Source” is near and 506 time
steps when “Refuge Source” is f&id. 2B).

In low “Landscape Source” landscapes, establistiReguge Source” near or far from crops
does not lead to major differences in the accunwraif mobile predators in the cropig.
20C), even though “Refuge Source” delivers a substhp@rcentage of predators in the
landscapeKRig. 3C). For mobile predators in low “Landscape Soureegidscapes it doesn’t
matter so muclwhere“Refuge Source” is established, it mattdrst “Refuge Source” is
established. For poorly dispersing predators in‘loandscape Source” landscapes,
establishing “Refuge Source” near or far mattd for the accumulation of predators in
crops. For instance, it takes 14 time steps toraatate 20% of the predators in the crop
when “Refuge Source” is near and 479 time stepsaiwWwRefuge Source” is faiHg. 2C).
Thus, because the number of predators coloniziegtbp in low “Landscape Source”
treatment are fewer than in medium and high “LaagecSource” treatment (and the
proportion of predators coming from “Refuge Sourcefelatively high) the location of
“Refuge Source” relative to the crop becomes maygortant. This is most pronounced for
poorly (and intermediate) dispersing predators.
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From the results of this spatially explicit modaekovould predict that when there is a high landscap
source of beneficial insects the establishmennefom refuges has negligible impact on the
accumulation of beneficial insects in crops. WHearé is a low landscape source of beneficial
insects, however, the presence of on-farm refugesildramatic effect on the accumulation of
beneficial insects in crops. Under this scenarioges provide much faster colonisation and theeefor
earlier control of pests before they can reachreatbdensities. These results may be used to design
better refuges, when the landscape contributidseagficial insects in any given area has been
guantified. However, several assumptions are mgdheéomodel, and to test whether these
predictions are robust under natural conditions tecessary to evaluate these predictions
experimentally in the field. We therefore desigaauanipulative experiment to test the effect of
having refuges near a crop in the presence oflaigiscape sources of beneficial insects and low
landscape sources.

Material & Methods - Field Experiment — Linking model predictions withdld situations.

Trichogrammaare egg parasitoid wasps that target the eggpafdpterous pests such as
Helicoverpa armigeraMany experiments in the published literature repelatively slow rates of
spread of these wasps when released in agricutttops. For example: egg parasitism only 10% at
15m from release site (Buerbal 2011).

We chosélrichogrammawasps as the beneficial insect for use in our pdative experiment as: 1)
they are frequently used by growers in the Lockyaliey and elsewhere as part of IPM of
Helicoverpaspp., 2) the literature suggests that these waspisto disperse relatively slowly in crops
and 3) the model predicted that a larger effectld/be expected for beneficial insects with slower
rates of dispersal.

Field Trials were conducted at the University ofe®nsland and CSIRO field stations at Gatton, SE
Queensland, Australia. Two fallow, bare-soil fieldsre selected, separated by approximately 2km,
each field had been completely cleared of weeds pithe start of the field trials. Temperature an
weather data was collected from the Bureau of Metegy Gatton weather station (Lat -27.54, Long
152.34) situated approximately 1km from each &ite.each trial one field was designated “high
release” and one “low release” representing “hagidscape predator sources” and “low landscape
predator sources”, respectively, and these fielelewleared and alternated between trials. In each
field experimental plots were set up with a cemntetdase point, and six plots arranged in a circula
design around the central poifid. 4). The six plots were designed to simulate a fegld a refuge,
for each trial 3 of these refuges had parasitdebses, and three were controls with no released Wi
speed affects the dispersallofpretiosumwith dispersal reduced at higher wind speedsvand
direction also affects the pattern of dispersalRer and Boivin 2000). Our experimental design
controls for the effect of wind direction, as e&@atment is replicated in any one wind direction.
Further, the treatments were rotated by é#kh replicate to control for prevailing wind diien (see
example resul&ppendix 111 ).
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o o = Sticky trap
R =Release
H C =Control

Rgmm  LS-=Llandscape Source

Fig. 4. Experimental design for the field experiment, thésign was implemented in two fallow,
bare-soil fields, for each experiment one field wasignated High Landscape Source, and one Low
Landscape Source.

