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Summary

Seed predation can cause significant losses of weeds in agricultural systems and
can, thus, contribute to weed control. Knowledge the identity and relative
contribution to weed control by various seed predatand on factors limiting seed
predation is currently lacking. This study aimedasting light on these aspects for the
specific case of winter cereal fields in semi-andrth-eastern Spain. This area is
traditionally managed without irrigation and witliage. However, an ever increasing
proportion of the arable land is being irrigated &ime remainder of the rain fed land is
managed without tillage. The impact of tillage aneyation on weed seed predators
and seed removal rates were, therefore, studieel.sfudy showed that in the rain-fed
area,Messor barbarudarvester ants are contributing substantially tedveontrol by
removing large quantities of weed seeds duringngpend summer. Tillage during
summer decreased predation rates and buried mtist efeed seeds located on the soill
surface, thus preventing further seed removaladdl also decreased the number of
harvester ant nests compared to no-till fields. &kgansion of the area that is managed
with minimum and no-till should result in high neaiweed control level over a large
area. In contrast, inundative irrigation completelyninated harvester ants, and led to
the almost complete loss of this ecosystem serAdthough carabid beetles and
rodents were present in the field edges, predataies in the field interior were
extremely low. Causes for the lack of seed predadi@ still unknown and should be
further investigated.

Densities of harvester ant nests varied enormadustyween fields; concomitant
weed seed predation rates are expected to varydaegly. Causes for this variability
could not be identified. Harvester ant nest dendity not correlate with the most
common soil characteristics, topographic varialsesrop and management practices,
with the exception of the number of years of nb-Harvester ant density was highest
after 11-12 years of no-till. Other than that, Boammendations could be formulated to
increase nest densities in those areas were thdgwr

Success of weed seed predation as an ecosysteioesalso depends on the
ability of predators to respond in a direct densigpendent way to increasing seed
densities. The density dependent response of gnanis rodents to seed patches with
varying density was investigated in winter cerdalds of north-eastern Germany.
Rodents responded in a direct density dependenttavaycreasing seed densities and

are, therefore, expected to effectively control dvgmtches. The density dependent
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response by harvester ants and granivorous rodendsreal fields in NE Spain are
currently being investigated.

It is feasible that harvester ants occasionallytrdgscrop seeds and cause crop
damage. Yield loss caused My barbaruswas, however, negligible (0.4 % of yield),
and was explained by nest density, nest size ambeuof years without tillage. Based
on these results, damage caused by harvester astsmare than offset by the benefits
with regard to weed control. However, occasionghhbr yield losses (max. 9.2%) were
recorded and the conditions leading to higher lsbeuld be investigated further.

This study exemplifies both the strength and vidbeity of an ecosystem
service. High weed seed predation by harvesteriartscurring naturally in rain-fed
cereals in north-eastern Spain and contributestauiisly to weed control. However,
this service can easily be lost as illustratedhgydabsence of seed predation in the flood
irrigated areas and the response of harvestet@mtscessive tillage. Existing densities
of harvester ant nests could be preserved by hithe level of soil disturbance. In
semi-arid regions, cereal production is marginalbgt effective due to limited water
availability and, therefore, preserving natural deentrol by harvester ants is needed

in order to preserve the sustainability of the eiyst
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Resum

La depredacio de llavors pot causar pérdues sigiifies de llavors de males herbes en
sistemes agricoles i, per tant, pot contribuir@itwl de les arvenses. Actualment, el
coneixement existent sobre la identitat i la cdéwirid relativa dels diferents
depredadors de llavors, i dels factors que limdgonesta depredacio és escas. Aquest
estudi té com a objectiu contribuir a augmentaeatjooneixement pel cas especific del
cereals d’hivern a les zones semi-arides del nsreégpanyol. Tradicionalment, aquesta
zona ha estat de seca i caracteritzada per ursitrielall del sol. Pero, amb el temps,
una superficie creixent d’aquesta zona ha anasfoanant-se al regadiu; i a la restant
zona de seca, la sembra directa ha anat creixestigsrficie. Per aquest motiu, es va
estudiar 'impacte d’aquestes dues transformaconis. depredacio de llavors de males
herbes. L'estudi ha mostrat que en les arees de & formigues recol-lectores de
I'espécie Messor barbarusestan contribuint d’'una manera substancial al robrite
males herbes al emportar-se grans quantitats derdlade males herbes durant els
mesos de primavera i estiu. El conreu del sol stilieva fer decréixer les taxes de
depredacio i va provocar I'enterrament de la majde les llavors que es trobaven a la
superficie del sol, impedint, d’aquesta manera,cdatinuacié de la depredacio.
Igualment, el conreu del sol també va fer dismitaidensitat de nius de formigues als
camps conreats en comparacio amb els camps deaelinkcta. L'expansio de l'area
en sembra directa hauria de donar lloc a unes ®reades de control natural de les
males herbes en una amplia zona. Per contra, elpeeginundacio va eliminar
completament les formigues recol-lectores i vaguarasi a la completa perdua d’aquest
servei de l'ecosistema. Encara que carabids iingt@ren presents als marges dels
cultius, les taxes de depredacié a l'interior delmps van ser extremadament baixes.
Les causes d’aquesta falta de depredacié encasdmaonegudes i haurien de ser
estudiades en el futur.

Les densitats de nius de formigues recol-lectorasev enormement entre
camps i, per tant, s’espera que les taxes de dmpéedariin en consequencia. Les
causes d'aquesta variabilitat no van poder settift=des. La densitat de nius d&
barbarusno es van poder correlacionar amb les caractpréstidel sol més comunes,
amb parametres topografics ni amb practiques deeigpaexcepte amb el nombre
d’anys des de I'adopcié de la sembra directa. lesitket de nius d&. barbarusva ser

maxima després de 11 — 12 anys de sembra direcpartAd’aixo, no es van poder
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formular recomanacions per incrementar les dessttatnius en aquelles zones en les
gue sbn baixes.

L’exit de la depredacio de llavors de males hedmas a servei de I'ecosistema
també depen de I'habilitat dels depredadors deorebp d’'una manera directament
denso-dependent a densitats creixents de llavarsegposta a diferents densitats de
llavors per part de ratolins granivors va ser itigaga en camps de blat del nord-est
d’Alemanya. Els ratolins van respondre a densita¢sxents de llavors d’'una forma
directament denso-dependent i per tant, S’espegapgguin ser capacos de controlar
d’'una manera efectiva els rodals de males herlessrdspostes a densitats creixents de
llavors per part de ratolins i formigues recol-dees en les condicions del nord-est de
I'estat espanyol estan essent investigades actoalme

Es possible que les formigues recol-lectores puguiasionalment, destruir
llavors de cultiu. Tanmateix, les perdues de reedincausades p#t. barbarusvan ser
negligibles en la majoria dels casos (0.4% delireadt) i poden ser explicades per la
densitat de nius, la mida d’aquests i el nombrenyague el camp porta en sembra
directa. Ocasionalment, es van registrar perdueseddiment meés altes (9.2% del
rendiment). Les causes d’aquestes pérdues haredestsidiades en detall en el futur.

Aquest estudi exemplifica la fortalesa 1 la vulieitat d’'un servei del
ecosistema. A les zones de seca del nord-est edpagstan donant, d’'una forma
natural, altes taxes altes de depredacio de lladermales herbes que contribueixen
substancialment al control d’aquestes herbes. Taammaquest servei es pot perdre
facilment tal com il-lustren I'abséncia de deprédate llavors en les arees regades a
manta i la resposta de les formigues recol-lectares excessiu treball del sol. Les
densitats de nius de formigues recol-lectores entistpodrien ser preservades limitant
el nivell de pertorbacié del sol. En regions sendes, on la produccio de cereals és
marginalment rendible degut a I'escassetat d’aigupreservacioé del control natural de
les males herbes dut a terme per les formigues: frectores és necessaria per preservar

la sostenibilitat del sistema.
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Resumen

La depredacion de semillas puede causar pérdidadicitivas de semillas de malas
hierbas en sistemas agricolas y, por lo tanto, eueshtribuir al control de dichas
hierbas. Actualmente, el conocimiento existentacacee la identidad y contribucion
relativa de los depredadores de semillas, y déaltsres que limitan esta depredacion
es escaso. Este estudio tiene como objetivo cantgkncrementar dicho conocimiento
para el caso especifico de los cereales de inviemnlas zonas semi-aridas del noreste
espafol. Tradicionalmente, esta zona ha sido dmeeg caracterizada por un intenso
laboreo del suelo. Sin embargo, la superficie dad® ha ido incrementandose en la
zonay, en la zona de secano restante, la sienmecadtambién ha ido en aumento. Por
este motivo, se estudié el impacto de estas dasftnanaciones en la depredacion de
semillas de malas hierbas. El estudio ha mostrady gn las zonas de secano, las
hormigas granivoras de la espellessor barbaruestan contribuyendo de una forma
sustancial al control de malas hierbas, al llevaysades cantidades de semillas de
malas hierbas durante los meses de primavera moeE laboreo del suelo en verano
redujo las tasas de depredacion de semillas y péogbenterramiento de la mayoria de
las semillas presentes en la superficie del suelgue impidié, en gran medida, la
continuacion de la depredacion. De la misma forelalaboreo del suelo también
disminuyo la densidad de nidos de hormigas endopos cultivados en comparacion
con los campos de siembra directa. La expansioardalen siembra directa deberia dar
lugar a tasas elevadas de control natural de nfakrbas en una amplia zona.
Contrariamente, el riego por inundacién eliminé pempleto a las hormigas granivoras
y llevo a la casi completa desaparicion de esteicserdel ecosistema. Aun cuando
carabidos y pequeiios roedores estaban presentes srargenes de los cultivos, las
tasas de depredacion en el interior de los campa®ri extremadamente bajas. Las
causas de esta falta de depredacién son aun destasy deberian ser estudiadas en el
futuro.

Las densidades de nidos de hormigas granivorasnvamormemente entre
campos Yy, por lo tanto, se espera que las tasadepie®dacion también varien en
consecuencia. Las causas de dicha variabilidad utheqmn ser identificadas. Las
densidades de nidos tie barbarusno se pudieron correlacionar con las caracteastic
del suelo mas comunes, con parametros topograiioosn las practicas de manejo del
cultivo, exceptuando en numero de afios desde lpcamode la siembra directa. Las

densidades de nidos t& barbarusfueron maximas después de 11-12 afios de siembra
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directa. A parte de esto, no se pudieron formwaomendaciones para incrementar las
densidades de nidos en aquellas zonas en las qlass.

El éxito de la depredacion de semillas de malasb&ge como servicio del
ecosistema depende también de la habilidad decl@®edadores para responder de una
forma directamente denso-dependiente a densidagigsrtes de semillas. La respuesta
a diferentes densidades de semillas por parteatores granivoros fue investigada en
campos de trigo del noreste de Alemania. Los redoespondieron a densidades
crecientes de semillas de una forma directamemsodéependiente, por lo que se
espera que puedan ser capaces de controlar demama éfectiva, los rodales de malas
hierbas. Las respuestas a densidades crecientesnutas por parte de roedores y
hormigas granivoras en condiciones del norestefiespatan siendo investigadas en la
actualidad.

Es posible que las hormigas granivoras puedan,icoedsiente, destruir
semillas de cultivo. Sin embargo, las pérdidasedelimiento causadas plk. barbarus
fueron insignificantes en la mayoria de casos (0d&rendimiento) y pueden ser
explicadas por la densidad de nidos, su tamaficnyrakro de afios de siembra directa
del campo. Ocasionalmente, se registraron pérdidasndimiento mas elevadas (9.2%
del rendimiento). Las causas de estas pérdidas deveestudiadas en mas detalle en el
futuro.

Este estudio ejemplifica la fortaleza y la vulndidad de un servicio del
ecosistema. En las zonas de secano del noresfioéspastan dando, de forma natural,
altas tasas de depredacién de semillas de malasasjeque estan contribuyendo
sustancialmente al control de las malas hierbas. eBibargo, este servicio puede
perderse facilmente tal como muestran la ausereidegredacion de semillas en las
areas regadas a manta y la respuesta de las hergrayaivoras a un excesivo laboreo
del suelo. Las densidades de nidos de hormigaseptes podrian ser preservadas
limitando el grado de perturbacion del suelo. Egiomes semi-aridas, donde la
produccion de cereales es marginalmente rentalidelalea la escasez de agua, el
mantenimiento del control natural de las malasblaierpor parte de las hormigas

granivoras se hace necesario para preservar engnbtlad del sistema.
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General introduction

General introduction

BACKGROUND

Seed bank studies have shown that 70 to 99 % oifvdesl seeds produced in
arable fields do not emerge as seedlings nor cay lik recovered from the soil bank
the next season (Cardina and Norquay, 1997; Gdrewd Bodendoérfer, 1998). Seed
predation seems to be responsible for the largeérgbahese losses (Westermanal,
2003; Daviset al, in prep.) and can, therefore, contribute substéynto weed control.
Combined with other non-chemical control tactieed predation could reduce reliance
on herbicides (Liebman and Davis, 2000; Westermiaal, 2005) and, thus, reduce
environmental and monetary costs. Particularly &asmin arid and semi-arid areas
would benefit from cost reductions, because hereatgroduction is marginally cost
effective due to limited water availability (Austiet al, 1998). Using weed seed
predation for weed control requires gaining knowkedbout the main seed predators,
how they find and exploit weed seeds and whichofactenhance or limit seed
predation.

In semi-arid north-eastern Spain (Lleida, Catalpnibe identity of the main
seed predators is unknown, although harvesteramutgranivorous rodents are likely to
be among them (Diaz, 1992a, b, Spaffetdal, 2006). It is also unknown if they
contribute to weed control and, if so, how much] amether seed predation is limited
by crop and soil management factors; these fadoutd be used to manage natural
weed control by seed predation. Currently, arabdelyction in the area is undergoing
two major changes. First, the area that is irridatél soon increase from 143000 ha
(41% of the agricultural land) to 228000 ha (65%tlod agricultural land) due to an
expansion of the irrigation channel network. Setgnith the remaining rain-fed area
the use of minimum and no-till is increasingly lzeimccepted and adopted. Given the
enormous scale at which these changes occur, woishwhile to investigate the
consequences in terms of natural weed control g peedators.

Tillage and irrigation may affect harvester antgl aggranivorous rodents in
different ways because of differences in biologg &oraging behaviour. Harvester ants
may be particularly vulnerable to tillage becauke tocation of colonies of many
species of harvester ants is permanent and nestaraty relocated during the live span
of a colony (up to 15-20 years). Any tillage openatis likely to partially destroy nest

structure and decrease seed predation rates. Lesaton rates byessor capitatus
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Chapter 1

Latr. harvester ants in croplands of central Spmaay have been caused by periodical
mouldboard ploughing, which disrupted the soil ¢inee and destroyed ant nests (Diaz,
1991). Irrigation is likely to limit survival chaes of harvester ant colonies and
decrease ant densities. High soil moisture comesy increase the susceptibility to
fungal diseases and the germination of stored seddsh are no longer available as a
food source to the ants. In the case of inundatigation, colonies will be temporarily
flooded and may drown.

Granivorous rodents are more mobile than harvestés and may be able to
seek out suitable habitats when unfavourable camdit such as tillage, occur.
However, tillage can still affect seed predationrbgents by influencing canopy cover,
which conceals rodents from predators (Tetval, 2000). In rain-fed areas, water
scarcity allows only one crop per year and fields keft bare most of the time.
Protection from predators can only come from cregidues and substrate unevenness,
like crevices, holes or soil clods (Mandel& al, 2003). Tillage decreases the
availability of crop residues and substrate uneesanBrust and House, 1988; Diaz,
1992 a), which could result in lower seed predatates (Mittelbach and Gross, 1984;
Tew and Macdonald, 1993; Crometr al, 1999; Gallandet al, 2005). In contrast, in
minimum and no-till systems, where stubble is notidtl and some residue cover is
maintained, rodents have some protection from poeslaand seed predation rates may
be higher than in conventionally tilled fields (Boanet al, 2009; Brust and House,
1988). The effect of irrigation on seed removagesaby rodents is unknown. Rodents
should not directly be affected by inundative iatign, because some of them may be
able to relocate their burrow systems to non-flabageeas, such as field edges.
However, irrigation allows continuous cropping thgbout the year, causing canopy
cover to be available during most of the time. Ef@ne, predation rates by rodents are
expected to be higher than in the rain-fed area.

Besides tillage and irrigation, other managemenatctmes and environmental
factors may influence seed predator densitieseBafices in densities of seed predators
within and between fields may result in spatialiaaitity in seed predation rates at the
level of fields or landscape. Identifying the mdactors influencing differences in
harvester ant density within and between fields @eatifying management practices
that could lead to higher nest densities couldes@w a basis for recommendations to
farmers who would like to conserve and maximizeurstweed control. Nests of

harvester ants are linked to a specific locatioth @vuld, therefore, be more vulnerable
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General introduction

to local management and the local environment tie@nmore mobile rodents. For
example, soil characteristics, such as moisturetecdn texture or aggregates
distribution, or topographic parameters, such alsl faltitude and slope, may determine
harvester ant establishment success or survivdlirerefore, nest density.

Seed predation rates can also vary at the witkld-fscale (Spafforcet al,
2006). Weed seeds in crop fields often occur ichped, either around weed patches or
distributed along a track created by tillage andvésting machinery (Blanco-Morersd
al., 2005; Heijtinget al, 2009). High density weed patches are usuallyftlcas of
weed control tactics, because here crop yield istraffected. If predators respond in a
direct density-dependent manner to seed densiti=ed patches would suffer
disproportional seed losses, resulting in the geheélimination of weed patches. The
impact on weed population dynamics would be latijan when predators respond in a
density-independent or inversely density-dependeay. Density dependence was
studied in winter cereal fields of Rostock (Mecllarg-Vorpommern, Germany). In
this area, the main seed predators are carabitebestd granivorous mice (Daedl@iv
al., 2007). Only the response of granivorous rodeotpdtches with different seed
densities was studied.

Enhancing or preserving high densities of harvestés and granivorous rodents
within cereal fields for weed control can raise @ems with regard to potential damage
to cereal seeds. Granivorous mice have been reptoteause crop damage in the
tropics and in Australia (Browat al, 2003 and references therein), but they have been
seldom associated with crop damage in Europe othN@merica (Clark and Young,
1986). Some ant species, such as the fireSatenopsis invictBuren, can damage
crops, such as potatoes, maize and sorghum inritiedJStates and Asia (Adaresal,
1988; Dree<t al, 1991). Furthermore, there is anecdotal evidehat harvester ants
can cause Yyield losses in cereals in NE Spain, henvéhis has not been investigated
yet. Therefore, this study also addresses thesseous

OBJECTIVES OF THE THESIS

The main objectives of this thesis were:

1. Determine whether seed predation occurs in sermivariter cereal fields.

2. Determine the main seed predators and their relawtribution to seed predation.

3. Understand if and how tillage and irrigation affseed predators and seed predation

rates.
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4. Identify crop management and environmental factbat influence harvester ant
density in rain-fed cereals.

5. Determine the type of density dependent respongdifferences in seed density
within fields.

6. Estimate yield losses caused by harvester antanrfed cereals.

METHODOLOGY AND OUTLINE OF THE THESIS

To answer Objectives 1 — 3, observational reseasshconducted in nine cereal
fields near Lleida (Spain). Predation rates byehsdte and invertebrate seed predators
were assessed using seeds in Petri dishes asdestdiions. Seed predation per two
days was measured once a month during a periocbofelrs. Three of the nine fields
were located in an irrigated area and the remaisixgn a rain-fed area nearby. Fields
in the dryland area were paired such that one @ftWto was managed without tillage
and the other with tillage. Results of this study eeported and discussed in Chapters 2
and 3.

To meet Objective 4, harvester ants nest denséfter crop harvest were
assessed in 40 commercial winter cereal fieldsrataded to edaphic and topographic
parameters, and crop management practices usingsstgn analyses (Chapter 4). Soil
samples and topographic measures were taken fhraddbe fields. Sampling data was
supplemented by a survey among farmers, which geaviinformation on the field
management, such as the kind of fertilizers aralstnanagement used.

The density dependent response (Objective 5) ohigseous rodents was
investigated in four winter cereal fields near Rokt (Germany). Large weed seed
patches (15 m x15 m) were created artificially pplging four weed seed densities to
the plots and determining the number of seeds enstil surface before and after
exposure to the rodents (Chapter 5).

