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Riassunto

La presenza delle piante infestanti rappresengaiteipale causa di danno economico per
I'agricoltura a livello mondiale, sia in termini dalo di resa delle colture sia come costi
sostenuti per il loro controllo. La gestione intgr delle malerbe gioca quindi un ruolo
cruciale per il raggiungimento di una maggiore @okilita ambientale, sociale ed
economica delle produzioni agricole. La modellizaae del ciclo biologico delle infestanti
pud essere una componente importante della gesindegrata. In particolare i modelli
previsionali della dinamica di emergenza delle me#en campo e della loro successiva
competizione con le colture possono fornire utililicazioni sui tempi, sui modi e sulla
convenienza economica di un eventuale interventwodtrollo. L'obiettivo principale del
progetto di ricerca sviluppato nella presente éestato la creazione di uno strumento di
supporto alle decisioni (DSS), basato su un moddllgprevisione delle emergenze
(AlertInf) e la sua combinazione con un pre-esigtenodello bio-economico (Gestinf), per
il controllo in post-emergenza delle infestanticolture di mais. Tale strumento e stato
denominato Gestinf Plus. Alertinf & stato basatb cancetto di Tempo Idrotermico;
nell’ambito di tale approccio la dinamica di emerge viene stimata confrontando le
condizioni microclimatiche del suolo (temperatunaogenziale idrico) con dei valori soglia
specifici per la germinazione delle infestanti (pmratura e potenziale idrico di base). Tali
valori soglia sono stati quindi determinati con y@odi laboratorio alcune importanti
infestanti Abutilon theophrasti, Amaranthus retroflexus, Chenopodium album, Digitaria
sanguinalis, Echinocloa crus-galli, Setaria pumila, Setaria viridis, Sorghum halepense) del
mais in Veneto e Toscana. La successiva fase dinprizzazione di Alertinf e stata
effettuata per tre delle suddette speéietlieophrasti, C. album, S. halepense) utilizzando i
dati di emergenza ottenuti in varie prove di campadotte in localita e anni diversi nel
Veneto. Alertinf e stato poi validato con dati diergenza provenienti da ulteriori prove di
campo. Il modello creato € stato infine combinata Gestinf, ottenendo uno strumento
(Gestinf Plus) in grado 1) di prevedere il momemigliore per effettuare il rilievo della
flora infestante e 2) di definire la convenienzareamica dei vari interventi di controllo.
Per verificare la trasferibilita a livello europdoAlertinf, si € poi condotta una ricerca in
collaborazione con ricercatori portoghesi e spagpet studiare I'effetto del luogo di

origine e del luogo di coltivazione sulla temperatuli base per la germinazione di



popolazioni locali diA. theophrasti e Datura stramonium. Una notevole variabilita é stata
evidenziata nel comportamento delle popolazionDdistramonium. Questo risultato
potrebbe ostacolare la trasferibilita del modeller pale specie. Infine si € studiata
l'influenza della durata di interramento inverndke semi diA. theophrasti, S viridise S
halepense sul loro livello di dormienza, individuando p& viridis e S. halepense un
notevole effetto della stratificazione invernaldaguccessiva germinazione ed emergenza
in campo. Cio evidenzia I'opportunita di inserieedinamica della dormienza dei semi nei
modelli di previsione delle emergenze. Tuttaviactmoscenze sul comportamento delle

singole specie sono ancora carenti.



Summary

Weeds represent the main cause of economic losssyiculture worldwide, both as crop
yield reduction and control costs. Integrated Wktthagement plays therefore a key role
in order to achieve environmental, social and ennasustainability of crop production.
Modeling of weed biological cycles may be an impottcomponent of IWM. Models able
to predict weed emergence dynamics and weed-croppetition may provide useful
indications about timing, type and economic congeoé of control measures. The main
objective of the research project presented inThissis is to develop a Decision-Support
System (DSS), based on a weed emergence modeti#jeand its combination with a
pre-existing bio-economic model (Gestinf), to impgonveed post-emergence management
in maize. This system was called Gestinf Plus. thieiwas based on a commonly used
approach for weed emergence models called HydmotdeFime concept. According to this
approach, weed emergence dynamics are estimatgohomg soil microclimate conditions
(soil temperature and water potential) with specifiireshold values for weed seed
germination (base temperature and water potenfibBse threshold values were estimated
with laboratory experiments for some speciedbufilon theophrasti, Amaranthus
retroflexus, Chenopodium album, Digitaria sanguinalis, Echinocloa crus-galli, Setaria
pumila, Setaria viridis, Sorghum halepense) considered as important weeds in maize fields
of Veneto and Tuscany regions, Italy. Model paranization for Alertinf was achieved
for three weed specieé.(theophrasti, C. album, S. halepense) using emergence data from
several field trials carried out in different yeasd locations in Veneto region. Model
validation was performed with other emergence ttata independent field trials. Alertinf
was then combined with Gestinf to obtain an innimeatool (Gestinf Plus) able to 1)
predict the best moment for weed sampling and ZJuawe economic convenience of
several control measures. A common experiment wesnged in collaboration with
Portuguese and Spanish scientists to assess tanbfg at European level of Alertinf.
The common aim was to evaluate the effect of ditrigin and site of cultivation on base
temperature for local populations Af theophrasti and Datura stramonium. Remarkable
variability was found in the behavior oD. stramonium populations. This findings may
hinder transferability of Alertinf model for thigpscies. The influence of winter burial