Sentinel egg cards and sticky traps were plac#teadite one week prior to the commencement of
each trial to assess background levelSrathogrammaabundance. For each trial 1,200 sweet corn
(Zea maysHybrid H5 (Pacific seeds, Australia) plants wgrewn to stage V6 (approx 45cm tall) in
pots, and transferred to the field site where tege arranged in containers treated with Fluon™, to
prevent ants from accessing the plants. Egg caeds prepared frorHelicoverpa armigerabtained
from a culture held at the Australian Cotton Resledmstitute, NarrabriTrichogrammawere

obtained from Bugs for Bugs (Australia), a commersupplier of biocontrol agents, and supplied as
release cards of approximately 1000 wasps. For edehse, emergence controls were set (2 per
field) these comprised a single release card placadage at the release point. Emerging wasps wer
removed daily to monitor emergence. These weredtor Ethanol and subsequently counted using a
scanner and ImageJ image analysis software (sak ireAppendix IV). For each trial a subset of
these wasps (200 per trial) were sexed to ensatelth sex ratio was similar across trials as the
relationship between the number of wasps releasédhe resulting level of parasitism would be
affected by strong sex biases. At each field teatpee loggers (HOBO) were placed with the
emergence controls to ensure that the temperattine selease sites did not diverge greatly form
ambient conditions. For each trial, corn plantsengaced in the field on day zero. On day one egg
cards were attached to the underside of corn ldavibe outer plots, 10 egg cards per plot (60 per
field). Transparent sticky traps covered with Tahgbt were placed as per figure 1 (63 sticky traps
per field). Trichogrammarelease cards were attached to corn plants icgthigal plot at

approximately noon. On day two and day three akgtiraps and egg cards were replaced at noon
and on day four they were collected and the fieldee cleared to remain fallow before the next trial

The egg cards retrieved from the field were phatphed to record the number of intact eggs returned
(following low levels of predation), they were thewaintained at 28 for four days and emergirtg;.
armigerawere removed twice daily to avoid the consumptibparasitised eggs. The egg cards were
then placed in emergence vials to alldiichogrammao emerge. After emergence the number of
parasitised eggs was scored, based on the chastactelackening of the egg chorion, and the number
of emergedirichogrammawas also recorded. Sticky traps were examinedrumdgcroscope and the
number ofTrichogrammarecorded for each trap.
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In trial one (12/04/2011-15/04/2011) 175,00@chogrammawere released in the high release field,
55,000 in the low release field, and 1,000 at exdi¢he release plots. These numbers were based on
an analysis of published studiesTnmichogrammadispersal in crops (Fournier & Boivin 1999 &
2000, Bueneet. al.2012, Stinneet. al.1974, Wrightet. al.2001) and the relatively low rates of
recapture recorded by these studies. In our &adls of parasitism were very high on day one ef th
experiment, so for subsequent trials we reduceduhngber ofTrichogrammareleased. In trial two
(19/04/2011 — 22/04/2011) and trial three (12/05420 15/05/2011) 5,000richogrammawere
released in the high release field, 1,000 in theriglease field, and 110 in the release plots Tiials
one and two each egg card held 8-L@Grmigeraeggs, for trial three, however, egg production was
low and egg cards were prepared with 6-8 eggsauek ¢

Results -Field Experiment
Weather data
Throughout the three experiments (T1 - T3) tempeeatwere within a similar range, although night

temperatures were lower for T3. Temperatures atelease points and the emergence controls were
consistent with ambient temperaturegy( 5).

— BOM
— Release Point

— Release Control
30.

Degrees Celsius

10

T1 T2 T3

Fig. 5. Temperature recorded at 30 minute intervals, téte@n the Bureau of Meteorology, and data
loggers (HOBO) placed at the “Landscape Sourc&asa point and next to the emergence control
cages.

The average wind speed was much higher on theviicstiays of T3, this allowed us to examine the
effect of elevated wind speed on beneficial inpeatement during this triaFg. 6).

39



Average daily wind speed (source: Bureau of Meterology)
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Fig. 6. Average daily wind speed across the three expetsne

Throughout the three trials the sex ratio of waspeased was close to 50:50d. 7), meaning that
the parasitism response variable was not affecteskéwed sex ratios in any of the releases.
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Fig. 7. The sex ratio was close to 50:50 across trialg) ¥1350, T2 n = 330, T3 n = 120.

Trial 1

175,000Trichogrammawere released in the high release field, 55,0@8drnow release field, and
1,000 at each of the release plots. Twently egdscaach holding 10 eggs were placed at each of the
six plots (3 release plots and 3 control plots) mepdaced daily, sticky traps were also replacely.da
Figure 8 shows results of the emergence controls (one eaeegcage per field).