Damage caused by harvester ants (Objective 6) wasdain the same 40
commercial cereal fields used for studying Objextdyv Fields were visited a week prior
to crop harvest and the area damaged by ants,aseenid of crop (damage at sowing)
or crop void of spikes (damage at harvest), wassored around 10 randomly selected
nests in each field (Chapter 6).

In Chapter 7 results from the preceding chaptees iategrated and jointly

discussed, leading to the main conclusions.
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Effects of tillage and irrigation in cereal fieldson weed seed removal by seed
predators

Baraibar, B., Westerman, P.R., Carrion, E., Recaskn

Dept. Hortofructicultura, Botanica i JardineriacBi Técnica Superior d'Enginyeria Agraria, Unitats
de Lleida, Av. Alcalde Rovira Roure 191, 25198 Hki Spain. baraibar@hbj.udl.es

Abstract

1. Agricultural intensification can cause a huge iase in productivity. However, associated
costs in terms of reduced, self-regulation andeased reliance on external inputs for the
control of pests, diseases and weeds are seldaen fako account or acknowledged. A pro-
active approach in which ecosystems services arendented and potential effects of changes

in agricultural practices evaluated may lead toavinformed decisions prior to implementation.

2. We investigated the effects of management of cqueaduction in a semi-arid region on
weed seed mortality caused by predators. Seedslbsse a greater impact on weed population
size than any other life cycle process and shdwdefore be of significance for natural weed
control. We hypothesized that the conversion fram-fed to irrigated production should lead

to reduced and the adoption of no-till techniquestreased seed predation.

3. Seed removal and seed predator populations weréareshin irrigated K= 3) and rain-fed
cereal fields K= 6) and field margins. Of the dryland fields haths conventionally tilled and
the other half no-till. Seed removal (§ §-days’) was followed from April 2007 until June
2008, using Petri-dishes and exclosure cages. Biqms of harvester ants were estimated by

direct nest counts; rodent populations by Sherrivantiaps.
4. Seed removal in dryland cereals, mainly by harvest¢ésMessor barbarusvas high from
mid April to mid October, and should cause a stroaegd suppressive effect. Seed removal in

irrigated cereals, mainly by granivorous rodevitss spretuswas low.

5. Seed removal was higher in no-till than in convaemai fields and corresponded to

differences in harvester ant nest densities.
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6. Synthesis and applications

Our results show that tillage and irrigation ineeng-arid cereal production system results in a
reduction and total annihilation of granivorous Veeter ants, respectively. The concurrent
decline in weed seed mortality could lead to inseel herbicide use and dependency. In
particular, in areas where economic margins ardl gmge environmental costs of tillage and
irrigation high, the increased costs of chemicakdveontrol may exceed the benefits. Here,
preserving biodiversity to enhance natural weedrobiis a viable alternative to agricultural

intensification.

Key-words: weed seed predation, soil management, irrigati@mydster ants, granivorous

rodents, habitat management, functional diversity
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1. Introduction

Seventy to 99 % of the weed seeds produced ineafeghdls do not emerge as seedlings
nor can they be recovered from the soil bank thdé season (Cardina and Norquay,
1997; Gerowitt and Bodendorfer, 1998). Seed predaieems to be responsible for the
larger part of these losses (Westermein al, 2003a) and therefore contributes
substantially to weed control. When combined witlheo (non-chemical) control
tactics, seed predation may foster reductions rbhitide use (Westermaet al, 2005)
and thus cut environmental and monetary costs.

Much of the above-mentioned research was donampeeate climates. Little is
known about weed seed losses due to predatioreisemi-arid regions, or how these
losses are influenced by factors related to crappystem or production intensity. Crop
management practices in semi-arid cereal productiomorth-eastern Spain are
changing in two important ways. First, the ared tharrigated will soon double due to
an expansion of the irrigation channel network.ddety, there is an increasing rate of
adoption of minimum and no-till in the remainingnried dryland. Both changes may
affect natural weed control by seed predators. gifmary goal of this study was to
estimate seed removal by predators in cerealsmedaiuate the potential consequences
of changes in crop management on natural weedatoBted removal by predators was
followed over time in irrigated and dryland ceread§ which half was conventionally
tilled and the other half was managed withoutgéigno-till).

The two main groups of seed predators in Spainehatmarvester antslessor
spp. and granivorous rodentdus spretud.ataste andhpodemus sylvaticus. (Diaz,
1992 a,b), differ considerably in habitat requiratseand in activity patterns, and it is
therefore likely that they will respond differently the pending changes in cereal crop
management. Irrigation, in particular inundationll &ffect survival chances of both
harvester ants and rodents as nests, burrow systethgnderground storage chambers
are periodically flooded. In dryland areas, howewater shortage during summer may
limit rodent numbers and activity. Tillage, in pamiar mouldboard ploughing, can
damage the nests of harvester ants (Diaz, 1991)trendburrow systems of rodents
(Loman, 1991), and redistribute weed seeds staresuperficial chambers. Harvester
ant activity is limited to the April- November ped due to temperature constraints
(Cerda and Retana, 1994); peak activity is in Maynid-June, which coincides with
the period of weed seed shed. Rodents are acliweal round, but peak activity in

cereals occurs in spring (Watsen al, 2003; Westermaret al, 2003a). A second

27



Chapter 2

objective was to determine if and how tillage amgyation influence the activity of the
predators by determining the relative importancgestebrates and invertebrate in seed
removal using appropriate exclosures.

During disturbances, such as tillage, irrigationharvest, non-crop areas can
provide refuges to seed predators. Seed predayioodents is closely related to canopy
cover (Diaz, 1992a; Heggenstallet al, 2006). Rodents resort to vegetated field
margins to avoid disturbances and bare soil (Tsdtkst al, 2001) or use field margins
as a permanent habitat while foraging in crop Selsleed removal will thus vary within
fields and is expected to be higher near vegetagtd margins than farther away.
Similarly, harvester ant densities and their sesmstésting activities have been reported
to be higher outside crop fields (Diaz, 1991, 199Mowever, harvester ants prefer
open and dry habitats (Azcarate and Peco, 2003yhvdre more abundant in the field
than outside the field. It is therefore uncleaanti how much harvester ants will benefit
from refuges in field margins. The third and fioajective of this study was to evaluate
the importance of field margin vegetation as refufpe seed predators by analysing the
spatial variability in seed removal and by comparpredator densities between field

margin and interior.

2. Methods
Trials were conducted in commercial barldgrdeum vulgare.. and wheatfTriticum
aestivumL. fields in Vilanova de Bellpuig (Lleida), in thHebro-Segre valley in north-
eastern Spain. Average annual temperature is X3-(@971-2000; Agencia Espafiola
de Meteorologia, 2008), and average annual rairgF&d69 mm, concentrated in spring
and autumn. Summers are hot (average max. 33° Cyvarters mild (average min. O
°C). The year 2007 was average regarding tempesataund rainfall, but 2008 was not;
it was characterized by an extremely dry winte&Dmm; December 2007—-February
2008), compared to the 29-year average (1961-19900-80 mm, followed by
unusually high rainfall in spring, (200—250 mm; Ma+ May 2008), compared to the
29-year average of 100-140 mm (Servei Meteorolatgc Catalunya, 2008). This
resulted in poor crop establishment, little or nikage, stunted crop growth and
abundant summer weed growth.

An irrigation channel runs through the area, primgdrrigation to fields to the
west of the channel. In the eastern dryland aheaaverage field sizes are 20 ha and the

main crops are barley, oliv@lea europaed.. and almondPrunus amygdalus The
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irrigated fields are about 4-5 ha and the main <raqe alfalfaMedicago satival.,
maizeZea mayd.., and orchards [peach&unus persicaL.) Batsch, apple®yrus
communid.. and peardlalus domestic8orkh.]. Three irrigated and six rain-fed barley
or wheat fields were used in both 2007 and 200®g8ding Information, Table S1).
Different fields were used in the 2 years, exdepine pair of dryland fields (nos 1A
and 1B), which was used in both years. In 2007|elpain the irrigated area was
followed by a late sunflowdrelianthus annuu&. crop, sown between 1 and 11 July
2007 and harvested in late October. Between Juth@®atober, dryland fields were left
fallow.

In the dryland area, three pairs of adjacent fieldse chosen such that one was
no-till (A) and the other conventionally tilled (82007, 1A and B, 2A and B, 3A and
B; 2008, 1A and B, 7A and B, 8A and B; Supportinffoimation, Table S1).
Conventional tillage included one tillage operatsmon after harvest (cultivator, 15-20
cm working depth) and another either in late sumorem October—November just
before sowing. All fields were planted to barleybioth years, using direct drilling. The
most abundant weed species in May 2007 wWapaver rhoead.., Lolium rigidum
Gaudin andFilago pyramidatal. (5, 4 and 1 plants ) respectively) in the
conventional fields, anéierniaria hirsutal., L. rigidum and P. rhoeas(15, 9 and 7
plants n?, respectively) in the no-till fields.

In 2007, all fields in the irrigated area (fieldsnd, 5 and 6) were planted to
barley. No irrigation was required, but the sun#overop received between 120 and
180 L m?, depending on the field, on two or three irrigatiates (15 July, 15 August
and 6 September 2007). In 2008, fields were platdedaheat (field nos 9 and 10) or
barley (field no. 11). All fields received 120 L™wdivided over two irrigation dates
(field no. 9, 3 April, 10 May; field no. 10, 3 Apri6 May; field no. 11, 27 March, 7
May). The most abundant weed species weyaodon dactylor(L.) Pers.,Capsella
bursa-pastoris(L.) Medic. andPoa annuaL. (60, 44 and 9 plants f respectively).
The survey was based on field nos 4 and 6 condurctgidy 2007.

Herbicides were used in all fields, except fieldsr@A and 3A (Supporting
Information, Table S1). In sunflower, herbicides fframs of active ingredients (a.i.)
per hectare] were applied in July (1500 g a.i*tidyphosate + 400 g a.i. haVICPA)
and August (1200 g a.i. Ha@clonifen).
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2.1. Experimental design

Seed predation was measured as the percentageess@ehl from Petri dishes in 24-25
locations (stations) per field over a 2-day perigthtions were arranged 10 m apart, on
a regular grid of 3 rows x 8 columns (field no235, 8), 4 rows x 6 columns (field nos
6, 9 and 11), or 5 rows x 5 columns (field nos 1,72and 10), depending on the
dimensions of the field, such that stations wereadt 10 m from the field edge. Where
the grid was located close to vegetated field nmar@ll0 m) additional stations were
placed in the margins parallel to the grid. In dngland area, pairs of no-till and
conventional fields shared a common field margktegpt field nos 2A and 2B, which
were separated by a road. In the irrigated areditiadal stations were placed along two
field margins in field nos 5 and 6, and along ayk&rfield margin in the other fields (nos
4, 9, 10, and 11). In the dryland fields, marginssisted typically a 50-cm strip or a
small stony fence with a sparse vegetatibnr{gidum, Avena sterilisL., P. rhoeas
Fumaria officinalisL.) and an occasional olive or almond tree. In itngated fields,
margins were typically wider (1 m), elevated anadha lush and more diverse
vegetation frequently with treeduglans regid..), shrubs Rubus ulmifoliusSchott) or
reed Phragmites commun{€av.) Trinex Steudel]. Species common to all Belekere;
Galium aparinel., Elytrigia rependqL.) Desv.,Convolvulus arvensis. andEquisetum
RamosissimurDestf.

Each station harboured two 9-cm diameter Petriedisicontaining the seeds,
designed to estimate either vertebrate or inveatelseed removal (treatment), modified
after Diaz (1992a,b). The vertebrates dish waseplat a 14 cm diameter dish on top of
a 20 cm high plastic tube, which was coated withoril (Polytetrafluoroethylene,
BioQuip Products Inc., Rancho Dominguez, CA, USAptevent insects from climbing
up. The bottom of the tube was pushed into the $o# invertebrate dish had four 1-5
cm wide openings in the sides to facilitate ingattance, and was covered with a 1 cm
mesh plastic or metal cage (I0 cm x 11 cm x 3 cmal) Eailed to the soil. During each
exposure, dishes started with 2 g of non-treatdaim multiflorumLam. (3-95 + 0-033
mg seed) and 2 g ofVicia villosa Roth seeds (31-3 + 0-239 mg séedSemillas
Batlle, Bell-lloc, Spain). We intended to use seeflsne prevalent monocotyledon and
dicotyledon weed species, but given the quantiiesded (> 20 kg), our choice was
limited to commercially available seeds.multiflorumwas chosen as a substitutd_to
rigidum (209 + 0-02 mg seed), although seed weight was half that.ofmultiflorum

V. villosawas thought representative of round-seeded diaiyleveed species, such as
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V. peregrineL., V. sepiumL., Galium aparineL., or Convolvulus arvensit. After
exposure, the remaining seeds were retrieved andhee In cases where seeds
became wet due to rainfall or dew, they were dfogcat least 4 h at 40 ° C. Estimates
based on seed weight were expected to yield simekults as estimates based on seed
number, because (i) harvester ants remove enta@sséii) rodents usually only leave
chaff and seed coats behind; and (iii) partial ssmtsumption caused by carabids and
other invertebrates was negligible, because inbeates other than ants were rare or
their role in predation was marginal (see Resuggmpling occurred once per month
between April 2007 and June 2008, but was inteediftom October—December 2007
to facilitate winter cereal planting (seed bed pragion, sowing and herbicide
application) and in May 2008, when excessive rdlinfaevented meaningful
observations. Dishes were removed and re-installi¢icin a 3- to 4-week period to
accommodate harvest, tillage, herbicide applicatiand irrigation. Because sunflower
crop establishment in field no. 6 was very poor seglilts no longer comparable to the
other fields, this field was abandoned prematuf®8/August 2007).

We assumed that seeds that were removed from steediwere actually
consumed, or stored and consumed later; once ihsideester ant nests, seeds have a
low survival probability (Levey and Byrne, 1993).eNebrate dishes frequently
contained damaged seeds, piles of husks, and roffextes, characteristic of
consumption by small rodents. Trials conductedrduhieavy rain or strong wind were
discarded and repeated under more favourable weatimglitions. Control dishes, to
asses the amount of seeds lost due to wind, rairhaadling, would require the
exclusion of ants, which is possible only by usarg extremely fine mesh exclusion
cage. However, fine mesh cages would obstruct aach wind, leading to a potential
underestimation of background seed losses. Contrerle therefore deemed useless and

not included.

2.2. Seed predator identity

Rodents were sampled using Sherman live trapsjreediebrates were sampled using
pitfall traps. However, insect catches were notessed. In the dryland fields, carabid
beetle nhumbers were negligible and harvester amt® whe main invertebrate seed
predator. Pitfall traps are unsuitable to estinfeevester ant densities, because these
ants forage in columns, which may or may not cegstfall trap, resulting in either

extremely high numbers or zero animals per trap.tiéeefore changed the sampling
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strategy to counting harvester ant nests complesdeby a qualitative estimation of
nest size (see below). In the irrigated fields,abat beetles, mainlyHarpalus (syn:
Pseudoophonggufipes (Degeer), were the most abundant granivorous ielbeates.
However, seed removal by invertebrates was nedgig{eee Results). No further
reference will be made to the pitfall traps.

Sherman traps were set up in fields (and field majgat each of the stations
used for seed removal (minimum of 24 traps pedJieTraps were baited with dough
(wheat flour, oats, peanut butter, water and @Wnthetic cotton-wool was added as
nesting material. Trapping was done around new nvdogn the movement of rodents
was least impaired by moonlight (Diaz, 1992a; Rtegensen and Honess, 1995). Three
to 4-day trapping sessions were conducted in 20@fe periods 27 May—1 June and 5—
11 August (dryland fields) and 11-14 June and 5Addust (irrigated fields). Cereal
crops had not been harvested at the time of the fnapping session, but had been
harvested at the time of the August session. Sweflavas present during the August
session in the irrigated fields. The percentageodint recaptures always exceeded
50% after 3—-4 nights. Rodents were identified, Wwedy sexed, ear-tagged, and
released. Rodent captures were standardized toerushbaptures per trap-night.

Harvester ant densities were approximated by cogmniests oMessorspp. in
each 10 x 10-m square within the sampling grid @ctbber 2007 during the release of
the reproductives (MacMahoet al, 2000). Squares between field edge and the first
row of stations (0—10 m) were designated ‘field ed@ensities were standardized to
nests per hectare. Nest size was estimated asutfeees area occupied by openings
created by workers to facilitate release of thegdpctives (queens and males). This
measure was based on the assumption that the theyeolony, the more reproductive
adults would be produced and the more openingsdvbelrequired for their release.
Four size categories were distinguished: 1 (< 0°% 2n(0-4-1 ), 3 (1-2 i) and 4 (>
2nt).

2.3. Statistical analysis

2.3.1. Effect of predator, irrigation and tillagen@eed removal

Only results from stations in the field interior mweused. A linear mixed regression
model was used to describe weight loss of totabse&g seeds (4 g) as a function of (i)
area (dryland, irrigated), (ii) predator type (inebrate, vertebrate), and (iii) sampling
date (April-October). A preliminary analysis haddizated a highly significant
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interaction between area and the other factess(-01), and therefore, analyses were
conducted for irrigated and dryland fields sepdyat8oil management (conventional
tilage, no-till) was added as an explanatory J@gain the analysis of the dryland
fields.

2.3.2. Effect of location on seed removal

The results obtained from field margins were ineldldA linear mixed regression model
was used to describe seed loss as a function lafc@fion (field margin, field interior),
(i) predator type, and (iii) sampling date. Anagswere done separately for the
irrigated and dryland areas. Results from the cotiweal and no-till fields within a
dryland pair were pooled and compared to seed ramavthe shared field margin.
Field nos 2A and 2B had no common field margin wede excluded. A further spatial
analysis comparing removal rates at different dista from the field margin indicated
that removal was uniform within the crop fields {isbown).

In both regression models, a logit-link and a birnvariance function that
allows for overdispersion were used. Random effesre fields, stations, treatments,
and time. The random effect caused by repeated uresaents on the same location
was included in the lowest stratum. The models iige=l to the data using Iteratively
Reweighted Restricted Maximum Likelihood (IRREMLe& and Engel, 2005) in
genstat (version 10). Because different fields ibeeh used in 2007 and 2008, analyses

were conducted for the 2 years separately.

3. Results
3.1. Seed predator identity

In the dryland fields, harvester aMtessor barbarusl. nests density was
higher in no-till than in conventional fields (Tabll), but differed between pairs
(contingency tabley® = 125; d.f. = 2;p < 0-01). This difference was related to the
number of years of no-till, namely 15 years fotdino. 1B, and 3 years for field nos 2B
and 3B. Size distribution was the same for conemaily tilled and no-till fields =
3-20; d.f. = 3p=0-361); 55%, category 1; 30%, category 2; 13%gmy 3; and 3%,
category 4. On average, nest density was highgreirfield interior (417 hd) than in
the field margin (0—10 m; 362 H suggesting that harvester ants avoided fiel@edg
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Table 1. Numbers ofMessor barbarusests per hectare in dryland fields as affecteddy

management
Conventionally tilled No-till
Field no. Nests ha Field no. Nests ha
1A 313 1B 444
2A 181 2B 619
3A 200 3B 643

Mus spretusvas the main vertebrate predator in dryland fieRleds, mainly
pigeons, did not enter the fields until after ct@vest and can thus not be responsible
for the observed vertebrate seed removal in May ame (see below). However, we
cannot exclude the possibility that birds were reimg some seeds in our trials. On
both trapping sessions, rodents were more frequeagtured in the margin than in the
field interior; June 2007, 0-26 and 0-05 animalp-tmight®, respectively; August 2007,
0-17 and 0-0 animals trap-nightespectively. We noticed large numbers of burrow
entrances in the field margins.

In irrigated fields, the main vertebrate predata@aswl. spretus only two A.
sylvaticus(field nos 4 and 6) were caught, and thereforeemb@aptures were pooled
(0-68 animals trap-nigtly. Equal numbers of rodents were caught in the imaagd
field interior in June (0-35 and 0-32 animals tight’, respectively), but more
animals were trapped in the field margin than ia ititerior in August (0-69 and 0-09

animals trap-night).