length on seed dormancy level was finally studiedA. theophrasti, S. viridis and S
halepense. A significant stimulating effect of winter chillingas identified ors viridisand

S halepense germination and field emergence. Including seedndocy dynamic may
consequently represent an important improvemenivieed emergence models, however
further studies are required to obtain detailednmifation about specific behaviors for the

main weeds.



GENERAL INTRODUCTION

Weed control undoubtedly represents a key fact@ctoeve satisfactory field crop yields.
In the present world situation weed-crop compaetiticauses economic losses (yield
reduction; control cost) equal to about 13% ofrieximum potential yields (Zoschke and
Quadranti 2002). Weeds have an important impadhwnan activities in both advanced
and developing countries (Akobunudu 1991; Bridgg@4). Oerke (2006) estimated that, if
no control measures were applied, at global lekiel gotential yield loss due to weed
competition would be approximately 23% for whea%@for rice, 40% for maize and 37%
for soybean. For fifty years, weed control in madagriculture has been based mainly on
chemical herbicides, which have certainly permittemtable increases in crop yields.
However, during the last two decades public opinemd scientists have expressed
increasing concerns about risks for human healthesavironmental impacts correlated to
the use of pesticides in agriculture. Consequeatlyintense debate has arisen in the
political and scientific communities about how t@nbine economic issues with
environmental sustainability. As a result, the Baan Parliament recently published the
Directive 2009/128/EC that identifies as a priootyjective to reduce the risks and impacts
of pesticide use on human health and the envirohr{temropean Parliament 2009) by
promoting the use of Integrated Pest Managemeeavter@l active ingredients are probably
going to be withdrawn from the market due to thegative eco-toxicological profiles.
Further studies about weed biology and ecology thexefore required to develop
alternative strategies able to guarantee and eféecontrol even with a restricted list of
available chemical herbicides (Zanin and Catizdd@32.

In this scenario, studying weed population dynanaind especially seedling emergence
may be crucial in order to make estimations aboegdrcrop competition, ascertain cost
effectiveness and control timing (Buhler et al. @00eblanc and Cloutier 2002; Grundy
2003). Weed emergence patterns were initially stidinalyzing long-term experiments
with an empirical approach (Roberts and Feast 19aWson et al. 1974; Roberts and
Potter 1980). Authors then began to focus theoreffon predicting weed germination and
emergence according to the effects of environmdatabrs (such as precipitation, air and

soil temperature) and management practices (Saeir@. 1985; Bewick et al. 1988;



Benech-Arnold et al. 1990; Mohler 1993; Forcell®8P A commonly-used approach is
the Hydrothermal Time concept, which attempts tadelseed germination according to
the interaction of soil temperature and soil watetential (Gummerson 1986; Alvarado
and Bradford 2002; Bradford 2002). This approach tbeen adopted to model germination
of several weeds and crops (Grundy et al. 2000ndoet al. 2000; Rowse and Finch-
Savage 2003; Leguizamon et al. 2004). The firstiegpon of the Hydrothermal concept
in Italy was by Masin et al. (2005) who created yalrbthermal model (WeedTurf) to
predict weed emergence in turf. WeedTurf estimatiesaccumulation of Hydrothermal
Time in relation to the comparison between soilrogtmate conditions (soil temperature
and water potential) and biological parameters eéds (T, base temperature amg, base
water potential for germination). Hydrothermal timecumulation (HT) is estimated using
Archer’'s WeedCast equation (Archer et al. 2001) ifrexti according to Bradford (2002)
which affirmed that the decrease in germinatiorgait supra-optimal temperature was due
to an increase in the, threshold for germination as temperature rose/@lbioe optimum
(To). Thus, ther, value increased linearly (Fig. 1) until it readi®MPa at a temperature
defined as the ceiling temperature (CT = maximumeshold temperature at which
germination is prevented). Consequently, HT accatraul in a day is estimated with the

following equation (Masin et al. 2005):