Trial 1 Emergence control - one egg card (~1000 tricho)
placed in emergence cage and trichogramma removed daily

8001

|Mean per card = 964 (SE = 44)|
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Fig. 8. Trichogrammaemergence per day at the release point.
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Our treatment was mefig. 9), refuges withlrrichogrammareleases had a higher number of wasps
returned in sticky traps. The on-farm refuges hgdeater effect on parasitoid accumulation than
landscape sources; with low landscape releasesweassing the high landscape rele&sg (L0).
This higher accumulation of parasitoid wasps ti@esl directly into a higher parasitism of

Helicoverpaeggs Fig. 11).

T1 Cumulative Trichogramma in Refuge

-o- High LS Control

= High Landscape Release
-~ Low Landscape Control
= Low Landscape Release
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No. of Trichogramma

=

Fig. 9. Cumulative total number dfrichogrammaindividuals retrieved from the sticky traps in the
refuges (control or release) each day. The refagesvhere the release points were situated, this
graph shows that our treatment was achieved, irthieae were more wasps in the refuge release plots

than the controls.
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Fig. 10.Cumulative mean of each of the three plots (3»e&st, 3x control).
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T1 Cumulative number of parasitised eggs
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Fig. 11.Mean and SEM of the three plots for each treatment
Trial 2

5,000Trichogrammawere released in the high release field, 1,0G0erlow release field, and 110 in
the release plots. 20 egg cards, each holding §9wgre placed at each of the six plots (3 release
plots and 3 control plots) and replaced daily kstitaps were also replaced daily. Emergence from
the release points was more consistent acrosstio@ysor T1 Fig. 12).

Trial 2 Emergence control - one tricho release card (~1000 tricho)
placed in emergence cage and trichogramma removed daily

500-

|Mean per card = 862 (SE = 100)|

g

g

2004

No of Trichogramma

100+

Fig. 12. Trichogrammaemergence per day at the release point.

As the number ofrichogrammareleased in this trial was lower than for T1, tloenber caught in

sticky traps was much lower, and hence the eraurat the estimate of wasp accumulation in each of
the refuges and plots was highEigs. 13& 14). In this trial, Landscape had a higher effechtba-

farm refuges, although the difference was notstedilly significant Figs. 14& 15).
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T2 Cumulative Trichogramma in Refuge
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Fig. 13.Cumulative total number dfrichogrammaindividuals retrieved from the sticky traps in the
refuges (control or release) each day.
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Fig. 14.Mean and SEM ofrichogrammaretrieved from the plots (n = 3 for each treatmestipwn
in grey in the map.

(=]

43



T2 Cumulative number of parasitised eggs
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Fig. 15.Cumulative parasitised eggs returned from eac¢heoplots (n=3 per treatment).

Trial 3

In trial threeTrichogrammaemergence in the field release was lower thath®previous two trials
(Fig. 16), and had not reached peak emergence by the ahd tfal.

Trial 3 Emergence control - one trichogramma release card (~1000 tricho)
placed in emergence cage and trichogramma removed daily

250+
[Mean per card = 402 (SE = 48)]
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Fig. 16.Wasps returned from emergence controls during T3.

During trial 3 the higher wind speedsd. 6) reducedrrichogrammamovement to effectively
nothing, there was almost no activity on days arettavo Figs. 17,18% 19). On day 3 the wind was
calmer, and some activity was recorded, but therg® mo discernible pattern in the accumulation of
wasps, or the parasitism of eggs, as a resulteafatiuced activity in the previous two days.
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T3 Cumulative Trichogramma in Refuge
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Fig. 17.Cumulative total number dfrichogrammaindividuals retrieved from the sticky traps in the
refuges (control or release) each day.
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Fig. 18.Mean and SEM ofrichogrammaretrieved from the plots (n = 3 for each treatmestipwn
in grey in the map.
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T3 Cumulative number of parasitised eggs
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Fig. 19.Cumulative parasitised eggs returned from eacheoplots (n=3 per treatment).