3.2. Seed removal in dryland fields

3.2.1. Predator type and effect of tillage

Seed removal in dryland cereal fields was signifia higher in no-till than in
conventional fields in 2007, but not in 2008 (Fig. Table 2A). Seed removal was
higher for invertebrates than vertebrates (200?20 %d 5%; 2008, 13% and 3%,
respectively). Seed removal rates by invertebratese high in spring, variable in
summer, with peaks in June and August and troughsily and September, and low in
winter (Fig. 1A). The trough in July may have bemmused by harvest in June, which
affected seed removal in conventional fields mbentin no-till fields. The lower seed
removal rates in September may have been caustn ligct that harvester ant colonies

enter the reproductive phase, which requires mbsghen colony’s resources and time
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(Diaz, 1992b). After release of the reproductivesarly October, invertebrate removal
rates resumed normal levels. Invertebrates remesigrdficantly more seeds from no-
till than from conventional fields in April, May,uly and August 2007, and in April

2008, while seed removal was higher in conventidimah in no-till fields in June 2008

only (Fig. 1A).

Seed removal rates by vertebrates were high inl 2007 and low during the
remainder of the period (1-7%), except for a sipadk in June 2007 (20%) (Fig. 1B).
There were no differences in vertebrate seed reimmtas between no-till and
conventionally tilled fields. Vertebrate seed remloduring April-June in 2007 was
higher than during the same period in 2008, and hsae been caused by poor crop

development in 2008.

100 1 A . B

80
60 - %
40 ]
- \f\;a/‘
0L . . : L : e =T
1 May 1 Sep 1 Jan 1May 1 May 1 Sep 1 Jan 1 May
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Date Date

Fig. 1. Percentage of seeds removed by invertebrates @yamebrates (B) in no-till (---) and

% seeds removed

conventionally tilled fields (—) in dryland. Asteks indicate significant differences in seed

removal between tillage systems. Bars represent@st#fidence intervals around the mean.
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Table 2. The effects of tillage (conventional or no-till)regator type (invertebrate or
vertebrate) and sampling time (month) on the amotiseeds removed from (A) dryland cereal

fields and (B) irrigated cereal fields (generalizee@ar mixed model, IRREML; Wald statistics

andP value).

2007 2008
Fixed term Wald d.f. Wald/df. P Wald df Wald/d.f P
(A)
Tillage 61.4 1 614 <0001 11 1 11 0.295
Predator 1194.2 1 1192 <0001 5515 1 5515 <0001
Month 13533 6 22% <0001 7561 4 189 < @01
Tillage x Predator 5.2 1 52 0.023 Q5 1 a5 0475
Tillage x Month 34.9 6 58 <0001 617 4 154 <0001
Predator x Month 3289 6 548 <0001 2724 4 681 <0001
Tillage x Predator x 329 6 55 <0001 114 4 28 0.022
Month
(B)
Predator 107.3 1 1073 <0001 48 1 48 0.028
Month 4811 6 802 <0001 1106 4 277 <0001
Predator x Month 1527 6 255 <0001 217 4 54 <0001

3.2.2. Effect of location

In dryland cereals, similar amounts of seeds wenmeorved from the field interior and
margin, except in April 2007 when more seeds weraaved from the field interior
than from the margin (invertebrates, 76% and 4¥4pectively) (Table 3A; Fig. 3A),
and in March and April 2008 when more seeds weneoved from the field margin
than from the interior (March, vertebrates, 8% 484, respectively; Fig. 3C), (April,
invertebrates, 73% and 43%, respectively; Fig. 3ftebrate seed removal rates did
not correspond to rodent numbers; on both trapmegsions, rodents were more
frequently captured in the margin than in the figiterior, while seed removal rates
were similar in both June and August 2007 (Fig.. Xpparently, rodents used the field
interior only for foraging, while they nested iretmargins.
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Table 3. The effects of location (field margin or field ini@r), predator type (invertebrate or
vertebrate) and sampling time (month) on the amotiseeds removed from (A) dryland fields

and (B) irrigated fields (generalised linear mixaddel, IRREML; Wald statistics arfelvalue).

2007 2008
Fixed term Wald d.f. Wald/d.f. P Wald  df wald/d.f p
(A)
Location 41 1 414 Q042 Q87 1 Q9 0.352
Predator 8206 1 82064 < Q001 7138 1 7138 <0001
Month 7175 6 11959 < Q001 8229 4 2057 <0001
Location x Predator 001 1 Q01 0918 246 1 25
Location x Month 153 6 256 0018 2208 4 55 <0001
Predator x Month 2237 6 3729 < Q001 2867 4 717 <0001
Location x Predator x 55 6 092 0477 2986 1 2966
Month
(B)
Location 341 1 341 <0001 2986 1 2986 <0001
Predator 4874 1 4874 < Q001 126 1 126 <0001
Month 47718 6 7953 <0001 1367 4 34 0.008
Location x Predator 1951 1 1951 < Q001 2081 1 208 <0001
Location x Month 4123 6 687 < Q001 8521 4 213 <0001
Predator x Month 20067 6 3344 < Q001 3843 4 96 <0001
Location x Predator x 1815 6 302 0006 135 4 331 <0001

Month

3.3. Seed removal in irrigated fields

3.3.1. Predator type

Seed removal in irrigated fields was significantifluenced by predator type, sampling
date and their interaction (Table 2B). Seed remmit&l was high in April 2007 and low
thereafter (Fig. 2). Vertebrates removed signifisamore seeds than invertebrates in
April (2007, 64% and 8%; 2008, 5% and 3%) and Ma@oy, 11% and 5%,
respectively). The peak in vertebrate activity [mirsg was not repeated in 2008 due to
poor crop development in 2008. However, there nmeyetbeen a peak in seed removal
by vertebrates in May 2008, which we did not detlect to excessive rain. Invertebrates
removed more seeds than did vertebrates in ARAGBT (3% and 1%) and in March
2008 (1% and < 1%, respectively), but in both cabeseffect was minimal.
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Fig. 2. Percentage of seeds removed by vertebrQes (_inaadebrates@ ) in irrigated fields.
Asterisks indicate significant differences in seethoval between vertebrate and invertebrate
predators. Bars represent 95% confidence intearalisnd the mean.

3.3.2. Effect of location

In the irrigated fields, vertebrate and invertebnatedators removed significantly more
seeds from the field margin than from the fielcemdr on almost all dates in both years
(Table 3B; Fig. 3B, D). However, vertebrates rentbegual numbers of seeds from
field margin and interior during the April-June joek when the crop canopy was well
developed (Fig. 3D). Here, differences in seed nahiate (Fig. 3D) corresponded well
with differences observed in rodent numbers: tlvegee similar rates and numbers in
the field margin and interior in June, but highates and numbers in the field margin
than in the field interior in August. It seems tivairrigated fields, rodents retreated to
the field margins after crop harvest and remaimedet over winter. Field margins were
important to invertebrates, probably carabids,muthe entire year.
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Fig. 3. Percentage of seeds removed from the field inteQJr or the margins@_) by
invertebrates (A, B) and vertebrates (C, D) in angd (A, C) or irrigated (B, D) cereal fields.
Asterisks indicate significant differences in saethoval between field interior and margin.

Bars represent 95% confidence intervals aroundnien.

4. Discussion

Seed predation assays, such as those used irtutlis san yield valuable information
as to when and where seed predators are activevhioth type of predator is active
(Westermaret al, 2003b). The interpretation of the outcome of theesgays in terms of
total seed loss is more complicated but necessagvaluate the potential impact on
weed population dynamics. The proportion of weaestiseconsumed from atrtificial seed
caches over a short-term period depends on: (Japoe numbers and activity, which
change continuously due to birth and death, imnimgmaand emigration, social
interactions, and responses to environmental aasbsal variables; and (ii) the relative
food abundance which changes from day to day deedd shed and seed burial, and
changes in the availability of alternative food mms. The arithmetic mean of short-
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term predation rates may therefore under- or otienate annual seed losses due to
predation, depending on seed abundance. For thsome Westermaet al. (2006)
suggested using seed availability on the soil serfas weights when averaging short-
term predation rates.

Results obtained from the dryland cereals, howewaee, easy to interpret,
because seed removal rates were high during tive @etriod of weed seed shed (mid-
April to end-August). When accumulated over theseeathey may cause a strong
weed suppressive effect. Harvester ahtsparbarus were responsible for most seed
removal. However, seed removal rates were much rlaweirrigated cereals. No
harvester ants were observed in any of the irrdhidds, and irrigation is likely to be
responsible for their absence because ant colomyivall is poor when fields are
periodically flooded. Granivorous rodents replabadvester ants in the irrigated fields.
The rodents, however, were not nearly as effedtiveollecting weed seeds as the
harvester ants. It is not entirely clear why, besearodents are effective seed predators
in other agro-ecosystems (Westernsral, 2003b; Heggenstallezt al, 2006). Seed
predation activity by rodents is closely linked tanopy cover (Diaz, 1992 a;
Heggenstalleret al, 2006). However, canopy cover cannot explain ther podent
performance in the irrigated fields in May—June 200is possible that the canopy was
denser in other crops, as the irrigated area peolval lush habitat of small fields with
diverse crops, and ample vegetation. Alternativélg, rodents, although present and
foraging in cereal fields, did not consume weeddsee&Granivorous rodents are
generalists and their diet can include insects $dan, 1971). However, the rodents also
refrained from collecting seeds during winter wiesect availability was low. Detailed
behavioural and dietary studies are required tolicig on why the granivorous rodents
did not consume weed seeds, and what they wergyaatitead.

The results of this study raise the more generastpns as to how well
generalist seed predators can replace speciaidtedators, and how much functional
redundancy there is for seed predation. The fattribither rodents nor any other seed
predators were able to fully fill the gap causedthg elimination of harvester ants
suggests that at least in this agro-ecosysteme tiselittle overlap in functions. The
difference between seed removal rates betweenrdidad irrigated fields also means
that weed seeds that would otherwise have beenogledtby predators can now enter
the seed bank and contribute to future weed prableéhhe loss of effective seed

predators may provide a partial explanation for lirgher weed pressure in irrigated
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compared to dryland cereals. However, confirmatidnour findings by long-term
estimates of weed seed removal is required.

Small but important differences in invertebratedsemmoval rate were observed
between conventional and no-till dryland cerealigh Wigher levels of seed removal in
no-till fields from April-August 2007. This correspded with a significantly higher
harvester ant nest density in no-till compareddoventional fields. More importantly,
tilage in the conventional fields limited the dtiom of seed exposure to predators,
which starts with weed seed shed in May. Seed preslaisually avoid digging for
buried seeds to save time and energy; predatiamcelaare therefore higher for surface
seeds (Hulme, 1994). Interestingly, no-till hasdifianally been associated with
increased weed pressure due to a concentratiored weeds near the soil surface from
which germination chances are higher. Howevetis particular dryland system, weed
pressure should decrease in the absence of tilkegejas confirmed by farmers in the
area. Moreover, no-till is mainly adopted to impeaoil quality and reduce costs; weed
control is just an additional service.

Harvester ants have been reported to cause cropg#aby harvesting seeding
material (Andersen, 1991). In Catalonia, harvestes can also cause damage, but here
they gather cereal grains right off the ear, ptaioharvest, probably as a result of food
shortage at that time. However, the extent of tieéddylosses seems to vary between
areas and years. It is currently unknown which eenvironmental conditions or crop
management decisions lead to enhanced weed camtdoivhich to yield losses, and
whether the two can be combined or not.

Field margins were important stable habitats toentsl in both dryland and
irrigated fields, and to invertebrates, probablyabads, in irrigated fields. However,
harvester ants avoided field margins. No managemecbmmendation could be
formulated because our data on the contributiofietd margins to weed seed removal
were inconclusive. More research is required t@meine if and how improved field
margin management can help to optimize natural weettol.

Intensification of agricultural practices since th@60s has resulted in reduced
self-regulation and increased reliance on extanmlt for the control of pests, diseases
and weeds (Altieri, 1999). Attempts are underwayeerse the trend and reduce the
dependence on pesticides by restoring and faailgdtinctional biodiversity. However,
it appears difficult to determine in retrospect ttide of each component of the

intensification process that led to decline or log§dunctions (e.g. increases in farm-
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and field-scale, mechanization, chemical pesticidemeral fertilizers, high-yielding
crop varieties).

Here, we document an ongoing process of agricultimgnsification via
irrigation that is accompanied by an alarming logdunctionality. We are under no
illusion that the results of this study will havensequences for the irrigation network
under construction in the study area; plans areath@nced and financial benefits too
great. Nevertheless, awareness of the role of haweants in weed control and
associated changes in herbicide use and dependboaid be taken into consideration
in future plans particularly in cases where finahtenefits of irrigation are lower or
environmental costs higher. Harvester ants are camim arid and semi-arid climates
around the world, and therefore, our results devaat to all regions where irrigation is
an issue.

We also documented the consequences of an ongmogss of agricultural de-
intensification via no-till in rain-fed cereals, effe weed pressure should decrease
because of increasing harvester ant populationspasidnged weed seed exposure to
predators. Awareness of the services provided hyelter ants may become an
additional incentive to adopt no-till techniquesyypded that crop damage by harvester
ants can be managed.
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Supplementary material.

Table S1 Characteristics of the selected barley and whedds, crop variety, and crop management inforarator 2007 and 2008.

, _ _ Date of Herbicides
Field Irriga- Mana- : Field
. Crop Variety .
No. tion gement size -
. . herbicide L . Dose
tillage sowing harvest Active ingredients S
appl. (g a.i. hd)
* *% ha
2007
1A dryl.  conv. Dobla 18 27/11/06 + 24/7/07 30/11/06 3/6/07 15/1/07 Clorsulfuron 15
1B dryl.  no-till Arlois 4.4 - 20/11/06  25/6/07  13/11/06 Glyphosate + MCPA 528 + 400
29/4/07 2-4 D + MCPA 75+ 135
2A dryl.  conv. Graphic 8.2 30/10/06 + 2/7/07 12/11/06  25/6/07 - - -
2B dryl.  no-till Hispanic 6.5 - 16/10/06  20/6/07  7/10/06 Glyphosate 630
15/2/07 Clorsulfuron 15
3A dryl.  conv. Hispanic 4.4 5/11/07 + 27/7/07 17/11/06  17/7/07 - - -
3B dryl.  no-till Hispanic 3.9 - 16/10/06  20/6/07  7/10/06 Glyphosate 630
15/2/07 Clorsulfuron 15
4 irrig. - Arlois 6.5 - 28/11/06  25/6/07  13/11/06 Glyphosate + MCPA 528 + 400
28/4/07 2-4 D + MCPA 75+ 135
5 irrig. - Arlois 1 - 28/11/06 5/7/07  13/11/06 Glyphosate + MCPA 528 + 400
28/4/07 2-4 D + MCPA 75+ 135
6 irrig. - Arlois 2.6 - 28/11/06 5/7/07  13/11/06 Glyphosate + MCPA 528 + 400
28/4/07 2-4 D + MCPA 75+ 135
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Continuation ofTable S1

, _ _ Date of Herbicides
Field Irriga- Mana- , Field
N . Crop Variety _.
0. ftion gement Size . . herbicide o . Dose
tillage sowing harvest appl. Active ingredients (g ai. hd)
* ** ha
2008
1A dryl.  conv. Prestige 18 1/10/07 1/11/07 9/8/08 - - -
1B dryl.  no-till Culma 4.4 - 25/10/07  18/7/08  1/10/07 Glyphosate + MCPA 720 + 300
7A dryl.  conv. Prestige 4.2 1/10/07 1/11/07 9/8/08 - - -
7B dryl.  no-till Culma 7 - 25/10/07  18/7/08  1/10/07 Glyphosate + MCPA 720 + 300
8A dryl.  conv. Graphic 2 10/10/07 7/11/07 8/8/08 - - -
8B dryl.  no-till Culma 1 - 25/10/07  18/7/08  1/10/07 Glyphosate + MCPA 720 + 300
9 irrig. - Sarina *** 1.3 4/12/07 11/12/07  18/7/08 - - -
10 irrig. - Sarina *** 1 11/12/07 19/12/07  5/8/08 - - -
11 irrig. - Culma 1 - 15/11/07  3/7/08  20/11/07 Glyphosate + MCPA 720 + 600

* Dryl.= dryland; Irrig.= Irrigated; ** Conv. = corentionally tilled; *** wheat instead of barley
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Abstract

Seed predation can cause significant losses of weeds in agricultural systems and
can, thus, contribute to weed control. The remafalLolium multiflorumand Vicia villosa
seeds by harvester andessor barbarusand granivorous rodentslus spretusijn six cereal
fields in NE Spain was separated into three seiplgmibcesses, namely 1) the probability of
finding a seed cache (cache encounter rate), 2pé¢hecntage of seeds utilized once a seed
cache has been found (seed exploitation rate) amse&d selection if multiple species are
present (preference). Identifying the most impdrtaghavioural component and factors that
drive it may help to better understand and managd predation.

Seed cache encounter rate correlated well withatlveeed removal rate caused by
harvester ants{= 0.91), or rodents{ = 0.82). Once found, seed exploitation rates gl
and fairly constant from spring to autumn for hatee ants, and low throughout the season for
rodents. Harvester ants removed almostalium multiflorumseeds from caches found, while
the exploitation ofV. villosa seeds varied across the season. In the case entspdcache
encounter rate, but not exploitation rate, couldekplained by canopy cover provided by the
crop.Lolium multiflorumseemed to be preferred in early 2007, wheveadlosawas in 2008.

The adoption of no-till or minimum tillage systetwgether with the establishment of
field edge vegetation are likely to encourage smmthe encounter and exploitation rates by both

harvester ants and rodents, thus leading to inedeased control in semi-arid cereals.

Keywords: Harvester ants, granivorous rodents, seed eneguseed exploitation, seed

preference, no-till, field edge.
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1. Introduction

Seed predation can cause significant weed seedslossagricultural systems
and can, thus, contribute to weed control (Westaretal, 2003). Several studies have
measured predation to gain a better understandints ampact on weed population
dynamics in agro-ecosystems and to develop stestégimaximize it (e.g. Westerman
et al, 2003, Heggenstallest al, 2006; Baraibaet al, 2009). Field estimates of seed
removal rates are often derived from experimentth airtificial seed caches. The
observed overall removal rates result from thregusstial processes, namely 1) the
probability of finding a seed cache (encounter)rdl®the percentage of seeds utilized
once a seed cache has been found (exploitation (ei@dme, 1994) and 3) seed
selection (preference) based on nutritional vapadatability, easiness to handle, etc.
However, it is usually unknown whether, for examplew predation rates are
predominantly due to low encounter rate, low explon rate or low preference.

Knowing how seed predators find, utilize and sekstds can help to better
understand spatial and temporal variability in obse predation rates and explain why
certain weed species persist despite high oveeall predation pressure. Ultimately,
this knowledge may provide predator-specific classto how to manipulate each
component of seed predation for better weed cantrol

In semi-arid cereals in north-eastern Spain, thedster aniMessor barbarugd..
and the Algerian mouseylus spretusLataste, are the main weed seed predators
(Baraibaret al, 2009). Seed removal rates by both predators ehamgr the year. In
the case of harvester ants, seed removal ratekiginein spring and summer, with a
temporary trough in autumn, caused by a temporaift ;1 workforce allocation
(reproductive phase), and low in winter, due togdemature constraints. Tillage after
cereal harvest has an immediate effect on seedva@mates and a long-lasting effect
via a decline in harvester ant population develapnfeeed removal rates by rodents are
low throughout the season, probably because ofnhmwse densities due to insufficient
foraging and nesting sites (Diaz, 1992a) and watiertage during summer (Newsome
et al, 1976).

In this study, existing data (Baraibar al, 2009) was used to identify which
behavioral component(s) is or are responsible lier dbserved trend in overall seed
removal, and to determine whether the relative ingmze of the components is

constant or changes over the season.
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In the case of the foraging behaviour of harvestat;, seasonal changes in
overall seed removal rates were expected to stem éhanges in cache encounter rate
and seed preference. Harvester ants send out stoidentify the location of food
sources (Gordon, 2002). Once a food source is ememd, a foraging trunk trail is
formed via a pheromone trail and the resulting fieddion of workers should lead to
high exploitation rates (Avgaet al, 2008). Seed cache encounter rate is, therefore,
directly linked to the proportion of workers alloed to scouting. This proportion may
decrease when more workers are needed for othkes, tagch as nest cleaning and
construction (after rain and soil disturbancesy attending brood (reproductive phase),
or when outside temperatures limit foraging (Gordd886). Seed preference by
harvester ants is influenced by seed charactesjstiecch as seed size (Azcarateal,
2005) and seed coat toughness (Oliveraal, 2008), which are fixed per species; by
seed abundance (Reyes-L6pez and Ferndndez-HaB02g)2and by the availability of
preferred and non-preferred seeds (Risch and Cd@86). In addition, the state of
filling of the granaries may influence seed prefieee In spring, when the granaries are
empty, seeds of larger mass are preferred, whéveasds the end of the season, when
the granaries are full, preference disappears atlenseeds are preferred (Reyes-Lopez
and Ferndndez-Haeger, 2002b).