Discussion
Field testing spatially explicit models

Our approach to the problem of beneficial pest mwasa into crops from on-farm refuges and
landscape sources has been to combine spatialigierpodelling with a field test of the predictisn

of the model. Mathematical models provide a mearexplore the relative contribution of multiple
factors to a process of interest. It also allowsgkeneralizations that can be extended more braadly
several vegetable systems across regions. In tisraction of simplified models various
assumptions are made, and a multitude of envirotah&actors that have not been incorporated into
the model may also affect the process of inteteist therefore critical that predictions made by a
model are tested so that the applicability of tredljztions to real-world situations can be evaldate
There are several possible approaches to modelgéstecology, including but not limited to: 1.
controlled laboratory experiments, 2. manipulafie& experiments, 3. large scale field studiextEa
approach has benefits and limitations; controléablatory experiments might yield better model
fitting, but exclude environmental factors that danot been explicitly incorporated into the model.
Manipulative field experiments match natural coiadis more closely, but the natural behaviour of
the organism used may be affected by the conditbtize experiment. Large scale field studies may
provide the closest fit to natural conditions, the practical considerations of maintaining relalyv
controlled conditions and monitoring insect movetriarsuch large scale studies make them
particularly difficult to implement for a questi@uch as this. We took the approach of a small scale
field-based manipulative experiment as the besfromise for this study, and the best chance of
extending results to many growers in many regi@wen at this scale, field tests of ecological medel
are logistically complex, but our research highiggtihe value of model testing to the application of
knowledge gained through modelling exercises ataggd below.

Role of on-farm refuges for beneficial recruitmentrops
The results of our manipulative field experimendstthat placing refuges near a crop has a positive

effect on the accumulation of beneficial insectiimia crop, and that this effect is more pronodnce
when the landscape contribution of beneficial itséclow. This finding fits with the prediction$ o
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the theoretical exploration of this issue in ouatsdly explicit model. This effect was, howeverpm
pronounced in our first trial (T1) where the numbébeneficial insects released was higher, and in
line with commercial release rates. In the secaall(fT2) the release rate was lower, and at these
beneficial insect densities the effect of landsaag@ribution was greater than that due to the
presence of refuges, although not statisticallgificant. In our third trial (T3) beneficial insect
dispersal was heavily repressed by the presenalkavie average wind speed, and this highlights the
importance of environmental factors that were motstdered in the theoretical model to beneficial
insect dispersal under field conditions.

Dispersal of Trichogramma wasps

In our trials, using plots of sweet-corn in fallé@ld matrix, Trichogrammawasps dispersed much
more rapidly and further than the published literatsuggests (Fournier and Boivin 1999 & 2000;
Buenoet al.2012; Stinneet al. 1974; Wrightet al.2001). In trial one and two the wasps had reached
the furthest point of our experimental plots (50oni the release point) on day one. This finding is
significant because the dispersalloichogrammawasps across fallow fields has received little
attention prior to this study. It also adds weighour findings, as our model shows that the effett

the refuge-landscape interaction will be weakdrigily dispersing predators, and wasps in this.case

Future research priorities

Our research highlights a knowledge gap in theed capacity of beneficial insects, and across
fallow fields. Whereas there is a large body @rhture orrichogrammadispersal in planted fields,
prior to our work nothing was published on thesmirsal capacity across open space. This is perhaps
understandable, as long range dispersal and harsthéeg are difficult to test under field conditgon
but it is critical to do so, because the resultabbratory experiments can be difficult to extriape

to insect behaviour in the field. Further, manydfemal insects are studied within the contextruit
efficacy within a crop. When the focus is to baibst recruitment of beneficial insects into a crop
from external sources, dispersal across open lapésas critical. Our model and results indicase th
the ability of a beneficial insect to disperse asropen landscapes has a strong effect on theinelev
of establishing on-farm refuges in comparison tintaéning landscape refuges. For many key insect
pests “major effect” of beneficial insects has bestablished. In order to prioritise the provisafn
refuges, and optimise their positioning, the dispkecapacities of these key beneficial insects faom
on-farm refuge into the crop of interest, and agim®en space warrants further investigation.

Additional research is required to evaluate the oflon-farm refuges for poorly dispersing benefici
insects; our model shows that the effect of on feefuges will be greater for beneficial insectshwit
low dispersal capacity. We have also showed ttagrithave a positive effect even for beneficial
insects with high dispersal capacity, but furtiesting of low-dispersing beneficial insects was
beyond the scope of this study. The key questimmarfrom this finding is; “If no on-farm refugse i
provided, how well are beneficial insects with |dispersal capacity recruited into the crop?”
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[1l. How many aphids can the striped ladybird beete and the red & blue
beetle eat?

CSIRO hosted a student intern from France Agrocanguest, Mr. Barthelemy Chenaux. As
part of his internship requirements he conductstlidy on two native predators that are
abundant in many vegetable cropping systems, tipedtladybird beetle and the red and blue
beetle. For copyright reasons, the full articlads included. The main finding is that two
common predators of vegetable pests consume 38Gaghids per day, respectively, and the
more aphids available the more they eat. This apasdbeen recorded to feed on over 200
host plants from Australia. These two predatorsgiap an important role in aphid
suppression in Australian agro-ecosystems andfsgalyi vegetables production systems.

The article titled ‘Functional response of two coamrAustralian predatorficranolaius
bellulus(Guerin-Meneville) (Coleoptera: Melyridae) akticraspis frenatg Erichson)
(Coleoptera: Coccinellidae), attackiAghis gossypiGlover (Hemiptera: Aphididae), can be
found in the Australian Journal of Entomology, 2030:453-459.

Australian journal of Entomology (201 1) 50, 453459

Functional response of two common Australian predators, Dicranolaius
bellulus (Guérin-Méneville) (Coleoptera: Melyridae) and Micraspis frenata

(Erichson) (Coleoptera: Coccinellidae), attacking Aphis gossypii Glover
(Hemiptera: Aphididae)

Barthelemy Chenaux,' Alejandro C Costamagna.® Felix J J A Bianchi® and Nancy A Schellhorn®

'Agrocampus Ouest, 35000 Rennes, France.
*CSIRO Ecosvstem Sciences, EcoSciences Precinet, PO Box 2583, Brishane, Qld 4001, Australia.
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TECHNOLOGY TRANSFER

Grower and Community Group Engagement

There were many different types of activities thgloout the project to engage and communicate the
concept of ‘Revegetation by Design’, ‘early predatoival’, ‘Ecosystem Services’ and integrating
native vegetation and habitat management with gmtol. First, Dr. Costamagna and a team of
eight worked with 19 growers and their familiesamsrthe Lockyer Valley, QLD. Second, Drs.
Costamagna and Schellhorn presented two talkoategrworkshops lead by David Carey DPI&F
held at Gatton on 6 May 2011, 27 March 2012. Altot85 people attended. The first year results
were to be presented in late 2010, but reschedluledo the flood. Quizzes were given at the end of
workshops to assess knowledge uptake. Third, Dsta@aagna sent letters to all grower collaborators,
Jan 2010, thanking them for their participation anoviding information about preliminary results.
Fourth, Dr. Schellhorn presented two talks at grow@rkshops on the Darling Downs, Dalby and
Brookstead, QLD, 28 July 2011. A total of 62 peagtiended. Although the majority of growers in
the area produce cotton and grain, some are vdgeagaiwers and the messages cut across industry.
This workshop was featured in the Rural weeklyd&yi19 August 2011. Fifth, at the International
Ecology Congress meetings (an international synuposield once every four years) in Brisbane in
August 2009, CSIRO show-cased the ‘RevegetatioDdsign’ project in a brochure, and Dr.
Schellhorn gave a presentation. Sixth, Dr. Scbetilgave two nationally invited talks, at the DEEDI
Science Review Highlights, and The University offQlSeventh, two international talks were given,
Dr. Schellhorn presented at CIRAD, Montpellier Frauifunded invitation), 3-4 Oct 2011, and Dr.
Costamagna (post-departure from CSIRO) presentedtaimological Society of America Reno, NV,
USA Nov 2011. Eight, two articles were publishegeer reviewed journals, ‘The risk of exotic and
native plants as hosts for four pest thrips (Thggtera: Thripinae) Bulletin of Entomological
Researcl2010, and ‘Functional response of two common Alisin predatorsDicranolaius bellulus
(Guerin-Meneville) (Coleoptera: Melyridae) akticraspis frenata Erichson) (Coleoptera:
Coccinellidae), attackingphis gossypiGlover (Hemiptera: Aphididae)Australian Journal of
Entomology2011. In addition, two additional manuscripts dvéieen drafted as evidenced by the
detail in the first two research reports that appaan this report. It is hoped that both of thase
submitted by mid-year. They have been delayed atieet early departure of Dr. Costamagna.
Finally, articles appeared Wegetables Australiday 2009, ‘Revegetation by Design: The Role of
Native Vegetation in Horticulture Systems’, Febyu2011, ‘Beetle Allies for Vegetable Growers'.
This last article also appeared in the internatiordustry publicatiorOutlooks on Pest Management
in February 2011. Two additional articles are imadepment, working with CSIRO communications,
to be circulated to HAL prior to submitting mid-ye2012.