In the case of the foraging behaviour of the Algenmouse, seasonal changes in
overall seed removal rates were expected to stemmlymtom changes in cache
encounter and exploitation rates. Canopy covehbyctop is related to overall removal
rate (Heggenstalleet al, 2006), probably because of a lower risk of rogdmting
predated (Plesner Jensen and Honess, 1995). WHids dire bare and exposed, such as
after crop harvest or when a crop fails to esthbtise to poor weather conditions in
spring, low cache encounter and seed exploitatidesrare expected. Rodents select
seeds based on carbohydrate and protein levelkiidesnd Ascanio, 1993), metabolic
water balance (Frank, 1988) and seed size and gkgelerson, 1990). Changes in
relative humidity and in nutritional requirementsrodents may cause changes in seed

preference over a season (Tewal, 2000).

2. Materials and methods
2.1. Experimental site and design
Trials were conducted near Vilanova de Bellpuig°8856"N 0°5754"E, Lleida), a

village in the semi-arid region in the north-ealsbpain. Average annual temperature is

51



Chapter 3

14.7 ° C (1971-2000; Agencia Espafiola de Meteora)og008), and average annual
rainfall is 369 mm, concentrated in spring and autuTrials were conducted in 2007
and 2008 and have been described in detail by IBarat al. (2009). In short, six
rainfed barley lordeum vulgargfields were paired, such that one field was Hatid
the other conventionally tilled. Tillage influencesked removal rates, however,
preliminary analysis showed that tillage did ndieef the relative importance of the
various processes leading to overall seed remdwarefore, data from tilled and no-till
fields were lumped and jointly analysed. After bgrharvest in June, fields were left
fallow until seeding in late autumn. Weather dataswobtained for Golmés, Pla
d’'Urgell, 4 km away from the experimental fieldse(@ei Meteorologic de Catalunya,
2010).

In each field, seed predation was measured viarfgesations that were located
in a rectangular grid of 24 — 25 points, 5 x 5, &>r 3 x 8 (rows x columns),
depending on the shape of the field. Stations wpaeed 10 meters apart. Each feeding
station consisted of two, 9 cm diameter Petri-disksentaining seeds, and was designed
to measure either invertebrate or vertebrate seedoval (Diaz, 1992a, b). The
vertebrate dish was placed on top of a 20 cm higb,tthat was pushed 10 cm deep into
the soil, and that was coated on the outside witlonf (Polytetrafluoroethylene,
BioQuip Products Inc., Rancho Dominguez, Califortd&A) to keep out insects. The
invertebrate dish was placed on the ground surfabad four openings on the side and
was covered by an exclusion cage to keep out varteh

Two grams of non-treatedolium multiflorumLam. (3.95 + 0.033 mg seedl
and 2 g of non-treatelficia villosa Roth seeds (31.3 + 0.239 mg sé¥dSemillas
Batlle, Bell-lloc, Spain) were mixed and placeceach dish once a month from April to
October 2007 and from January to June 2008 (eXdagt2008). Seeds were similar in
size, shape and weight to seeds present in thg aned, such as those lof rigidum
Gaudin V. peregrinel., V. sepiunL., Galium aparineL., or Convolvulus arvensik.
After a 48 hours exposure, remaining seeds wexediapart and weighed to calculate

percentage of seeds removed.

2.2. Calculation of seed removal components

Total seed removal, as used in Baraibat al, (2009), was defined as:

(1)

R + RV.VA

- L.m.
+ IVAv.

L.m.
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with R_nand Ry, the weight ofL. multiflorumandV. villosa seeds removed (g) and
ILm andly,, the initial weight of seeds of these two specieg @ach). Seed removal

was averaged ové observations;

713 (Ra*R,
N i=1 l L.m. + IV.v i
Seed cache encount€&r, was defined as
M
C=— 3
N (3)

with M the number of observations in the subset of detadatisfy the conditiorR_ >

0.1 xI.m ORyy.> 0.1 xly.. That is, dishes were considered ‘found’ if 10%are of
theV. villosaseeds or 10% or more bf multiflorumseeds were missing. The boundary
of 10% was based on work by Heggenstadierl. (2006), who found that between 2
and 6% of the seeds were lost from seed cards aueirtd, rain, handling and
inadequate adhesion. Here, a slightly more conseevAoundary was chosen, which
minimized the risk that observations were clasgifis ‘found’, when in reality they had
not been found. Seed exploitatioB, was calculated the same way as total seed
removal, T, except that it applied to and was averaged dweistibset of observations,
M, that satisfied the above-mentioned condition;

E= ii(M} (4)

M =1 IL.m. + IV.v.

Seed preferencéd, was expressed as the weight of seeds of oneespeinovedy;,

relative to the seeds of both species remoxgt;

= R ©)

P was averaged ovéd observations;

— 1Y R m :
Pim =— ) | ——%——| for L. multifiorum  (5a)
M j=1 RL.m. + R/.v. j

and

5 _13 R.. -
Pvy = Y ;(Rm " R/.v.]j forV. villosa (5b)

The relationships between total seed removal,seed cache encountef, seed
exploitation,E, and seed preferend®, can be described as;
T =CxE (6)
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TL.m. =C XE xﬁL.m. x2 (6a)

TV.V. =CxE >(5V.v. x 2 (6b)

Background seed losses from tiNeNl) dishes not found by predators were included in
T, but not inE or P, hence the approximation. Graphs presenting coemsrof seed

predation uséd, C, E andP expressed as percentages.

3. Results
3.1. Components of seed removal by harvester ants

Overall seed removal by harvester aftsgorrelated well with cache encounter
rate,C (r* = 0.91;P <0.001), (Fig. 1A), and less well with exploitatioates,E (r* =
0.58; P =0.02), (Fig. 1A) or preference far multifiorum P_, andV. villosg Py . (r?
=0.60 and 0.44P = 0.01 and 0.07, respectively), (Fig. 1C).
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Fig. 1. The percentage seed cache encounter, seed etipioitd, B), preference fokolium
multiflorum and preference foWicia villosa (C, D), as a function of the percentage seed

removal for invertebrates (A, C) and vertebratesi{B
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There was a close visual match between patterfisaoidC (Fig. 2A), and less
so with E (Fig. 2B), PLm, and Py, (Fig. 2C). This means that temporal changes in
overall removal ratedl;, by harvester ants appear to be mainly causedffgrehces in
cache encounter rateS, Seed cache encounter rate also contributed mdsenhd its
relative importance was constant over the seasane @ dish was found, a relatively
stable proportion of seeds was taken=(0.6 — 0.8 in 2007E = 0.9 in 2008), except in
early 2008 when low temperatures inhibited harveste activity.Lolium multiflorum
seeds were almost always completely remowd, € 0.9 — 1.0), except in winter. In
contrast, removal of. villosaseeds P, ,, varied between 0.25 and 0.8. As expected,
low Py, occurred after rain events (May, October), aft@vist and tillage (July) and

during the reproductive phase of the harvestercatgnies (September).

3.2. Components of seed removal by granivorousntsde

Overall seed removal rates by rodents correlatéld egiche encounter ra@,(r* = 0.82,
P<0.001), (Fig. 1B), exploitation rateE, (r* = 0.65,P = 0.008), (Fig. 1B) and with
preference foi.. multiflorum P, (r? = 0.66,P = 0.009), (Fig. 1D), but correlated
poorly with preference fov. villosa,Py., (r* = 0.04,P = 0.44), (Fig. 1B). There was a
visual match between the temporal pattern§ ahdC (Fig. 3A), but not with the other
behavioural components (Fig. 3B and C). This mahas temporal changes in total
seed removal]l, by granivorous rodents were mainly caused by ghsann cache
encounter ratesC. Again, seed cache encounter rate was the laogesponent and
contributed most to explaining seed removal by ig@ous rodents throughout the
season. In contrast to harvester ants, the propodi seeds exploited by rodents was
low (E = 0.1 — 0.2). Because cache encounter r@teis, particular before harvest, were
high, low overall removal rates were mainly caubgdow seed exploitation rateg,
The number of dishes found was too low to drawdsabnclusions with regard to
preference, in particular after crop harvest. Hoavewn April 2007, almost all seeds
taken werel. multiflorum (P_ = 0.8), while later in the season preference was le

pronounced. In 2008, preference shifted fiormultiflorumto V. villosa
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Fig. 2. The percentage overall seed removal
and the percentage seed cache encounter
(A), the percentage seed exploitation (B),
and the percentage preference talium
multifflorum and Vicia villosa (C) of
invertebrate seed predators over time. Data
on overall seed removal wabtained from
Baraibaret al.(2009).
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4. Discussion

As expected, overall seed removal rateby granivorous ants was mainly determined
by the proportion of seed caches located\When cache encounter rasehigh, high
overall removal rated,, are to be expected. If the objective is to enbaeed predation
in agro-ecosystems the focus should be on howradhat limit cache encountestes
can be managed by farmers. Seed cache encoutitaitézl by many factors, of which
some could be managed to some extent.

The spatial distribution of nests may determineseehe encounter probability.
Foraging byM. barbaruscan reach 30 m around the nest (Cerdan, 1989)plading
efficiency decreases with increasing distance fthm nest. Diaz (1992b) reported a
50% decrease in foraging efficiency at distancesentban 1.5 m from the nest for
Messor capitatud atreille, a close relative dfl. barbarus Assuming a regular nest
distribution and nests of identical size, e.g.,#0@rkers per nest (Diaz, 1992b), nest
density should ideally be around 1200 nests pemDleasities up to 1100 nests M.
barbarusper ha are feasible in no-till dryland cerealsréaaret al, unpublished data:
Chapter 4). However, a clumped or aggregated ligtan of nests will result in some
areas probably being more intensely searched é&afssihan others.

The location and distribution of new nests is dateed by two distinctive
processes. The first process is site selectionrstyylear queens that emerge, fly, mate,
land and dig into the soil, all within a single dayautumn. The locations where queens
land are largely random, but the opportunitiesitpidto the soil and establish a nest
may fluctuate within and between fields, as a fiomcof, for example, soil (surface)
conditions (Johnson, 1992), intraspecific compatitiKawecki, 1992), and queen size
(Wiernasz and Cole, 2003). The second processastse survival of first-year queens
and young colonies. The shallow nests of youngraetoare particularly vulnerable to
soil disturbances, such as tillage and ploughirgstdlofMessor capitatusvere scarce
in mouldboard ploughed cropland probably becaugbeperiodical destruction of the
top part of the nest, and because of changes Inssacture, which may affect the
survival chances of colonies (Diaz, 1991). In redluor no-till systems, soil disturbance
is low(er), thus positively influencing the survivehances of young colonies.
Interestingly, many farmers in the area till foliogy harvest, because they believe that
tillage followed by summer showers will induce wesmdergence and, thus, lower the

weed seed bank. However, tillage can increase dezl\geed bank, because it prevents
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seed predation (Hulme, 1994). In Germany, Dicke &edhards (2006) showed that
seed predation in no-till fields was higher tharedemergence in tilled fields.

Other factors that influence site selection and sasvival include soil texture
and moisture (Johnson, 1992, 1998), organic matidrphosphorus content (Milket
al., 2007), the degree of water-logging, soil compmaxtislope of fields (Crist and
Williams, 1999) and intra- and interspecific compat (Gordon and Kulig, 1996).
However, most of these factors cannot be contrdiietarmers.

Harvester ant mobility and foraging activity coldd enhanced by increasing
soil temperature and moisture content of the sofase (Johnson 1998; Azcarateal,
2007). Soil temperatures could be increased by vargaonulches or straw from the soil
surface (Nkenet al, 2002), albeit, at the expense of loosing soilsiwe. The pending
climate change, with rising temperatures and lggvecipitation, may bring about such
changes, however, high temperatures in summer e@gniee limiting.

Seed removal rates by rodents were explained byixéuma of seed cache
encounter rateC, seed exploitation rat&, and seed preference formultiflorum P .

As expected, cache encounter rate was high wheordpeprovided cover, but lower
when cover was lacking. Once a cache was locatdénts seemed to exploit a constant
percentage of seeds regardless of whether coveavegable or not. This suggests that
seed cache encounter rate could easily be marggulay increasing cover, but
exploitation rate could not. Hulme (1994) found ttreeed cache encounter rate
correlated with rodent population size in the \igirof the seed source, and that the
spatial variation in seed exploitation rates cated with the spatial distribution of
rodents. Thus, the most straightforward way to anb@doth cache encounter and seed
exploitation rates seems to be to increase rodgmilption size.

Providing cover throughout the year may enhancenmbgopulations and, thus,
predation rates. Fields are bare during most ofy#har, and, therefore, vegetation in
field boundaries and hedgerows may be essentialnfamtaining small mammal
populations (Pollard and Relton, 1970). In the asealied, field margins are narrow
(max. 0.5 m wide) and the vegetation consists almedusively of annuals, which dry
out or are burned after crop harvest. The resultiagitat quality for rodents after
harvest is, therefore, poor. Wider field margingl amrubs and trees, which provide
cover at times when the fields are bare, could ecdgopulations of granivorous
rodents (Bencet al, 2003). Currently, farmers in the area view figldrgin vegetation

as a source of weed infestation and a drain ofwateey are unaware of the potential
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benefits for weed control. Finally, inside no-filds, maintaining stubble may provide
some cover and safety, resulting in higher seedvahrates (Boomaaet al, 2009).

Providing free water during the summer period niag aontribute to increasing
populations of granivorous rodents in semi-aridarg. Rodent densities and survival
chances were higher when rodents had access towlaésr compared to controls
without water (Newsomet al, 1976).

It seems that predation by harvester ants and \gramis rodents can be
enhanced in two ways. The first is the adoptiomafimum or no-till systems, which
are readily adopted in the semi-arid regions oftm@astern Spain anyway, mainly
because of fuel and water savings. The secondvesdhe expansion or recovery of
ecological infrastructures, such as field edge tagm, which is slightly more
problematic.

There is little cause for concern that enhancingtonulating populations of
harvester ants or granivorous rodents could leadhigher levels of crop damage.
Harvester ants can collect cereal seeds after gomviautumn, if temperatures permit,
and if seeding was done superficially. Harvestés aan also collect ripe cereal seeds in
summer, prior to harvest. However, damage causechdryester ants is usually
negligible (Baraibar, unpublished data: ChapteiR@jts and granivorous mice do cause
crop damage in the tropics and in Australia (Bratmal, 2003 and references therein).
However, granivorous mice are seldom associatdu evtip damage in Europe or North
America, and are generally considered beneficigl (€lark and Young, 1986).

This study highlights the importance of seed caeheounter rate as a key
component of seed predation, and identifies varimasmagement options that could
enhance seed cache encounter rate. Eliminatinfatihers that restrict cache encounter
should lead to increased weed seed predation eatésto improved weed control.
However, confirmation of the validity and practitalof the various options under field
conditions is required first.
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Summary

Harvester ants are important weed seed predatorerim-arid cereal fields. They
consume large amounts of weed seeds that othemmislel enter the soil profile. Populations of
harvester ants vary considerably across fieldssando concomitant weed seed predation rates,
but causes of variability are largely unknown. Umstiending the factors that affect ant density
may help to identify areas with high natural weeéds control and management factors that
could help to enhance ant densities in areas wiheseare currently absent or densities low.
Messor barbarusant density was approximated by nest density asll size, and these were
correlated to different edaphic (moisture contéodk density, aggregate distribution, organic
matter, texture and soil strength), topographieldfialtitude, slope and orientation) and crop
management factors (fertilizer use and straw mamag8 of 34 no-till and 6 minimally tilled
cereal fields. No-till fields had been managed wauthtillage for a period of 1-25 years. The
number of years since conversion to no-till ex@dinl4.2% of variability in ant density.
Densities ofM. barbarusants and nests increased with increasing numbgeafs of no-till,
reached a peak at 11-12 years, after which demsttecreased again. None of the soil
characteristics, topographic variables or other agament practices could explain nest
densities.A number of possible explanations for this lackrefationships are discussed. An
alternative explanation is proposed based on tieeclycle of harvester ant colonies. The
abandonment of yearly tillage may have allowedestablishment of a large cohort of similarly
aged colonies, which started to compete for limitedources only after twelve years. The
results of this study do not allow us to classi§ds according to the level of natural weed seed
predation, or to formulate recommendations in otdeenhance natural weed control. Maybe
other factors, such as the availability of resosiyde particular food (seeds), may play a more
important role in determining ant density than daghic, topographic or management factors.

Keywords: colony establishment, colony survival, colony growtest size, years of no-till
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1. Introduction

In north-eastern Spain, like in other semi-aridioag of the world, harvester ants are
important seed predators. When present in arabldsfi harvester ants are the main
weed seed predators and can contribute substgralveed control (Spaffordt al,
2006; Baraibaet al, 2009). Harvester ant density varies between imeatand it is
likely that weed seed predation rates will varyadogly (Azcarate and Peco, 2003;
Baraibaret al, 2009). Understanding the factors that determiawvdster ant density
and spatial variability between fields may be uktfudentify areas where natural weed
seed control contributes to weed management, ardketdify management factors that
could help to enhance ant densities in those amd@se harvester ants are currently
absent or densities low. Direct measures of ansitlemre difficult, because of the
subterranean life style and the difficulty to oht&istimates of population density for
insects that forage in columns (trails) (SchlickiBeér et al, 2006 and references
therein). As an alternative, harvester ant densdg estimated using a combination of
nest density and size (Millet al, 2007).

Messor barbarud.. is one of the most common species of harvestein NE
Spain. Three processes largely determine its deasitl spatial distribution: 1) nest
initiation by foundress queens, 2) survival of coés, and 3) colony growth.

Once a year, colonies cease normal activity and ptaducing reproductive
males and females, which are released after thedutumn rains. Winged female ants
fly up, mate, land, and search for a site to dig ithe soil. The place where a young
gueen lands is largely random, but nest establishmete may differ within and
between fields, because of differences in soilfésa) characteristics (Johnson, 1992),
gueen mortality rate due to aggression by workenms fother colonies (Kawecki, 1992),
ant predators, such as spiders or lizards (Gorawh Kulig, 1996), and size of the
queen, which determines the probability of survivebugh the initial stages of colony
formation (Wiernsaz and Cole, 2003). Usually, |&san one percent of the young
gueens manages to establish a new nest (Gordoudig) 1996). Once established,
survival probabilities of nests remain low untiethare two years old, and are largely
determined by the degree of soil disturbance aniatbgspecific competition with older
neighboring colonies (Johnson, 2001). Survival tifep colonies is determined by
competition for space and resources with otherrsefy and by longevity of the queen.
If nest density is high, foraging areas of diffar@olonies will frequently overlap.

Repeated encounters between workers of differestsnmay trigger wars, which is
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usually fatal to one of the competitors. Growth tbe colony depends on food

availability, which influences productivity of tlgeen (Smith, 2007), and the rate with
which workers die. Usually, colonies grow with agdil they reach a stable size at the
age of approximately five (Gordon, 199%). barbarusqueens can live as long as 15-
20 years, after which the entire colony dies.

External factors influencingl. barbarus colony establishment, survival and
growth, include soil properties, topographic cheeastics, such as field altitude, slope
and orientation andnanagement practices, such as tillage, type andumtmof
fertilization and straw management.

Digging success of young queens, and colony estab&nt and growth are
influenced by soil strength, texture and soil maistcontent of the top soil (Wiernasz
and Cole, 1995; Johnson, 1998; Enzman and Non@&§).2Soil strength is a measure
of the capacity of a soil to withstand forces with@xperiencing failure, whether by
rupture, fragmentation or flow and it is correlated soil moisture (Labosket al,
1998). Soil strength is one of the factors thaedeines the ease with which ants can
tunnel the soil and construct chambers (Bouktbral, 2005). Survival probability of
colonies is influenced by texture and bulk denditgcause they are involved in the
regulation of temperature and moisture contenhefdolony (Aliet al, 1986; Johnson,
1998). It is currently unknown how densitieshdf barbarusare influenced by solil type,
but densities are expected to be higher in sods ficilitate the establishment of new
queens and chamber construction, such as thoselawtltlay content, high organic
matter and low bulk density, than in compactedamdy soils (Johnson, 1992; Millkes$
al., 2007).

Altitude, slope and orientation of a field in whiahnest is located influence the
number of hours that the ant nest is exposed tehsu@, which in turn influences soil
temperature (Crist and Williams, 1999). The needhieat regulation to ensure colony
survival may determine the location of the nestsabee ant activity and brood
development are controlled by soil temperature (§vanal, 2001; Azcarateet al,
2007). Low temperatures decrease nest survivalapibittes and result in lower ant
densities in elevated and north facing sites tmafowlands (Crist and Wiens, 1996;
Wanget al, 2001).

Soil disturbance, including tillage, can destroydamage nests of young and old
colonies, respectively. The harvester Blassor capitatud.atr. was completely absent

from fields in central Spain that had been yearlyuldboard-ploughed (Diaz, 1991).
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Nest densities dfl. barbaruswere higher in no-till than in minimally tilleddids in NE
Spain (Baraibaet al, 2009). Multiple years of no-till lead to incredsproportions of
stable macro-aggregates and organic matter, t@ased porosity (Alvaro-Fuentes
al., 2009, Scet al, 2009), and to an increase in soil inhabiting ets@nd earthworms
(Neave and Fox, 1998; Edwards and Lofty, 1982)dases in earthworm densities are
attributed to lack of soil disturbance and greatese of digging in soil in no-till than in
tilled fields. For similar reasons, ant densitige 8kely to increase with decreasing
tillage intensity.

Manure, such as pig slurry and broiler litter, isl@ly used as fertilizer in cereal
fields in north-eastern Spain. The type and amafnmanure used can alter soll
physical and chemical properties such as pH, agtgestability and concentration of
metals (Adeliet al, 2007; Diezet al, 2004) and alter queen survival rates or colony
growth. Leaving straw on the soil surface aftevbat in June may help to regulate soill
temperature and moisture during the hot summer Insoftiouse and Parmelee, 1985),
and may, therefore, favour harvester ant actiktgwever, large amounts of straw on
the soil surface can hamper queen establishmenitumn, which could result in lower
ant nest density.

The purpose of this study was to identify the mdactors influencing
differences in harvester ant density between fialtt$ to identify management practices
that could lead to higher nest densities, as asldasirecommendations to farmers who

would like to conserve and maximize natural weeautroo.

2. Materials and methods
2.1. Study area and nest sampling
Observations were made in the rain-fed semi-areh axf Agramunt (Lleida), north-
eastern Spain. Average temperature is 13.9 °Chvatlsummers (mean T. 23.8 °C) and
cool winters (mean T. 4.7 °C). Average rainfalt8 mm, concentrated in spring and
autumn (Servei Meteorologic de Catalunya, 2010)inMaops are wheatT¢iticum
aestivum L.), barley Hordeum vulgarel.), oats Avena sativg triticale (X
Triticosecalesp.) and, less frequently, oil seed rapeagsica napus.).

Observations and sampling were done in 40 commengrger cereal fields
within a radius of 10 km around the village of Agmant. No-till is widely adopted in
the area (Montcunill, 2009). Thirty-four of the eseted fields were managed without

tilage for a period varying from 1 to 25 yearsgdahe remaining six were minimally
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tilled, which included a tillage operation aroundp&mber with a vertical working
depth of 15-20 cm.

In each of the 40 fieldd\l. barbarusnests were counted in a 50 m x 50 m
section (2500 A), using @ 10 m x 10 m grid, after crop harves2®8 and 2009. In
principle, the location of the 50 m x 50 m sectwas chosen randomly, except when
(part of) the field was located on a sloop. In tbase, the section was preferentially
selected on a steep part of the field. Nests weaekeal using spray paint to prevent
double counting. Counting was done from sunrisd terhperatures limited ant activity
(i.e., around 35 °C). Nests were only included if artivity was detected, to prevent the
inclusion of dead or abandoned nests. Counts wansformed to nest densiti{, [#
nests.hd]. Nest size,S was determined for 10 random nests per fieldngis
subjective scale that ranged from 1 (small) toabgg), based on the area occupied by
the colony, the number of entrances, worker sizkthe number of active ants. A proxy
of ant density per hectard, was calculated by multiplying nest densily, times
average nest siz8§,

2.2. Soil characteristics

Soil characteristics were determined using soildamtaken from each of the fields in
December 2008 (19 fields) and January 2010 (2dif)eln the case of moisture content
and soil strength, samples were taken simultangdash all fields on 28 and 29 April
2009. Soil variables measured were: 1) moisturetettn 2) soil strength, 3) bulk
density, 4) aggregate distribution, 5) organic oarland 6) texture. We sampled three
points per field, located on a diagonal across30em x 50 m plot. In the case of
samples to determine bulk density, we took threepdas per point (9 per field). In the
case of samples to determine texture componentsanag/zed a composite sample
from the three points sampled per field.

Moisture content (%) was measured for every 25 oihlayer, from 0 to 100
cm deep, with a 5.5 cm diameter soil core. Sample®e weighed, dried in a stove at
105 °C for 48 hours and weighed again. Soil stiengds measured as the pressure
(MPa.cn?’) required to enter the soil profile. We used adaheld penetrograph
(Stiboka penetrograph, Eijkelkamp Agrisearch Equepm Giesbeek, the Netherlands),
which plots the resistance to penetratsna function of soil depth, to a depth of 80 cm.

Because there is no information available with rédga the soil strength that is limiting
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tunnelling by harvester ants, we calculated theéldepwhich soil penetration resistance
becames 1, 2, 3 and 4 MPa.cf

Bulk density (g.crif) was assessed from 0 to 15 cm depth, using theé clo
method (Campbell and Henshall, 1991). Stable sgfjregate distribution was
determined for the 0 — 5 cm and 5 — 10 cm soil iayeith the dry sieving method
(White, 1993). A series of three sieves (0.05, Q&% 2 mm pore size) was used to
obtain four aggregate fractions: (i) <0.05 mAYo.0s), (i) 0.05 to 0.25 mMMAJYD.o0s-
0.25), (i) 0.25 to 2 mm (Agg2s-9 and (iv) > 2mm Agg-2). The weight of each fraction

soil depth
fraction size.

was determined for each depth (hereinaffayg ). Soil organic carbon, from

which percentage organic matter is calculated, maasured for the top 25 cm of the
soil according to the wet oxidation method of Walkhnd Black (Nelson and Sommers
1982). Textural components (% clay, % sand andl®oadiO — 25 cm and 25 — 50 cm
depth Clay®" %" sand°! @eP gjjeo! dePthhereinafter) were determined using the sieve-
pipette method (Gee and Bauder, 1986). Textureoaganic matter were analysed by
the Laboratory Applus Agroambiental (Sidamon, L#gid

2.3. Topographic and management variables
We determined field orientation, slope and altitueéth a GPS with sub-metric
precision (Trimble® GeoXH™ hand-held, GeoExplore2@05), by taking coordinates
and slope in the four corners of the 50 m x 50 at far each field. We calculated field
altitude as the average value of the four pointep& was calculated between the
highest and the lowest point.

Information regarding crop type, cultivar, sowingtel seeding rate and depth,
seeding distance, the number of years since caowets no-till, timing of tillage and
machinery used, frequency, timing and type of logdeis and fertilizer used, and straw

management were provided by the farmers.

2.4 Data analysis

There were three dependent variables, namely nuofbeests per hectard,
mean nest size&5, and ant densityA. Nest size was used as an explanatory variable in
the analysis oN.

The independent variables included 20 soil var@bleamely aggregates

(AgG0.05, AQD.05-0.25 Agd.2s-2 and Agg.) at two depths, three textural components
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(clay, silt and sand) at two depths, bulk dend&), organic matter@dM) and depth at
which soil strength was 1, 2, 3 and 4 MPa, thrgmdgoaphic variables, namely field
altitude @lt), orientation Q) and slope $l); two management variables, namely
fertilizer used (pig slurry, compost, broiler littesynthetic fertilizers) and straw
management (straw removed, straw left in the fietda)d number of years of no-till
(NT). Because there were 26 independent variablesomhgd 40 measures of the
dependent variables, the first step was to redaeentimber of explanatory variables.
Biplots and Pearson’s correlation matrixes weredugse identify 1) explanatory
variables that were closely correlated and 2) ewgilary variables that correlated well
with the dependent variables. In particular amdmg $oil variables redundancy was
high. From sets of soil variables that were higimiercorrelated, one variable was
maintained, namely the one that was best correlatédthe dependent variablés N
or S Most explanatory variables were not normallyritistted, and, therefore, variables
were transformed. Those that were expressed asrmages were arcsine square root
transformed; bulk density, slope, altitude and degit which soil strength was 1, 2, 3
and 4 MPa were square root transformed. Howevamstormed variables are difficult
to interpret biologically when significant in regsgon analyses, and, therefore, the
selection procedure was completed with both transéd and untransformed variables.

Generalised linear regression was used to réat8 and A to untransformed
variables that were maintained. Initially, the pois distribution was assumed (log-
link), however, this resulted in high dispersiorrgmaeters (80-120), which suggested
that the poisson distribution was inappropriatee Tike of a gamma distribution avoided
overdispersion and resulted in normally distributedidues. Therefore, the gamma
distribution (reciprocal-link) was used in all foer GLM. First, the best model(s)
explainingA, N andSwas selected based on all subset regressionsafsformed and
untransformed data (procedure RSEARCH, Genstatusi?)g the corrected AIC (A
and R, as selection criterions. The use of AlE recommended when number of
observationsn) is small or number of estimated paramet&ysq large (Burnham and
Anderson, 2002). Next, the final model(s) was gektdased ORzadj andsignificance
of the GLM (GLM procedure, gamma distribution, proical-link; R software, 2009). If
differences were not significant between modelg pgrinciple of parsimony was
applied. Normality of the residuals was tested gigie Shapiro Wilk test.

Additionally, a correlation matrix between all sgdriables and the number of

years of no-till was constructed to select the aldés that better correlated wilir.
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The number of years of no-till was related to thkested untransformed soil variables,
using generalised linear regressions. Use of thissBo distribution gave normal
residues and dispersion parameters of around hérelore, the poisson distribution

(log-link) was used.

3. Results
Average nest density was 468 nests.hadvaried between fields frori40 to 1168
nests.hd. Average nest size was 1.9, and varied betwe&tsffeom 1 to 3.20. Average
ant density was represented by a unit-less valu@s8fha, and ranged form 230 to
2570 h&. As an indirect variable®e N x S), A was significantly correlated with bobh
(r =0.93) and5 (r = 0.59).

The variables soil moisture, bulk density and degittvhich soil strength was
1, 2, 3 and 4 MPa bore no relationship to any efdapendent variables and correlation
coefficients were all <0.08, and were thereforelwked. Organic matter and slope did
not correlate with eitheA or S had correlation coefficients <0.06, and were gfere
excluded. Variables related to soil aggregateibigion, and textural components were
highly correlated (i) within each depthiAdg.> + Agh 252+ AJ.05-0.25+ AQGo.05 = 1;
and % sand + % clay + % silt = 1); and (ii) betwelepths (Tables 1 and 2). Of these
two groups of variables, the better correlated WithAgg: ., andSil®%), A (Agd’s,

Silt®®) andS (Agg®2 , Clay*>™9) were selected for the analysis.

Table 1. Correlation matrix for aggregates fractions witlsind between depths (upper case
numbers represent depths at which measures wese (akcm); lower case numbers represent

the size of fraction (in mm)).

AGE,”  AdOss. AQesos Addose AJE,”  AGGss: AYTss oz
Agdl,’ 1.00
AgQYn , 091  1.00
A9 05 091 0.68 1.00
Agdls -0.54  0.18 0.69 1.00
Agd;' 0.87  -0.83 079  -033  1.00
Agdy, -0.82  0.89 0.63 018 -0.90  1.00
AdOL s -0.76  0.62 0.83 041 -0.89  0.60 1.00
AJL e 052  0.36 0.61 042 -071 037 0.88
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Table 2. Correlation matrix for textural components withand between depths (upper case

numbers represent depths at which measures wexe fiskcm)).

Clay” Sil®>® Sand> Clay>® Silo® Sand>

Clay™> 1.00

Silt%# -0.34 1.00

Sand® -0.21 -0.85 1.00

Clay*>*° 0.54 0.07 -0.38 1.00

Silt#>° -0.04 0.79 -0.80 0.04 1.00

Sand®>®° -0.20 -0.73 0.87 -0.47 -0.90 1.00

Variables that correlated with were:NT (r = 0.10),Silt® (r = 0.28), Agg>2

025-2

(r = 0.19), slope §l; r = 0.14) and organic matte©OM; r = 0.12). Variables that
correlated well withA were:NT (r = 0.14),Sil?® (r = 0.24), Agg®-2 (r = 0.18) and
altitude @Alt, r = 0.12). Variables that correlated wighwere:NT (r = 0.22),Alt (r =
0.22), Gay”™°(r = 0.17) andAgg®es. (r = 0.31). Visual inspection of biplots suggested
a curvilinear relationship betwedyh and NT, and A and NT, therefore, the quadratic
term of NT was included in regressions involving these twoetelent variables.

There were a number of competing models that destA, N and S equally
well (Table 3). Models with highestadj were obtained for untransformed data. All
optimal models retained the curvilinear relatiopshiith NT (NT + NT?). Models
describingN andA containedNT andNT? only because addition of other variables did

not significantly improve the regression (Table B).the case ofA, more elaborate
models, which includedAgg®es. andSilt>* had higheRP.q; but regressions were not
significant > 0.05). Also in the case ™, more elaborate models, which included
Silt®?® nest sizeS, and Aggl>, had higherRe,q but, again, regressions were not
significant p > 0.05). In the case & the three competing models includsd, NT
and Agg’.2 , and were significanpg0.05), and two of them also includétiay”>° or

N. The principle of parsimony was applied and the $asipmodel was selected.
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Table 3 Best models explaining ant densiy,nest densityl\, and nest siz&.

Var. MODEL AlCe Rzadj Regr (p- Slgr_1|f_|cance of the
expl. value) coefficients p-value)
NT 0.012
A NT+NT? 45.9 14.2 0.004 NT2 0.009
NT 0.007
A NT+NT+ Agg<005 46.0 17.3 0.11 NT 0.005
Adg<o.05) 0.07
NT 0.01
NT® 0.006
A NT+NT2+Silt"?+ AQQ oo 46.4 201 0.07  sji% 011
5-10 )
AQQoes  0.03
NT 0.01
N  NT+NT? 46.4 12.6 0.007 NT2 0.01
N; 0.006
N  NT+NT?+ AgQi,e, 462  16.4 o10 NT° 0009
Aggozs—z 0.08
NT
0.009
NT 0.01

e 5-10 it
N  NT+NT2+Sil®®+ Aggor, 460 205 007 sif 22-10 0.08
AgQys, 0.06

N; 0.01
N  NT+NT+ Agge 47.0 181 0.09 N si0 002
025-2 : : : Aggozs— 0.08
S 0.18
NT 0.01
2 | <i40-25 5-10 NT? 0.03
N NTHNT+SIC®+ AQQes, 468 208 007 gie® 0.07
+S 5-10 0.06
AQQ;5-,S 0.14
NT* 0.06
S NT+NT+ AgQ o 463 210 0oo1 N 0.01
A9 oo 0.008
NT
0.09
NT +NT? + Clay™>*°+ NT? 0.02
S 10 46.1 248 0.02 550 '
A o5 Clay 0.27
AgQss 001
N; 0.17
) N 0.05
S NT+NT+N+ AgQom 477 213 002 N 0.28
AgQss 001

Models containindNT andNT? explained 14.2% of the varianceAnand 12.6%

of the variance inN. The model describing containedNT, NT> and small sized
particles (Agg’,s) and explaine@1% of the variance in nest size. The relationsbigrs

be described by the following set of equations:
A=669.2 + 85.8NT- 3.86NT
N = 329.87+ 36.68T -1.54NT
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S=(0.58 -0.01B/T+ 0.00079NT? — 0.032Agg%.2 )

A and N increased until a maximum was reached after 12sysmce the
adoption of no-till, and decreased afterwards (Fig). To see if the curvilinear
relationship between the dependent variables Nifidvas caused by a particular soil
variable, biplots between all soil variables aNd were checked for curvilinear
relationship with an optimum at 12. However, norfetlte soil variables had an
optimum at 12 years dfiT. See, for example, the relationships between Haklsity
and organic matter, andT (Fig. 2). It is also possible that harvester amise an
optimum at intermediate values of some soil vaealtut that this soil variable is

linearly related taNT. Variables that better correlated wRiT included: organic matter
(r = 0.23), Agg>, (r = 0.36), bulk densityr(= 0.15),Alt (r=0.18),Sand® (r = 0.23),
Clay”™ (r = 0.23) andSand®®® (r = 0.22). The GLM model that gave the best

relationship contained the variabl&@M, Alt andClay*>™° however, the regression was
not significant p = 0.17).
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Fig. 1. Correlation between ant densit), (.ha') (A) and nest densityl, (#.ha") (B), and

number of years of no-till.
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Fig. 2. Scatter plots showing nest densitly,as a function of bulk density (A) and nest dgnsit
N, as a function of organic matter content (B).

4. Discussion
M. barbarusant density differed between fields. The numbeyedrs of no-till,NT,
seemed to be the only factor that was significarglgted to ant densities, and nest

densities,N. Soil characteristics, topographic parameters anagement variables

appeared to be unrelated to eitheror N. NT and small-sized particle&gg o

005 »
explained nest size&s. Small-sized aggregates may be easy to tunnelr@mdve by
harvester ants, and may result in large colonysgigsepinoza and Santamarina, 2010).

A andN increased with increasing years of no-till, reagha peak around year
12 and decreasing afterwards. None of the soiladtaristics showed a curvilinear
relationship withNT. This means that, either soil characteristics db explain the
changes inA and N, or A and N are optimal by intermediate values of some soll
characteristic. But none of the soil variablesnalor together, were linearly related to
NT.

Silt content in the first 25 cm of the so8it®?), 0.25-2 mm aggregates from
the 5-10 cm soil layer 4ggs,.,) and small-sized particles from the 5-10 cm sayek

(AgQ,) came close to explaining some of the variabilityA andN (p = 0.11 and

0.07, respectively), but they were finally not stdel. Silt-rich and fine soils can retain
water much longer, which may benefit nest survimakemi-arid systems (Lét al,
2011).

There are a number of possible explanations fordblk of relationships oN
and A with edaphic, topographic or management factorgrathan tillage, namely, 1)
the wrong set of explanatory variables was inclu@estimates of ant density and nest

density were inaccurate, 3) nest density and nestase the result of an accumulation
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of historic events, while most explanatory variabdge contemporary, and 4) different
steps in the life cycle of an ant colony are inficed by different factors.

Soil chemical components, such as phosphorus, sodilcalcium content were
not included in the study and have been reportezbicelate to nest densities of other
ant species (Milkset al, 2007; Boultonet al, 2005). Sodium, for example, can
influence soil hardness and the tendency of ateodrust and may directly influence
colony establishment (Milket al, 2007). However, most of these soil chemical
components are important plant nutrients, whicly amdlirectly influence nest density,
by influencing plant richness, densities and seepply, which is the main food
resource for ants (Boultoet al, 2005; Milkset al, 2007). In agricultural fields, soll
nutrients are usually not limiting because of fezdition, so soil nutrients are not likely
to be limiting harvester antsa seed supply.

Nest density and nest size may have been inaccestiteators of ant density.
Sample size folS was small. It was not always easy to determinenuftiple nest
entrances belonged to one or multiple coloniesthiéamore, the nests were counted
with a team of people and there may have beenréifées in assessment between team
members. Alternative methods, such as pitfall tragpp(Boulton et al, 2005;
Bestelmeyer and Wiens, 2001; Rios-Casanetvaal, 2006), were considered less
accurate to quantify ant populations that forageunk trails (Milkset al, 2007).

It is implicitly assumed that observed nest denaitg size are at an equilibrium.
In reality, they are the result of multiple eveatfsstablishment, survival and mortality,
and growth that occurred over the course of yddistorical events, dating back 15-20
years, may be responsible for bottlenecks in nusfsem which the population has not
recovered yet. Bottlenecks may be caused for exarbplharsh winters (Alet al,
1986; Diaz, 1991), floods (Mer#t al, 2009), or diseases that affected workers or
brood.

Explanatory variables may differently affect vasostages in the life cycle of a
colony. Variables that describe soil surface charatics €.g, bulk density, stable
aggregates) may influence the success rate of qgeablishment, but not subsequent
colony survival and growth. Similarly, variablesathare decisive for young nest
survival .g.soil disturbance) may be meaningless for the sahand growth of older
colonies.