After our presentations at workshops we discussddgrowers the options for creating on-farm
refuges for beneficials. Many growers were keemiad different options. However they all said that
they need to know which plants to select, wheledate the planting, how many metres apart and
how to manage the refuge to get the most out op#se control services, and other co-benefits such
as income from hay or in the case of environmepitaitings, income from carbon capture.
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RECOMMENDATIONS

The key recommendations to continue moving towardgration and adoption of ‘Revegetation by
Design’ and ‘Ecosystem Services’ concepts as ffamh ®PM strategy include recognizing that the
landscape context of a farm matters. Some fields4 in some landscapes are getting free pest
control services where natural enemies are respgriickly, colonizing the crop, and suppressing
the pests, while other landscapes are not. Easporese by predators leads to lower pest populations
Therefore, on-farm refuges to support beneficisgots are a critical component for better captfire o
pest control services. Recommendations to movertisran-farm management of beneficial insects

include:

1)

2)

3)

Trialling the best-bet on-farm beneficial-refugeiops for vegetable production systems
in the different regions. Early and continuous ptedaccess kept pest populations low.
These refuges would have to be managed and pasonships would need to be
understood. The on-farm trials would include: etfdeveloping a simple cost-benefit
analysis of the different planting options, incluglifarm constraints (space, current
production system), markets (demand for native t&iga seed, and hay), and seed or
seedling availability; b) next working with groweso are keen to plant on-farm trials in
different spacing arrangements; c) developing ‘&&mpeasures of effectiveness’ in a
monitoring program such as earliness of predatoredy number of days pest populations
stay below threshold, co-benefit payment of reflege Hay or seeds for native plant
industry). We have now shown that there are matipg for hosting beneficials, both
native plants and perennial forages. Further, we lceeated an extensive data base on
native plants (specific to three major vegetabtepction regions Lockyer Valley,
Fassifern Valley, Northern Adelaide Plains), angirtkraits including information such as
growth habit (eg. Low growing shrubby), flowerinme, attractiveness to beneficials,
risk score for pests of vegetable crops, and lonatihere to source seed and tubestock.
This information combined with results from our paesearch could be used to trial
refuge options and develop a decision support tool.

Developing a decision-support tool to assist greweth plant selection (both native and
agronomic), sourcing seed and tube stock, and imgaation. Growers frequently ask
what should they plant where to encourage benéifigacts. A decision support tool
may also include environmental plantings that livith carbon capture.

Investigating how the condition of native remnaagetation affects the pest load and
habitat for beneficial insects. Some remnants aoeatemostly native plants, while others
were overgrazed, or full of broad-leaf weeds kndéavharbour pests and disease of
vegetable crops. A project by a PhD student caatds on the link between native
remnant condition and production based ecosystevites.
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APPENDICES
Appendix I. Variables for landscape analysis, with informatfiiam sticky traps and area, that
correlated significantly with aphid suppression

Variables combining all crops:

1- Mean number of all predators combined / numbbar@as sampled with sticky traps at the 1 km
scale (combining all the crops in the landscape)

2- Proportion of the number of areas sampled tadtdtl predators (i.e. all predators > 0) at theé 25
meters scale

3- Mean area with mobile natural enemies x numbeatural enemies / number of areas sampled
with sticky traps at the 1 km scale (combiningtladl crops in the landscape)

4- Mean area with all predators x number of aldaters / number of areas sampled with sticky traps
at the 1 km scale (combining all the crops in tdredscape)

Variables calculated per crop:

5- Mean number of all predators combined / stickp in Lucerne at the 1 km scale

6- Mean number of spiders / sticky trap in Luceshéhe 1 km scale

7- Mean number of mobile Natural Enemies / stickptin Other Crops at the 1 km scale

8- Mean number of all predators combined / stickyp in Other Crops at the 1 km scale

9- Mean (Cucurbit area with all predators x nundifeall predators in Cucurbits / number of areas
sampled with sticky traps) at the 1 km scale

10- Mean (Other Crops area with mobile Natural Eeem number of mobile Natural Enemies in
Other Crops/ number of areas sampled with sticy<y at the 0.5 km scale