If edaphic, topographic and management factors aloexplain ant density

satisfactory, it could be that endogenous factoesewesponsible for the observed
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curvilinear response to prolonged no-till managemestead. It is clear that the first
few years after conversion to no-till the numbernefsts increases. It is likely that
initially ant density is lower than the potentiariying capacity of the field, because of
the history of tillage. The sudden absence of d@turbance may have created soil
surface conditions that are more favourable fora$tablishment of young queens, and
could have increased survival rate of young colnildis means that immediately after
conversion to no-till, fields will experience a sleth increase in ant colonies, whose
queens are all about the same age (same cohor)ktiown that with increasing ant
densities, intraspecific competition for space aesources increases (Wiernasz and
Cole, 1995; Milkset al, 2007). A situation is created where the majooityhe queens

is of equal age and the colonies of equal strenbfie. normal elimination of young
colonies by larger and older colonies is low antl(aast) densities may increase above
the carrying capacity. Finally (>12 years), a cotian takes place through competition,
causing lower ant densities. Because of the dom@af one specific cohort and
concomitant unstable age distribution, we prediat int (nest) densities will fluctuate
for some time to come.

This study is one of the first to investigate fastinfluencing harvester ant
density in cereal fieldsM. barbarus (nest) density seems to be unaffected by soil
characteristics, topographic factors or manageriaetrs, with the exception of tillage.
As a result, we were unable to classify fields adicm to the level of natural weed
seed, or to formulate recommendations with regargneasures that could enhance
natural weed control. Maybe other factors, suchthas availability of resources, in
particular food (seeds), may play a more importalg in determining ant density than

do edaphic, topographic or management factors.
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Density dependence of weed seed predation by invelrates and vertebrates in

winter wheat
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Dept. Hortofructicultura, Botanica i JardineriacB& Técnica Superior d'Enginyeria Agraria, Uniitats
de Lleida, Av. Alcalde Rovira Roure 191, 25198 dkei Spain;T Crop Health, Faculty of Agricultural
and Environmental Sciences, University of Rost@Mower Str. 48, D-18051 Rostock, Germany.

Summary

Weed seed predation has the potential to limit wpeepulation growth within agricultural
fields. Its success depends in part on the alfifgredators to detect weed patches and respond
in a direct density dependent way to increasingdweeed densities. To test for a density
dependent response to spatial differences in seesity by seed predators, an experiment was
conducted in north-eastern Germany in four wintbeat fields during October 2008 and 2009.
Seed densities of 0, 1000, 2500 and 5000 se&dsf irolium multiflorumwere applied to four
adjacent 15 m x 15 m plots in each field. Seedgired was measured in 20 randomly located
trays per plot that were accessible to all predaf8rper plot) or excluded vertebrates (12 per
plot, covered with cages). Full-access trays welend and limited-access trays 0.0225 m
large. Trays containeldolium multiflorumon weed seed free soil and crop plants growneo th
same stage as those in the fields. Seeds wereezkposhe field for 18 days. Remaining seeds
were recovered from the soil, using sieves andfilon, and counted. In addition, 20 seed cards
were randomly placed in each plot, half of themhwiertebrate exclosure cages. Seeds on cards
were counted every other day. Seed predators werdified using pitfall traps (invertebrates)
and Sherman life traps (vertebrates).

In general, predation rates measured by trays lwer¢32.7 % per 18 days). They may
have been caused by low densities of predators,sevhdentity differed between fields.
Vertebrates responded in a direct density depenslantto increasing seed densities, whereas
the response of invertebrates was density independgeed predation from seed cards
confirmed the density dependent responses obtaisiag trays. Seed predators only needed a
few days to detect and preferably exploit the hdghsity plots. Weed seed patches are likely to
persist in fields where invertebrates are the magdators, while they could be better controlled

where granivorous rodents predominate.

Keywords: carabid beetles, granivorous rodents, patch stesl density, seed tray, seed cards
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1. Introduction
Weed seed predation is an ecological process tasittle potential to limit weed
population growth within agricultural fields (Westean et al, 2006). However, its
success depends in part on the ability of predatorsespond in a direct density
dependent way to increasing weed seed densitiest@/earet al, 2008). Weed seeds
are often patchily distributed within a field, dteethe pattern of dispersion from the
mother plant (Cabiet al, 2000), abiotic conditions such as wind or rainrfBeieret
al., 2010), and management practices, such as tidadmarvesting (Blanco-Morenet
al., 2005; Cousenst al, 2006; Heijtinget al, 2009). If seed predators are unable to
locate these high seed density areas, or respomalsely density dependent to seed
densities, patches are likely to survive and mayease in size and density over the
years (Westermaet al, 2008). In contrast, if seed predators resporal direct density
dependent fashion to seed densities, they may lbe@bmit or reduce growth of weed
patches. Several studies have dealt with denspgriient response of seed predators
with contradictory findings. Some reported densitglependent responses (Brust and
House, 1988; Cummings and Alexander, 2002), whilers found a direct density
dependent (Cromaet al, 1999, Cabiret al, 2000) or an inverse density dependent
response (Cardinat al, 1996; Westermaet al, 2008). Some of the contradictory
results may have been caused by the spatial scaleich seed densities differd., size
of patches; Marin@t al, 2005, Westermaat al, 2008) relative to the mobility of the
predators involved. Patches beyond the action saglidhe predator are too large to be
treated as a patch (Westermetnal, 2008). Therefore, we designed an experiment at
two different spatial scales to try to capture demsity dependent response, if any, of
the two prevalent groups of seed predators, whittarchugely in mobility and action
radius.

In northern Germany, carabid beetles and granivrodents are the main weed
seed predators (Daedlat al, 2007). Carabid beetles move at a scale of metetlens
of meters, which allows detection of small patcaed individual weed plants (Zhaeg
al., 1997; Lys and Nentwig, 1992). Granivorous roderdsa move several hundred
meters during a single night and may be able tindisish between large differences in
seed density at the within or between fields s@@lapet al, 1997; Tewet al, 2000).
They are expected to respond direct density depelydéligh density patches decrease
searching and foraging time, thus reducing the okkodents being predated (Bell,
1991; Hulme, 1993; Cabiet al, 2000) and increase the efficiency of foragingrabal
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beetles are expected to respond independentlyferatices in seed densities within the
duration of the experiment. Their limited mobilibhibits a rapid, selective detection of
weed patches if patches are big and far away frach ether.

2. Materials and methods

Trials were conducted in October 2008 and 2009 tteacity of Rostock (54° 05' N;
12° 07' E), in the state of Mecklenburg-Vorpommenosth-eastern Germany. The
climate is influenced by the Baltic Sea, henceag milder autumns and colder springs
compared to other areas at the same geographiitatita Average annual temperature
in the area is 8.4 °C and average annual raindah91 mm with slightly higher
precipitation in summer. Summers are mild (avertgaperature,T. 16.2 °C) and
winters are cold (average 0.9 °C) and with frequent snow cover. In Octolmeean
temperature is 9.9 °C and precipitation 43 mm (d861-1990, German meteorological
service, 2010). In both years of the experimentativer conditions were typical for
October. Mean temperature declined in the courgbeexperiment and in the second
week lowest temperatures were 3 °C and -1°C in 20@82009, respectively.

Predation was measured in the winter wh&atiCum aestivuni.) phase of an
oilseed rapeRrassica napud..) — winter wheat — winter barleypordeum vulgard..)
crop rotation when the crop had 3 to 5 unfoldeddsaTwo sets of fields were chosen;
in 2008, Dummerstorf and Schlage (Field 1 and Zpeetively) and in 2009,
Bandelstorf and Niendorf (Field 3 and 4, respetyiva-ield sizes were similar to the
average size of fields in the region, 75 ha. Figldse close to small woodlots and areas
with natural vegetation. Fields were sown betweem® 12 September, approximately
10 days earlier than the average sowing time inattea. Early sowing fields were
chosen to have a well developed crop during theemx@nt as, generally, seed
predators like rodents and carabid beetles, teravaoad bare soil (Heggenstallet al,
2006; Navntofet al, 2006).

L. multiflorum seeds were used because of its demonstrated lpkatéo
vertebrate and invertebrate seed predators (Baratba, 2009), the ease with which
large quantities can be obtained and the relatils@lye size of the seeds, which made
them easier to retrieve and handle in the lab. iBe&pplying in the field, seeds were
boiled for five minutes in hot water to prevent mgeration and avoid potential weed
problems in subsequent years. Boiling softens ¢leels but does not lead to significant

higher or lower predation rates compared with wige seeds (Daedlow, unpubl.).
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2.1. Experimental design

Four adjacent 15 m x 15 m plots were selectedcdh &ald, at least 50 m apart from the
nearest field edge or semi-natural habitat. Desssitif 0 (Control), 1000 (Low), 2500
(Medium) and 5000 (High) seeds’nof Lolium multiflorum(4.22 + 0.03 mg seétd
mean = SE) were randomly assigned to each plotraaually added. To ensure a
uniform coverage of the plot areas, pre-weigheduartsoof seeds were applied in strips
of 1 m wide and 15 m long. Responses to differertisdensities were measured using

two methods, namely seed trays and seed cards.

2.2. Seed trays

Seed predation was determined as the percentage meeoved from eight 0.1%trays
(25 cm x 40 cm x 5 cm) randomly located in each. Alcays were made of metal mesh
(1 cm mesh size) and had the bottom covered witheacloth mesh (0.56 mm mesh
size) to prevent seeds being lost during the empmri. Each tray contained weed seed
free soil, excavated from underneath the ploughiegth and crop plants grown in a
greenhouse to 3 to 5 unfolded leaves, about the séage as those in the fields. Trays
were buried into the soil and levelled with thd soirface, leaving a 1 cm wire mesh lip
protruding above the soil to limit seed loss duentter movement. Predators could
easily climb over the lip (pers. obs.). Known numsbef seeds were added to each tray
at the same density of the plot they were in. Tragse accessible to all predators
(vertebrates and invertebrates).

To assess the response of invertebrate to diffeyeed densities, twelve 0.0225
m2 trays (15 cm x 15 cm x 5 cm) were randomly isted within each plot. They
were constructed the same way as the large traysomsly described. Seed densities
used were, again, 1000, 2500 and 5000 seetisSmall trays were covered with a
metal mesh cage (24 cm x 24 cm x 5 cm; mesh sizeng) and nailed to the soil, to
exclude vertebrate predators.

Seeds were exposed in the fields for 18 days, aftech time the trays were
removed from the field, and remaining seeds wetewered from the soil, using sieves

and flotation, and subsequently counted.

88



Density dependent weed seed predation

2.3. Seed cards

Twenty seed cards (5 cm x 12.5 cm) were placedach elot. Seed cards where
constructed as described in Westernsairal. (2003). In 2008, each card contained 40
non-boiled and 40 five minutes boiléd multiflorumseeds. In 2009, only boiled seeds
were used (40 per seed card). As no differences Yoemd in seed removal between
boiled and non-boiled seeds (Daedlow, unpubl.)y @médation rates for boiled seeds
were used for the analyses. Cards were exposedeirfidld: (i) within a cage that
excluded vertebrates, but not invertebrate preddten per plot) and (ii) without a cage
that allowed access for all predators (ten pen pktclosure cages (20 cm x 10 cm x 5
cm) were constructed from 1 cm mesh metal screednfizad to the soil using nails.
Locations and exclosure treatments were randonsigiasd to each plot. In 2008, cards
were not replaced when all seeds had been remuoaeld, in 2009, cards were replaced
when the number of remaining seeds fell below edSmrds were exposed in the field
the first 16 days of the 18-day-lasting experimamdi counted every other day, except
for the first counting, which was done after 4 ddys2008, 37 out of 1120 values were
corrected using moving averages as small incomsit® were observed in the time
series. In 2009, after 4 d of exposition, eightdseards were damaged by wild pigs,
thus data from these cards were excluded. New camte added and data from

subsequent counts could be included in the analyses

2.4. Controls and background seed density
Two kinds of controls were included, namely positand negative controls. Positive
controls measured seed loss from trays causedhay cdasons than predation, such as
wind or rain. Losses were assessed in three snagh per field. Each tray contained
100 seeds and was surrounded by a fine mesh s@&&mm mesh size) half a meter
high, such that wind and rain could enter, but rexptors. Negative controls measured
potential seed entry from outside the tray causedibd and rain-splash or seed shed
from nearby weeds. They consisted of three larggstper plot, not covered by any
exclosure cage, with weed free soil and no seedsdcadAt the end of the experiment,
the trays were removed, the soil was sieved andhethand seeds were counted, when
found.

In addition, pre-existing background weed seedsiies were determined by

sampling the first 2 cm of soil of a 0.7 mrea, at three random locations per plot. The
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soil was sieved and all seeds were recovered. Seedsidentified to species and the

sample was weighed.

2.5. Seed predator identity

In 2008 and 2009, invertebrate predators were iitksht using pitfall traps.
Invertebrates were sampled in twelve dry pitfaps per field, three in each plot. Traps
consisted of a cylindrical polyurethane tube, kaiiigo the soil, such that the edge was
levelled with the soil surface. A 250 ml plasticntainer (8 cm diameter) was placed
inside the tube. This construction allowed the aepiment of containers without
disturbing the surrounding soil. A plastic coverswalaced over the traps to prevent
flooding of the container after rain. Traps weredted every two days during the
duration of the experiment. Insects were identifiedpecies in the field, counted and
subsequently released.

In 2009, rodents were sampled, using Sherman fagst Twenty four Sherman
traps were set up within the selected areas iddi8land 4. Traps were baited with oat
seeds Avena satival..) mixed with peanut butter. Synthetic cotton-wa@s added as
nesting material. Traps were wrapped in bubble-vioajnsulation. Trapping was done
around the new moon phase when movement of rodeats least impaired by
moonlight (Diaz, 1992a; Plesner Jensen and Hod€$8f). Trapping sessions were
conducted from 21 to 25 October 2009, when the gueage of rodent recaptures
exceeded 50 %. Trapped rodents were identifiedgivesl, sexed, ear-tagged, and

released.

2.6. Data analysis
Percentage of seeds preda@drom large and small trays and from seed cardswer
calculated following Abbott (1925):

s*C-s

S+C *100 [%.x days’] [1]

Q:

where § is the initial number of seeds added to each tayard; C the
proportion of seeds recovered from the positivetrodnS the final number of seeds
after the exposure period and the specific exposure period being considered.
Percentage of seeds predated by vertebr@gs) (vas calculated as:

*C-S
3705 *100-Q

S * C inv_ plot [%X days_l] [2]

Qvert =
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whereQinv piot IS the percentage predation per 18 days by inveates averaged over all
small trays of each plot.

Data cleansing was done in two steps. First, taayseed cards in whio® < 0
were considered not found and were excluded frarattalyses. This happened when a
higher proportion of seeds was recovered from w dracard, than from the positive
control. Accordingly, seven datasets were exclulleoh the analysis of predation by
invertebrates, one from the analysis of predatignvertebrates and none from the
analysis of all predators. A total of 184 of 224Wkts from seed cards were removed in
the first step of data cleansing.

Secondly, outliers were removed if their exclusinatably improved the
distribution pattern of the residuals and if theras a plausible biological explanation
for exclusion. One large and two small trays wetdwaled from the analyses, because
they were presumably not found and exploited byl@i@s; predation rate in the large
tray was < 2 %, and the small trays were nearlpugtied. Exclusion improved the
distribution pattern of the residuals as indicabsdthe Shapiro-Wilk normality test
(large trays before and after the exclusjor: 0.00002 ang = 0.27; respectively; small
trays before and after the exclusign= 0.00013 angb = 0.011, respectively). Another
outlier was removed from the analysis of vertebrptedation rate (equation 2),
resulting in an improved distribution pattern oétresiduals (Shapiro-Wilk normality
test before and after the exclusign:= 0.0033 andp = 0.76, respectively). Again,
predation rate was less than 2 %, and thus, tlyentas considered not found. All data
obtained from seed cards were retained in the sest@p of data cleansing.

To meet the requirements of normality and homodgnef variance, all
response dat® were logit transformed. Transformed predation satere analysed
with mixed effects models, using the package niRiaheiroet al. 2010) and Ime4
(Bates & Maechler, 2010) of R, v 2.12.0 (R DevelepiCore Team, 2010). Generally,
precision of mixed effects models increases witlieasing number of units within each
random factor (Weisberg, 2005). As variation betwéelds was larger than between
years, and we had more fields than years, the rfdigtldl was included as a random
factor, but not the factor year. The best modemfrall possible subsets was selected
using Akaike’s information criteria (AIC) as a sdien criterion (Zuuret al, 2009).
Distribution patterns of the residuals were testgidg Shapiro-Wilk normality test.
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2.6.1. Seed trays

Data were analysed separately for (i) predationabbypredators, (ii) predation by
invertebrates alone and (iii) predation by vertedsalone. Some fields harboured only
one group of predators, and, therefore, specifadyases were conducted for the specific
fields only. Predation by all predators was analyséth the data obtained from all
fields. Predation by invertebrates alone was amealyrith the data obtained from fields
1, 2 and 4; predation by vertebrates alone wasyaedlwith the data obtained from
fields 1 and 3.

2.6.2. Seed cards

Seed predation by all predators (without exclosused by invertebrates (with
exclosure) were analyzed for each counting dataraggly (duration of exposute 4,

6, 8, 10, 12, 14 and 16 days). Seed predation alaslated using equation [1], except
that the proportion of seeds recovered from thetigescontrol trays,C, was linearly
interpolated according to the different exposurgoos using the following equation:
Cy=c k80

wherek is the duration of exposure andthe maximal duration of the experiment (18

days).

3. Results

3.1. Seed predator identity

Carabid beetles were the main invertebrate seathfmes. Species found in the pitfall
traps were predominantly the granivorddimara aenedeGeer andHarpalus rufipes
DeGeer and the omnivoro@alathus cinctusviotschulsky Other species trapped are
listed in Table 1. Activity-density was low in dlelds (Table 1).H. rufipesactivity-
density was significantly highep €0.05) in fields 2 and 4 than in the other fields.
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Table 1. Total carabid catches from twelve pitfall trapeil8 days of trapping during 2008
(Field 1 and 2) and 2009 (Field 3 and 4). Comphat@es referred to in the text.
Carabid species Field 1 Field 2 Field 3 Field 4
. rufipes 15 129 49 104
. aenea 7 3 35 70
. cinctus 17 8 104 36

. strenuous 74 151

. melanarius 3 1 22
. melanocephalus 6 2
. hirtipes

. quadristriatus

. dorsalis

W W Rk R

. properans
. distinguendes
. pilicornis

. tetracolum

O @ r I ® v 4 1T O U UV O >» I

P W W b

. convexus

Apodemus sylvaticus was the main vertebrate predator trapped id f8e with
10 unique individuals per 96 trap nights. A singipodemus agrariuallas was
trapped in field 4.

3.2. Controls and background seed densities

Less than 5 % of the seeds (4.1 £ 0.7 %; mean #®E) removed by other causes than
predation (positive control). Only 4 + 0.7 seeds pay per 18 days entered from
outside the tray (negative control). Backgrounddsaensity was 0.11, 0.38, 0.29 and
0.48 g nT in fields 1, 2, 3 and 4, respectively and did significantly differ between
fields (o > 0.05). These seed densities are low comparedetaveight of seeds added,
which ranged from 4.2 g M(1000 seeds.f) to 21 g nf (5000 seeds.f). The most

abundant species found wBkassica napus., followed byChenopodium alburh.

3.3. Density dependence response measured usidgrags
In general, seed predation was relatively low (32.% 1.8). Vertebrates accounted for
most of the seed losses in fields 1 and 3, whameastebrates did so in fields 2 and 4,

as confirmed by trapping (see section Seed predigatity).
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3.3.1. All predators

Data from 95 out of 96 trays could be used for ysed after data cleansing. Best model
selection resulted in a random intercept mixed rhadté a linear and a quadratic term
for plot seed density as fixed effect and fieldasdom factor (Table 2). Predation rates
were 24.2 %, 34.7 % and 31.1 % in the low, mediuml &igh density plots,
respectively, indicating that predation increaseamf low to medium but not from
medium to high seed density.

Table 2. The effects of plot density on seed predation memsby seed trays (logit transformed

values of random intercept mixed modg@salue and significance of the terms).

Predation measured by seed trays

All predators  Invertebrates Vertebrates
(N=4) (N=3) (N=2)

Fixed effects:
Intercept -1.737 W _1.417 -1.494 ok
Plot density 7.0%8 x 1.5*e* *
Plot density -1.0%e’ **
Random effects (SD):
Intercept (Field) 0.801 0.755 0.520
Residual 0.587 0.908 0.661

Significance of the termsp* 0.05 **p < 0.01, ***p < 0.001. N is the number of fields

included in the analysis.

3.3.2. Invertebrate predators

Data from 99 out of 108 trays could be used folyames after data cleansing. The best
model to explain the response of invertebrategéal slensity at plot level was a random
intercept model with only a constant term and fielsl random factor (Table 2).
Invertebrates did not respond to seed densitiey; fnedated a similar percentage of
seeds in all plot densities, namely 22.4 %, 11.%r8d 29.8 % in fields 1, 2 and 4,
respectively (Fig. 1).
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All predators Invertebrates Vertebrates
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Fig. 1. Seed predation rates, measured with seed trayselated to seed densities by all
predators, invertebrates and vertebrates (Fi<,1Field ZO , Field[ , FieldA ) neis

represent the back transformed results of the chomslel.

3.3.3. Vertebrate predators

Data from 46 out of 48 trays could be used for ysed after data cleansing. Best model
selection resulted in a random intercept mixed rhedé a linear term for plot seed
density as fixed effect and field as random fag¢licable 2). On average, vertebrates
consumed 20.6 %, 24.4 %, 31.6 % in the low, medand high seed density plots,
respectively. Differences between plot densitiesaveggnificant p = 0.02) (Fig. 1).

3.4. Density dependence response measured usidgsets

Thanks to repeated counting, the results of thd saeds revealed the patterns of seed
predation over time. For all exposure periods, bestlel selection resulted in random
intercept mixed models. In general, estimates lgd seards confirmed that predation
rates were influenced by increasing seed dengitiadirect density dependent way. In
addition predators responded to differences in smubsities within few days. For
example, in the high seed density patch, 35 % @fkteds were predated within 4 days
after exposure, whereas in the low seed densithpatly 19 % of seeds were predated
during the same time period. Seed cards showeltlyligigher seed predation rates and
a greater effect of seed density compared to thd smys (Table 3; Fig. 1, 2). The
vertebrate exclosure treatment did not signifigarglduce predation rates after 4 and 6
days of exposition, but it did from day 8 onwardhisTindicates that up to 6 days after
exposure, invertebrates were the main seed predaibthat from day 8 onward seed
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predation by invertebrates suddenly decreased,ijppstue to low temperatures that
occurred on 23 and 19 October in 2008 and 200peotisely.

Table 3: The effects of plot density and exclusion treatirferclosure, open) on seed predation
measured by seed cards at different exposure pefiodit transformed values of random

intercept mixed modelg, values and significance of the terms).

Exposition 4d 6d 8d 10d 12d 14d 16d
S-W Test

0.06 0.05 0.50 0.0004 0.26 0.15 0.03
p-value

Fixed effects:
Intercept  -1.99** -1.43 ** 010 n.s. -0.05 ns. -0.28 n.s.-0.15 n.s. 0.52 n.s.
Density 3.9& *

-3.2¢

Density’ , Ns. 49€ = 446 = 256 ns 37¢& * 326 =

Exclusion -0.22n.s. -0.24 ns. -0.84 * -113 ** 054 ** 075 ** -142 ***

Exclusion -5.5¢€ 8 8 8 8 -3.6¢€
R 586 M 7 1e *r 49¢ * -49¢e **
x Density ~ ® 8

Random effects (SD):

Intercept

. 0.71 0.53 0.90 0.79 0.65 0.67 0.88
(Field)
Residual 1.35 1.44 1.78 1.86 1.38 1.42 1.67

Significance of the termsp* 0.05 **p < 0.01, ***p < 0.001
S-W Testp-value: p- values of the Shapiro Wilk Test applied on thsideals of each model

chosenp >0.05 indicates normal distribution.

After 4 days of exposition, the best model contdiadinear and quadratic term
for the fixed effect plot density, indicating a dégy dependent response (Table 3).
Analyses of predation rates after longer exposure tshowed a stronger density
dependent response, leading to models which ontyagted a quadratic term. In all
cases, the interaction between seed density arldsexe treatment (invertebrates, all
predators) was significanp & 0.05), indicating that seed predators exhibd#éftkrent
responses to seed densities. Seed predation rateaded rapidly and variance rose
after 10 days of exposure, probably due to low tmapires and frost, in 2008 and
2009, respectively. The resulting best model fordas of exposition contained the
same factors as the best models after 6 or 8 dayshe values of the Shapiro-Wilk

normality test were lower. For exposure periodslafand 14 days, Shapiro-Wilk
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normality test values rose again and predatiors n&mmained low (Fig. 2). However, the
best models still contained the same factors asnibdels for shorter exposure periods,
namely a strong density dependent response toasiag seed densities, a clear
influence of the exclosure cages and a significaméraction between exclosure
treatment and seed density. The best model forsexp@eriod of 16 days showed that

seed density did not influence seed predationaiagenore.
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Fig. 2. Back transformed data on proportion of seeds peedaneasured with seed cards, by all
predators at different exposure periods (4, 6,08,12, 14 and 16 days). Back transformed data
of chosen models. Arrows represent densities atlwhiedation rates were measured.

4. Discussion
The results of this study indicate that vertebeatd invertebrate predators differ in their
response to seed densities, thus confirming oueaapons.

Vertebrates, mainly granivorous rodents, were &bldetect the 15 m x 15 m
patches and foraged preferably in the high seeditiesy whereas invertebrates did not
respond to seed densities. The response was thé mdsseeds applied and not
influenced by pre-existing seeds, because these negligible in all plots.

Patches of a large size may be easier to locatedsnts, because of the high
mobility of these predators (Cogt al, 1997). In addition, rodents can detect high seed
density patches by using olfactory and visual {itegdme, 1993). Rodents search large

areas to forage and this study indicates that #reyable to distinguish between the
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qualities of areas as big as 225 (b5 m x 15 m). Once a high seed density patch is
located, predators can respond functionally or moaky. Functional response relates
to the proportion of prey consumed by individuakégators while numerical response
relates to the changes in the density of preddkboling, 1959). In the case of rodents,
the response is probably the result of a combinabb functional and numerical
responses (Abramsky, 1983). The observed directityedependent response means
that rodents can readily locate and forage fromgdaweed seed patches, such as those
occurring naturally in fields or created by tillaged harvesting machinery. Thus, direct
density dependent response may contribute to kiveid populations build up within
cereal fields of northern-Germany.

Seed predation caused by granivorous rodents snsthidy was low. Therefore,
the effect of the observed direct density dependesponse to seed densities is
probably limited. A possible cause for the low @&ah rate is the lack of suitable
habitat for rodents, which may have led to the tiemsities measured. The poor canopy
cover available at the time of the experiment (8 tmfolded leaves) probably inhibited
rodent movement (Tewet al, 2000; Baraibaet al, 2011). Rodents usually abandon the
field and move to the field edges when crop cowemot available within fields
(MacDonaldet al, 2000). Rodent predation is expected to increaeimcreasing crop
development.

Although no attempt was made to quantify rodentsdiss, the low numbers of
rodents trapped may reflect a low population dgnsitthe area. It is known that high
management intensity and large fields reduce rodiemsities (Tewet al, 1992).
Intense and repeated herbicide and insecticideyisygraespecially during the oilseed
rape phase of the oilseed rape — winter wheat-ewirdrley rotation, may decrease food
availability. Rodents are known to consume insasts part of their diet. Insecticide
spraying may increase mortality of invertebrated endirectly affect rodent population
(Menalledet al, 2007; Navntoftet al, 2006). The oilseed rape phase of the rotation
may constitute a bottleneck for rodent populatisms/ival and growth. However, proof
for this hypothesis is currently lacking.

Low predation rates may also be partially causethbyseason. The experiment
was conducted after soil cultivation in a youngpsrbence background seed densities
were low. This was intended to reduce the influesfdeackground seed densities on the
response of predators to seed densities. Afteriagpef high food availability in late

summer, it is likely that, at the time of the expent, predators had already finished
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storing and accumulating seeds for the winter. @&@erimentally added seeds were an
unexpected and an artificial food resource and heaxe caused lowered response in
activity density and predation rates.

Invertebrates, mainly carabid beetles, were nat &bldetect differences in seed
densities at the plot level; they responded densitlependent to the applied seed
densities. Large patch size, low mobility of thesedators and the short duration of the
experiment may explain why invertebrates were un#éblrespond numerically to seed
densities (Zhangt al, 1997; Westermaet al, 2008). In addition, temperatures near
zero between days 8 and 10 after the beginninpekkperiment decreased predation
rates by invertebrates, probably because invettiebraere either killed or their activity
limited. Invertebrates neither cache seeds forewistorage nor can they build up large
fat reserves as rodents do. In addition, low teapees reduce invertebrates activity
and limit the time available for foraging. Theredfptheir ability to respond functionally
to increased seed availability is limited (Westemmatal, 2008). It can be assumed that
carabid beetles respond to different seed densitipatches smaller than those created
by a single or few weeds. We would expect thisatffié seeds are longer exposed than
in the experiment. However, both assumptionsrstéd to be tested.

The results of this study suggest that large weed patches are likely to persist
in fields where invertebrates are the main predatahile they could be successfully
controlled where granivorous rodents are preseatchPsize seems to be crucial in
determining the extent to which predators are &blgetect high seed density areas and
respond to them. The different identity of seeddpters reported in this study suggests
that the impact of seed predation on weed populatignamics may differ between
fields in Mecklenburg-Vorpommern region. If diret#nsity dependent responses are to

be maximized, measures to increase rodent popasasioould be encouraged.
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Crop damage by harvester ants

Assessing yield losses caused by granivorous amissssor barbarusL., in winter
cereals
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Summary

Harvester antdMlessor. barbarud.., are important seed predators in semi-aridatdields of
NE Spain, and can contribute substantially to wemdrol. However, occasionally they harvest
newly sown crop seeds at sowing in autumn, or cgeal grains close to harvest in summer,
causing vyield losses.

A preliminary study was conducted in 34 commerviaiter cereal fields to measure
yield loss, and to identify factors that influeriteThe area affected by ants was measured ten
days prior to the anticipated harvest date. Anbmplsize, nest density, crop height, weed
densities and temperatures at sowing were assessed.

At sowing, harvester ants did not cause yield losg2% of potential yield on
average). At harvest, yield losses were generally &s well (0.6%) although occasionally
higher losses were recorded (max. 9.2%). Yielddsssignificantly increased with increasing
nest density, nest size and with number of yearsdifll. The results of this study show that in
2009 yield losses caused by barbaruswere insignificant and more than offset by thedjis

provided by the destruction of weed seeds.

Keywords: yield loss asowing; yield loss at harvest; damage; nest densilpny size; no-till
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1. Introduction

Messor barbarugL.) is one of the main species of harvester amtse semi-arid region
of north-eastern Spain. It plays a role in weedrmdnbecause it collects and destroys a
large proportion of the newly shed weed seeds, timiting the build up of weed
populations (Atanackovic, 2010; Baraibat al, 2009). However, under certain
circumstances and in some years, farmers repdd keses caused by ants. Here, we
investigated if and when harvester ant-induceddyiesses occur and estimated their
magnitude.

Damage can occur at sowing in late autumn or ctoskarvest in summer.
Harvester ants can collect crop seeds that arerfsupky drilled or simply scattered
over the soil surface at sowing (Campbell, 1982h&vest, harvester ants cut grains or
entire ears straight from the cereal plants.

It is likely that the density of harvester ants,iethcan be estimated by nest
density and colony size, will influence yield lossBlest density seems to be influenced
by the number of years that a field has not bdEudt(Baraibar, unpubl.: Chapter 4). In
the last 25 years, many farmers in the region fedapted no-till or minimum till in
order to save costs, increase water use efficiamclyimprove yield of rainfed cereals
(Cantero-Martinezet al, 2007). Harvester ants are favoured by these igoés,
reaching high densities and large colony sizesgBar et al, 2009). Big nests have
more ants and, thus, need more food. Furthermarge | colonies have a higher
proportion of workers devoted to foraging than deratolonies (Tschinkel, 1998), and
more “soldiers”, which are better able to harvestpcseeds (Baraibar, personal
observation).

Winter cereals in north-eastern Spain are usuallynsat the beginning of
November, when temperatures start to decrease aative humidity is high (Servei
Meteorologic de Catalunya, 2010). The combinatiérlosv temperatures and high
relative humidity leads colonies of harvester antslose down for winter hibernation
(Azcarateet al, 2007). The minimum threshold temperature repoftedv. barbarus
activity is 9 °C (Azcaratet al, 2007). However, occasionally temperatures rernih
deep into November, or temporally rise again, agapsi burst in harvester ant activity,
which may result in the harvesting of newly sowopcseeds. In addition, seeds that are
not buried at drilling are more likely to be haresl because, in general, seed predators
do not dig for seeds, but remove seeds availabte@roil surface (Hulme, 1994).
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Cereal type (wheat, barley, triticale) and varietyay differ in the rate of
maturation and in architecture, which may influettze timing and the ease with which
ants gain access to the grains and can cut eatheofflant. Architectural differences
could include, for example, hairs on the stem hibight at which the ears are formed, or
the thickness of the stem. In certain years, dessibf alternative seed sources at
harvest, in particular weed seeds, may be inseffidio satisfy the needs of all colonies.
In this case, harvester ants may engage in the moeegy-consuming strategy of
collecting crop seeds off the plant.

This study is a first attempt to quantify crop kessaused by granivorous ants
both at sowing and at harvest. In addition, thati@hship between some of the factors
that could influence yield losses, namely nest tig@®d colony size, number of years
of no-till, date of sowing and harvest, crop hejghtnperatures after sowing and weed

abundances were explored.

2. Materials and methods
2.1. Experimental site and design
This research took place in 2009 in the area olAgmt, a village in semi-arid north-
eastern Spain. Long-term average temperature & %3.and average rainfall is 428
mm, concentrated in spring and autumn (1971 — 2(®é€rvei Meteorologic de
Catalunya, 2010). Yield loss was assessed in 34r=ymal cereal fields that had been
sown to cereals between 2 October and 25 Novemb@s. 2ZTwenty nine fields had
been planted with barleyHprdeum vulgard..), four with wheat Triticum aestivuni..)
and one with triticaleXTriticosecaleWittm.). Twenty eight of the fields were managed
without tillage for periods between 1 and 25 yeasd 6 with minimum tillage.
Minimum tillage included a tillage operation at theginning of autumn, prior to
sowing; working depth of 15-20 cm. Preliminary as&8 showed that tillage did not
directly affect yield losses caused by ants, neitltesowing nor at harvest. Therefore,
data from minimally tilled and no-till fields wemmmbined and jointly analysed.

In each field, an area of 50 x 50 m was marked peently, and used to assess
1) area affected by ants, 2) ant colony size, 3)nast density, 4) crop height and 5)
weed density.

Yield loss was assessed between 12 and 22 June 880%lays before the
anticipated crop harvest (22 - 29 June). In threkld, harvest did not occur on the

anticipated harvest date, but two weeks later, haore 6 (one field) and 12 July (two
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fields). Therefore, in these three fields yieldslosas assessed twice; prior to the
anticipated and the real harvest. Damage asses$sin@ dater date was used in the
analyses. The surface area affected by the antsngasured for ten randomly selected
nests within the 50 x 50 m area. The area affebte@ach nest at sowindys, was

distinguished from the area affected at harvést,by the visible symptoms; seeds
harvested at sowing resulted in an area surrourtdmgest that was void of crop, while
damage at harvest was characterized by the renudvears from crop rows at and
adjacent to the nest. Causes other than ants, audatal germination or seedling
mortality due to insects(g.the beetlZabrus tenebroidefoeze)), cannot completely
be excluded as causes for crop failure at sowirmgvd¥er, the spatial coincidence with
ant nest presence strongly suggests a causabrahip. The number of rows and the

length of the row(s) affected were measured, amdexted to calculate the average area

affected,As and An (ha nest).
The size of the ten selectéd. barbarus colonies was estimated, using a
subjective scale that ranged from 1 (small) toabgg), based on the area occupied by

the colony, the number of entrances, worker sizk the number of active ants. The

average nest siz&, was calculated.

After crop harvest, alM. barbarusnests in the 50 x 50 m area were counted,
using a grid spaced 10 m apart, and marked witlayspaint to prevent double
counting. Counts were converted to numbers of restectard).

The height at which ears were formed was measuegtlto the ten nest, and

averaged to produce the average crop helght,
Weed densities were assessed in 30 random locatidma the 50 x 50 m area

in May 2009 by identifying and counting all weedisrgy one meter between two cereal

rows. Weed counts were averaged and convertednbens per square meta, (m).
The number of daysT{) and the number of hour3,j with temperatures above
9 °C after sowing were determined, using hourly andrage daily temperatures (°C)
from October to December 2009 for Tarrega, 17 krayafkom the experimental fields
(Servei Meteorologic de Catalunya, 2010).
Finally, the farmers provided information on crogpe, crop variety, sowing

date, sowing deptl), number of years of no-tiINT, and yield,Y.
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2.2. Data analysis
Damage was expressed as the yield |o4s, caused by harvester ants, and was
calculated as;
YL= Ax N xY [kg ha']
with Y, the crop yield obtained in that field (kg Baas provided by the farmer.

Generalized linear regression (Genstat 12) was ueedelate YLs to the
explanatory variablesN, S, crop,NT, Tq and Ty, andD; and YL, to the explanatory
variablesN, S, crop,NT, H,YandW . First, the best model(s) explainivis and YL,

were selected based on all subset regressionsethree RSEARCH), usin&zadj, Cp
and AIC as selection criterions. Next, the finaldebwas selected based Bfyq and

significance of the GLM (GLM procedure, log-linkeé dispersion).

3. Results
3.1. Yield loss at sowing

Averaged over all fields, yield loss at sowin.s, was 6.7 kg ha or 0.2% of
potential yield. In most of the field¥Ls was negligible (< 18 kg RHaor 0.6%) and only
in two fields wasy Ls higher, namely 46 and 49 kg har 1.6%. Sixty-six percent of the
nests did not cause any vyield loss at sowing wl®% affected an area smaller than
0.5 nf (Fig. 1, black bar).

Yield loss at sowing was best described by theabdes: nest densityN,

average nest siz&§, and the number of years of no-tiN;T (Table 1). Yield loss at
sowing increased with increasing nest density, sigt and number of years of no-till.
The model explained 73.5% of the variation. Theesgion equation to predi¥tsis as

follows:

Log(Yl)= -3.56 + 0.00 + 1.43S +0.06NT
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Table 1 Generalised linear regression analysis (GLM) iehdyloss at sowingYLs, caused by

harvester antdessor barbarusas influenced by nest densiti)( average nest sizéo and

number of years of no-tilNT).

Df Mean Deviance Deviance ratio P value
Nest densityI{) 1 180.9 56.43 <.001
Nest size 6) 1 87.45 27.28 <.001
Years of no-till NT) 1 17.09 5.33 0.029
Residual 28 3.21
Total 31 12.1

3.2. Yield loss close to harvest

Averaged over all fields, yield loss at harvest,, was 18.5 kg hidor 0.6%. In
most fields,YL, was negligible, namely < 30 kg haOnly in two fields losses were
higher, namely 238 and 274 kg haepresenting 8 and 9.2% of the average yield,
respectively. Eighty-two percent of the nests ditlcause any yield loss at harvest (Fig.
1, white bar).

100
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60

40

Percentage of nests

20 4

0 0-05 05-1 1-2 =2

Area affected per nest (mz.ha'l)

Fig. 1. Frequency distribution of nests of all fields atting to area affected per nest'(nai’)

at sowing (black bar) and close to harvest (whatg.b

There were a number of competing models that ctyrelescribedYLy,. All

models includedN, S andNT. More elaborate models, which included crop heig_hi

and yield,Y, had a minimal AIC and a maximuRf,q, However, we opted for a smaller

model includingN,S , andNT, because the addition &f or Y did not significantly
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improve the regression (Table 2). Yield loss atvesr increased with increasing nest
density, nest size and number of years of noHitj.(2). The model explained 64.8 % of

the variation. The regression equation to predigtis as follows:

Log( Yly)= -8.67 + 0.00N + 2.63S + 0.08NT

Yield loss at harvest was more than three timebkérign the three fields that

were harvested late (60.11 + 68.5¢7 ¢ sem)) than in fields harvested earlier. This was

mainly caused by a large increase in the levebofage in one field.

Table 2. Generalised linear regression analysis (GLM) agldyiloss close to harvesYly,

caused by harvester amtessor barbarusas influenced by nest density)( average nest size

(§) and number of years of no-tilN{).