11- Mean (Other Crops area with all predators milper of all predators in Other Crops/ number of
areas sampled with sticky traps) at the 0.5 kmescal

12- Mean (Other Crops area with spiders x numbepifers in Other Crops/ number of areas
sampled with sticky traps) at the 0.5 km scale

13- Mean (Other Crops area with mobile Natural Eeem number of mobile Natural Enemies in
Other Crops/ number of areas sampled with sticy<y at the 250 m scale

14- Mean (Other Crops area with all predators miper of all predators in Other Crops/ number of
areas sampled with sticky traps) at the 250 m scale

15- Mean mean (Other Crops area with spiders x eumbspiders in Other Crops/ number of areas
sampled with sticky traps) at the 250 m scale

1- Mean (Cucurbit area with all predators x numifealll predators in Cucurbits / number of areas
sampled with sticky traps) at the 1.5 km scale

16- Mean (Cucurbit area with spiders x number ddexs in Cucurbits / number of areas sampled
with sticky traps) at the 1.5 km scale

17- Mean (Cucurbit area with all predators x nundfeall predators in Cucurbits / number of areas
sampled with sticky traps) at the 2.0 km scale

18- Mean (Cucurbit area with spiders x number ddexs in Cucurbits / number of areas sampled
with sticky traps) at the 2.0 km scale
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Appendix II. Full MLR models fitted combining all independgmedictors that correlate with aphid

suppression:

Variables combining all landscape covers:

model Scale variable Area in predictors
OO=EE+1+2 Mixed AP yes
OO=EE+3 1 km MP yes
OO=EE+4 1 km AP yes
Variables calculated per landscape cover:

model Scale variable Area in predictors
OO=EE+5+6 1 km AP no
OO=EE+3 1 km SPI no
OO=EE+7 1 km MP no
OO=EE+9+11 Mixed AP yes
OO=EE+9+14 Mixed AP yes
OO =EE + 10 0.5 km MP yes
OO=EE+11+16 Mixed AP yes
OO=EE+11+18 Mixed AP yes
OO=EE+12+17 Mixed SPI yes
OO=EE+12+19 Mixed SPI yes
OO =EE + 13 0.25 km MP yes
OO=EE+14+16 Mixed AP yes
OO=EE+14+18 Mixed AP yes
OO=EE+15+17 Mixed SPI yes
OO=EE+15+19 Mixed SPI yes

Combining mobile

redators and spiders

OO=EE+6+7 1 km SPI MP No
OO=EE+6+10 Mixed SPI MP yes
OO=EE+6+13 Mixed SPI MP yes
OO=EE+7+12+17 Mixed MP SPI SPI yes
OO=EE+7+15+ 17 Mixed MP SPI SPI yes
OO=EE+7+12+19 Mixed MP SPI SPI yes
OO=EE+7+15+19 Mixed MP SPI SPI yes
OO=EE+10+12+17 Mixed MP SPI SPI yes
OO=EE+10+15+17 Mixed MP SPI SPI yes
OO=EE+10+12+19 Mixed MP SPI SPI yes
OO=EE+10+15+19 Mixed MP SPI SPI yes

OO = continuos predation treatment
EE = predator exclusion treatment

AP = all predators
MP = mobile predators
SPI = spiders
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Appendix Il .

Number of wasps collected in sticky traps plottgdiast direction of the traps, combined with
windrose displaying the wind direction and strerfgtheach day. Gray represents wasp dispersal
pattern in high landscape, and black representddndscape. The experimental design allowed us to
confirm that wind is not a key driver in local fgiag and dispersal.

T1 Day 1 T1 Day 2

N - Treatment N - Treatment

NW - Control NE - Control NW - Control NE - Control

FAST WEST pST

SW - Treatment SE - Treatment SW - Treatment SE - Treatment

WIND SPEED
(m's)

S - Control e
B ss-111
Bl 5788
- 36-57

21- 36
T1 Day 3 T1 Total

Calms: 2.74%

N - Treatment N - Treatment

NW - Control NE - Control NW - Control NE - Control
WES ST WEB IAST
SW - Treatment SE - Treatment SW - Treatment SE - Treatment
H

S - Control
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Appendix IV

AutomaticTrichogrammacounting using a high resolution transmission seaand ImageJ software,
adaptive local threshold was used to identify wdsp® other particles (top, white bar = 1mm), this
allowed many thousands dfichogrammao be counted accurately by the software (below).
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