Df Mean Deviance Deviance ratio P value
Nest density 1) 1 1238.52 166.6 <.001
Nest size 6) 1 1049.49 141.17 <.001
Years of no-till NT) 1 32.03 4.31 0.047
Residual 28 7.43
Total 31 81.55
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Fig. 2. Regression lines and observed yield losses ctobariestYLy,, and nest density (A),

average nest sizé , (B), and years of no-tiNT (C).
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4. Discussion
In general, yield losses by harvester ants werdl samal economically insignificant.
Losses at sowing were affected mainly by harvestst densityN, average nest

size, S, and number of years of no-tilNT. The combination oN and S can be
regarded as an estimate of harvester ant densityel case of the fire arfolenopsis
invicta Buren, which is known to cause damage to croph sgcpotatoes, soybeans,
corn and sorghum, in the United States, Australml @&ome Asian countries,
correlations were found between crop losses anduh#er of ants caught per bait trap
(Adamset al, 1988), and colony size (Dreesal, 1991). Nest density d¥l. barbarus
increases with increasing number of years of npréhching a maximum after 10 — 12
years (Baraibar, unpubl.: Chapter 4). The reasaontiie growth in the number of
colonies is probably the lack of soil disturbanc®sil disturbances destroy the shallow
nests of young colonies, destroy the nest entraotefler colonies, force workers to
allocate time to reconstruction rather than gatfteseeds, and bury surface seeds,
which are no longer available to the ants. In swithout tillage, harvester ant colonies
may have higher survival and growth rates. Foragifiigiency is related to ant nest
density (Baraibaet al, 2011), and it is, therefore, likely that seedstonption will be
higher in the case of high ant densities and lagjenies.

Contrary to expectationggy and Ty, the number of days or hours after sowing
with temperatures > 9 °C, did not contribute tolaxpng variability in yield losses
caused by harvester ants at sowiltl,. Apparently, the duration of the period with
temperatures > 9 °C was unimportant. A single dely some hours with temperatures
> 9 °C, which occurred in all fields, seems to bffident to induce damage. This
suggests that the ants do not require much tingatteer the seeds.

Seed burial usually prevents seed harvesting amducoption by predators
(Dreeset al, 1991; Brownet al, 2003). Superficial drilling could put seeds akrof
exposure. However, during model selection, sowiegtll was not selected as an
explanatory variable. It is possible that the segdlepth provided by the farmers was
inaccurate and that, in reality, seeds were mongersigially planted, due soil
compaction, presence of stones, dense crop stubtile Another possibility is that,
although the seeds were delivered at the requepthdthe seeding furrow did not close

after seeding, resulting in exposure to harvestts. a
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Yield losses caused by harvester ants close to ltaopest were explained by

nest densityN, average colony siz&§ and number of years of no-tiNT. High nest
density may increase competition among coloniesdod, forcing colonies to harvest
seeds off the crop. On average, large nests (agt&yaaused more damage than small
nests.Messor barbarudas three castes of workers, nammiyor, mediaand major,
which usually perform different tasks within thela@y. For Pogonomyrmex badius
Latreille, another species of granivorous antshifdgel (1998) reported an increase in
the number and size afajor workers as the colony grows. Because only the rbésd

of these big workers are strong enough to sucdéssiut the ears of cereals (Baraibar,
personal observation), this could provide a pldasgixplanation for the fact that colony
size is related to yield losses close to harvest.

In the three fields that were harvested late, yiess tended to be higher than in
remaining fields that were harvested two weekdaerafPossible explanations include 1)
a longer exposure period of the cereals to the ants 2) more mature cereal grains. In
June and July, colonies Messorspp. have a high production of new workers, which
can lead to a rapid increase in the foraging agtiiaz, 1992). A delay in harvest date
would allow these ever increasing numbers timentogase harvest rate. Similar results
were obtained for the fire an§olenopsis invictaLonger exposure increased the
proportion of wheat, corn and sorghum seeds damagedboratory experiments
(Morissonet al, 1997). The spikes of fully mature and dry cropsyrbe easier to bite
through and harvest. However, proof for either hlilgpses is currently lacking.

Most seeds of important weeds in semi-arid wintereals, such akolium
rigidum G., Bromus diandruRoth andPapaver rhoead.., are shed prior to harvest
(Atanackovic, 2010). The availability of these wesekeds on the soil surface was
expected to reduce yield loss close to harvestusecalimbing cereal plants is much
more energy and time consuming than foraging seade soil surface (Azcarags
al., 2005; Heredia and Detrain, 2005). However, theas no relationship between
weed density and the yield loss caused by antaraekt. We realize that weed density
alone may not suffice as a proxy for seed avaitgbMWeed species distribution on the
field may have influenced weed seed availabilitysel to the ant nests and determined
the need to harvest crop seeds. Burial of the sstafleed species may have reduced
seed availability on the soil surface and may hiaceeased yield loss. Therefore, it
would have been better to quantify the number cédveeeds available to ants prior to
harvest (e.g., Westermat al, 2003; Atanackovic, 2010).
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We could not confirm that wheat was more prondamage by harvester ants
than barley, as claimed by local farmers, becadsasufficient wheat fields in our
survey. Nor could we confirm if differences in ylelosses were caused by crop
varieties. Expanding the survey, to include repiwces of the various crops and
cultivars, could also be a useful way to invesggathether structural differences or
differences in the rate of maturation influence tbeel of crop damage caused by
harvester ants.

There are various ways to prevent ant-induced \lmddes. Early crop harvest
could in some cases reduce yield loss, althoughrdtommendation is based on the
fate of a single field only. There was no eviderfoe the hypothesis that high
temperatures in autumn increased yield lossesvango Nevertheless, fields sown in
October or the first half of November tended to éndmigher yield losses than fields
sown during the second half of November. So, detagowing until temperature drops
below 9 °C could help to prevent yield losses atisg. Both recommendations need to
be tested first.

A third option involves reducing harvester ant pagon density. Spraying
insecticides, to reduce harvester ant populatimnapt suitable because it would only
eliminate worker ants that are on the soil surf&maying does not affect the queen,
which is buried deep in the colony, and which spansible for the survival and growth
of the colony (Cerdan, 1989). Spraying might bedffe if it is done on the day of the
release of the reproductives, which are releasadyy®llowing the first autumn rains.
Killing new queens would reduce the density of seblowever, the prediction of the
exact day the flights take place is difficult, henspraying cannot be timed. The use of
ant bait insecticides could be an alternative optacontrol ants. Worker ants take the
bait to the nest and feed the queen; the deatheofqtieen causes the death of the
colony. Cereal and product prices largely deterntine cost-effectiveness of this
treatment. The estimated cost of an ant bait agpdic is currently justified in fields
with more than 150 kg Haof yield loss. However, no chemical products amgistered
against harvester ants in grain crops. A more heatioptable option to decrease
harvester ant density is a year of intense culowabecause soil disturbance reduces the
survival chances of ants nests, in particular badlew colonies of young nests.

In summary, this study indicated that yield loseassed by the harvester ant
M. barbaruswere generally low in 2009. Harvester ants coantglto weed control in

semi-arid cereal systems (Barailefal, 2009). At least in 2009, yield losses caused by
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harvester ants were more than offset by the benafttvided by the destruction of weed

seeds.
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General discussion

This study revealed that seed predation in dryleergals is completely different from
seed predation in irrigated cereals within the saaggon (Catalonia, NE Spain). In the
rain-fed areas, seed predation is substantial aodt roontribute to weed control,
whereas in irrigated areas, seed predators havesabompletely disappeared, resulting
in negligible levels of natural weed control.

In the following two sections, the consequencethese differences, in terms of
natural weed control in cereal fields, will be dissed. A third section deals with the

consequences of direct density dependent seedtimetiaweed control.

Natural weed control by seed predation in rain-éedas

In the rain-fed areas of Lleida (Catalonia), wintgreals are usually grown in
monoculture, because few other crops are productitiee dry climate. Insect pests and
diseases occur infrequently and usually do notegiedd losses, so weeds are the main
yield reducing factor. Diversified crop rotatiom®yver crops or intercropping, which are
effective non-chemical means against weeds (Dawis ldebman, 2000), cannot be
used because of water scarcity. Therefore, weettatarlies heavily on herbicides,
tilage, and other cultural practices such as amlagowing or increased seeding rate
(Gonzalez-Andujar and Fernandez-Quintanilla, 2004).

This study clearly showed that seed predation ¢siiwing naturally and must be
responsible for substantial weed seed losses. €hedpof high seed predation rates
coincides with the main period of weed seed shathaly from April to June (Chapter
2; Atanackovicet al, in prep). Based on these results, harvester ants cooldvwe 65
to 95% of all weed seeds produced yearly (Atanaickewal, in prep). No published
studies on seed predation in agroecosystems harergworted such consistently high
annual predation rates (see references in Detv, submitted). Seed losses of this
magnitude contribute substantially to weed control.

The main seed predator is the harvester Massor barbarusExisting nest
densities (approx. 400 nestsihaseem to suffice to guarantee high predation rates
Therefore, in order to maintain high levels of matweed control, nest densities should
be kept at the current level.

Tillage was the only factor investigated in thiadst that influenced harvester

ants nest densities and weed seed predation rmBegause ploughing was much
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shallower and did not involve soil inversiol]. barbarus was not eliminated by
ploughing, as in the case Mf. capitatusin central Spain (Diaz, 1991). Nevertheless,
harvester ants may have suffered from tillage. Ewample, tillage after harvest
influenced the predation rates directly, and inttlseby reducing the duration of seed
exposure to seed predators. Late autumn tillageatfact the reproduction success of
harvester ant populations, but the timing of téag crucial. If tillage occurs after the
mating flight, it will probably kill most of newlestablished queens. If tillage occurs
before the mating flight, more queens are likelgtovive. The fact that more and more
farmers within the study area are adopting ncstifjgests that natural weed control via
seed predation will increase in the rain fed regib@atalonia.

Harvester ant density varied enormously betweddsfig140 - 1168 nests.ha
Causes of this variability are still unknown. Ndensity appeared to be uncorrelated to
any of the soil or topographic characteristicse@sOnly the number of years without
tilage seemed to explain 14.2 and 12.6 % of theatian in ant and nest densities,
respectively (Chapter 4). Future research shouwldstigate the causes of variability in
nest density, such that management options camrdigried to enhance ant densities in
area where they are currently too low (e.g. < 48§tsha-1).

In 2009, cereal yield losses caused My barbarus were low (Chapter 6).
However, under certain circumstances, such as eélasop harvest, crop damage can
be substantial. Riper grains combined with high activity in June seem to be a
possible cause for high yield losses at a latedsrdate. If these results are confirmed,
some agri-environmental schemes, aimed at presemreatened species of steppe
birds and based on delaying crop harvest, may tedx reconsidered. Yield losses
caused by harvesting of seeding material in autcameasily be prevented by delaying

the date of cereal sowing until temperatures avddw for harvester ant activity.

Natural weed control by seed predation in irrigatagas

The situation with regard to weed seed predatiomrdreals in the irrigated area is

completely different from that in the rain-fed ard2ereals are grown as part of a
rotation, which includes alfalfa and maize, andaligyuhave higher yields than in the

rain-fed area. The higher soil and air moistureteoin causes more problems with
regard to fungal diseases and a higher incidenagsett pests than in the rain-fed area.

Nevertheless, weeds are still the main yield retyiéactor.
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Seed predation in the irrigated area was almodigilelg. Except for a peak in
seed predation by granivorous rodents in springilApay), the absence of harvester
ants led to the almost complete loss of weed seediapon. The current expansion of
the irrigated area will probably result in the tdtss of harvester ants over a large area
in Catalonia. In order to maintain natural weed toan other animals will have to
replace the harvester ants. Although granivorodsmts (e.g.Mus spretusand carabid
beetles are present, they do not contribute muefetd seed predation. Future research
will have to elucidate why these predators conswmeew weed seeds within the

irrigated cereal fields.

Density dependent response

In north-eastern Germany, seed predation ratesragivgprous rodents were higher
inside than outside patches with high seed den3ibhe direct density dependent
response observed indicates that rodents could fimai expansion of weed patches in
winter cereal fields. Unfortunately, predation gteere very low32.4 % per 18 days
and the impact of seed predation on weed populayoramics is, therefore, low. The
density dependent response by harvester ants amdvgrous rodents in semi-arid
cereals in north-eastern Spain are currently bsindied (Atanackoviet al, in prep;
Rouphael 2010).

MAIN CONCLUSIONS

This study exemplifies both the strength and vidbéity of an ecosystem service. High
weed seed predation by harvester ants is occunangally in rain-fed cereals in north-
eastern Spain and contributes substantially to veeedrol. However, this service can
easily be lost as illustrated by the absence a geedation in the flood irrigated areas
and the response of harvester ants to excesslagetilExisting densities of harvester
ant nests could be preserved by limiting the lesekoil disturbance. In semi-arid
regions, cereal production is marginally cost dffecdue to limited water availability
and, therefore, preserving natural weed controhéwester ants is needed in order to

sustain the system.
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The main results of this study are:

For the rain-fed area:

Messor barbarusarvester ants are the main seed predators arwb@irgbuting
substantially to natural weed control. The peridd hagh predation rates
coincides with the period of maximum weed seed sttes maximizing weed
seed mortality.

In order to maintain high levels of natural weedtcol, harvester ant densities
should be maintained at the current level.

Tillage should be avoided because it reduced timsijeof harvester ant nests
and concomitant seed predation rates. In addititlage after crop harvest
buried most weed seeds, which very likely escapedation by harvester ants.
Causes of variability in ant nest densities betwéells are unknownM.
barbarus ant and nest densities did not correlate with comnsoil
characteristics, topographic variables or crop @athagement practices, except
for the number of years of no-till. Harvester aatsity was highest after 11-12
years of no-till. Other than that, no recommendeticould be formulated to
increase nest densities in those areas were tedgwr

Granivorous rodents in rain-fed fields were scaod did not contribute much
to weed seed predation.

Crop vyield losses caused by harvesting of seediagmal in autumn or cereal
ears in summer b. barbaruswere negligible. However, causes of occasional
higher crop losses close to harvest should be figated further. In general, it
seems that yield losses caused by harvester amtmare than offset by the

benefits provided by the predation of weed seeds.

For the irrigated area:
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Harvester ants were completely absent in floogated fields. The loss of this
species led to the almost complete loss of weed pelation.

Harvester ants were replaced by carabid beetles gaadivorous rodents.
Although densities of granivorous rodents were higltthe field edges, seed
removal rates within the fields were low except &éshort period of time in
spring. Causes of low predation rates within ingghfields are unknown and
need to be investigated.



General discussion

Density dependent response:

» Granivorous rodents in NE Germany responded inrecdidensity dependent
manner to increased weed seed densities and haws the potential to limit the
expansion of weed patches in winter cereal fields.

* Unfortunately, seed predation rates were exceptiof@v (32.7 % per 18 days
and the causes for this need to be investigated.
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Conclusions

Conclusions
Les principals conclusions d’aquest estudi son:
Per I'area de seca:

» Les formigues recol-lectordédessor barbarusoén els principals depredadors de
llavors i estan contribuint substancialment al oamatural de males herbes. El
periode on les taxes de depredacidé son més alitesdmx amb el periode de
maxima pluja de llavors, pel que la mortalitat ld@drs de males herbes es veu
maximitzada.

* Per mantenir els alts nivells de control naturalefearvenses, les densitats de
formigues recol-lectores s’haurien de manteniialhactual.

» El conreu del sol hauria d’evitar-se quan fos pgmegierque redueix la densitats
de nius de formigues recol-lectores aixi com Igedale depredacio. A més, el
conreu del sol després de la collita del cereareania majoria de les llavors de
males herbes, i d'aguesta manera, poden escapatepitedacio per part de les
formigues.

* Les causes en la variabilitat en la densitat des motre camps encara es
desconeixen. Les densitats de niusvidébarbarusno es van correlacionar amb
les caracteristiques del sol més comunes, ni amiébles topografiques ni amb
practiques de maneig; excepte el nombre d’anyspiba directa. La densitat
de nius deM. barbarusva ser maxima després de 11 — 12 anys de sembra
directa. A part d’aix0, no es van poder formularoreanacions per incrementar
les densitats de nius en aquelles zones en lestquigaixes.

* Les poblacions de ratolins granivors en les areeseda van ser molt baixes i no
van contribuir gaire a la depredacio de llavorsnddes herbes.

» Les péerdues de rendiment causadesNbebarbarus tant per la recollida de
llavors de cultiu a la tardor o d’espigues de deabans de la collita, van ser
negligibles. Tanmateix, les causes que condueigasionalment a perdues mes
altes abans de la collita haurien d’investigarss@etall en el futur. En general,
sembla que les pérdues causades per les formigeed-lectores queden

compensades pels beneficis de la depredacié dedlae males herbes.
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Per les arees de regadiu:

Les formigues recol-lectores van desaparéeixer cetanplent dels camps regats
per inundacio. La pérdua d’aquesta espécie vamparta casi completa pérdua
de la depredacié de llavors de males herbes.

Les formigues recol-lectores van ser substituides garabids i ratolins
granivors. Encara que les densitats de ratolinsi\gres van ser altes als marges,
les taxes de depredacio a l'interior dels camps s&nbaixes, excepte per un
curt periode de temps a la primavera. Les causeexpliquen aquestes baixes

taxes de depredacié son encara desconegudes & Is&n ithvestigades en detall.

Respostes denso-dependents:
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Els ratolins granivors del nord-est d’Alemanya v&mir una resposta
directament denso-dependent a densitats creixenliavbrs de males herbes, i
per tant, tenen el potencial per limitar 'expand@rodals de males herbes en
camps de cereals d’hivern.

Malauradament, les taxes de depredacio van sepero@lment baixes (32.7%

en 18 dies), pel que s’haurien d’investigar lesseau



Conclusions

Conclusiones

Las principales conclusiones de este estudio ltkm si

Para las zonas de secano:

Las hormigas granivoras de la espeliessor barbarusson las principales
depredadoras de semillas y estan contribuyendondefarma sustancial al
control natural de las malas hierbas. El period@®leque se dan las tasas mas
elevadas de depredacion coincide con el periodondeima dispersion de
semillas, por lo que cabe esperar que la mortaligasemillas de malas hierbas
sea maxima.

Para mantener los niveles de depredaciéon de semaillas, las densidades de
hormigas granivoras deberian mantenerse en elagugl.

El laboreo del suelo deberia ser evitado en lobbp®sia que reduce la densidad
de nidos de hormigas y las concomitantes tasasefdeediacion. Ademas, el
laboreo después de la cosecha del cereal enteemayoria de las semillas de
malas hierbas y evita en gran medida, que éstampser depredadas.

Las causas de la variabilidad en la densidad desrdé hormigas entre campos
son aun desconocidas. Las densidades de nidik darbarusno pudieron ser
correlacionadas con las caracteristicas del suék gomunes, con parametros
topograficos ni con las practicas de manejo ddlvaylexceptuando en numero
de afios desde la adopcion de la siembra directadéasidades de nidos ke
barbarusfueron maximas después de 11-12 afios de siemiecadiA parte de
esto, no se pudieron formular recomendacionesiparamentar las densidades
de nidos en aquellas zonas en las que son bajas.

Las poblaciones de roedores granivoros en las zo@asecano fueron muy
escasas y contribuyeron escasamente a la depredaeiGemillas de malas
hierbas.

Las pérdidas de rendimiento causadasNbobarbarustanto en el momento de
la siembra, como en el de la cosecha fueron irfggnies. Sin embargo, las
causas que ocasionan pérdidas mas elevadas dmiemtdi antes de la cosecha,
aun de forma ocasional, deben continuar siendaliestas. En general, parece
que las pérdidas de rendimiento causadas por hasmgranivoras son
compensadas por los beneficios que proporcionapaedacion de semillas de
malas hierbas.
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Para las zonas de regadio:

Las hormigas granivoras desparecieron por complelos campos regados por
inundacion. Esta desaparicion causé la pérdidaccamspleta de la depredacion
de semillas.

Las hormigas granivoras fueron reemplazadas poabickrs y roedores
granivoros. Sin embargo, aunque las densidadesedenes fueron altas en los
margenes de los cultivos, la depredacion de sesralhiael interior de los campos
fue baja, excepto por un corto periodo de tiemppranavera. Las causas de las
bajas tasas de depredacion aln no han sido daldfic y necesitan ser

investigadas en el futuro.

Respuestas denso-dependientes:
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Los ratones granivoros en el noreste de Alemanéeran una respuesta
directamente denso-dependiente a densidades descida semillas y, por lo
tanto, tienen el potencial de limitar la expangié@nos rodales de malas hierbas
en campos de cereales de invierno.

Lamentablemente, las tasas de depredacién fueroapewnalmente bajas
(32.7% en 18 dias) y sus causas aun deben sefijgass.
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