HT; = (n * max (Tsi — Th, 0) + HTi_l) (1)

O W, =W
T.<T, 1= J oty b
18 11t W, W,

T, T n=

s1 0

| TS Y, Wt Kt(T,-T,)

With Tg = average soil temperature on days = average soil water potential on day,

= optimum temperature for germination aftdis the slope of the relationship between T
and vy, in the supra-optimal temperature range. Paraméigre,, T, and Kt have to be
estimated with laboratory and field experiments.ed/urf is then able to estimate the
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percentage of total weed emergence (Emergence Ticogjelated to any given
accumulation of HT with the following Gompertz etjoa (Masin et al. 2005):

ET = 100 exp(a exp(b SGDD)) (2)

wherea represents an HT lag before emergence startg agpresents the rate of increase
of emergence once it is initiated. Balandb are species-specific biological parameters so
their determination is required for any weed ineldidh the model.
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Figure 1 - Linear increase of base water potential at teatpees above the optimum (To)
till the ceiling temperature (CT) at which germioatis prevented.

WeedTurf was created as a decision support sydiss) for weed management in turf,
but it may easily be transformed in order to predieed emergence in crop fields. It is just
necessary to re-estimate the above-mentioned lalogparameters according to the
characteristics of the new environment and to cbahg starting date of accumulation of

HT from 1° January (as adopted for WeedTurf) to the dateodfcsiltivation for crop
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sowing. However, in Italy there are no availablededs, based on the Hydrothermal Time
concept or any other approach, to predict weed genee in field crops.

Models like WeedTurf are only able to estimate wesdergence dynamics, i.e. they
provide information about the percentage of thalfamount of seedlings emerged till a
given moment. Instead, they are unable to estimatzl seedling density. As a result, these
models could be useful to identify the correct tighfor weed control, but they do not give
indications about potential yield loss due to ween competition or the cost effectiveness
of any weed control operation. This kind of infotioa could be provided by another class
of models, which are commonly defined as bio-ecanamodels. A bio-economic model,
called Gestinf, is already available to offer eaomo estimations to support weed
management for spring crops in Northern Italy (Barid Zanin 1997; Berti et al. 2003).
Gestinf is able to assess yield loss due to commmetirom a mixed weed flora, according
to its density, its botanical composition and weex (small/large plants), and to estimate
the specific cost effectiveness of several possiblgrol measures (Berti and Zanin 1994,
1997). Gestinf, however, is not able to predicesvgopulation dynamics; therefore its
estimations are based on the conditions at the mbwofeinput measurement, which can
only be done with a field scouting, which is veimé-consuming and expensive. The high
cost of scouting represents the main constrainthéo acceptance and adoption of bio-
economic models like Gestinf as a decision-supmystem for crop management
(Wilkerson et al. 2002). Since the scouting is dielgsible once during the crop cycle for
economic reasons, it is important that it is donethe right moment. Performing the
scouting at the correct time would both provide adtive information about weed flora
and leave enough time to arrange a possible coopetation. An adequately-modified
version of WeedTurf model may be used to overcohig problem, because it could
estimate the best timing for scouting operationsoeting to environmental trends. The
combination of a weed emergence model (WeedTurfifired)l and a bio-economic model
(Gestinf) could represent an innovative and useioll for Integrated Weed Management in
spring crops in Northern Italy because this coutautaneously provide information about
yield loss, timing and cost effectiveness of weextim| operations.

As explained above, weed emergence models baseldeoHydrothermal Time concept
require the determination of several biologicalgpaeters for Equations 1 and 2. Since
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these determinations are time-consuming and expenghe transferability of these
parameters across different populations may reptesee of the main constraints for the
development and large-scale use of hydrothermaleled@&rundy 2003). Studies reported
differences in germination ecology or in the biotad parameters for different populations
(Del Monte and Tarquis 1997; Christal et al. 1988emer and Lotz 1998; Allen and
Meyer 2002; Taab and Andersson 2009) or even fadsef the same population matured
under contrasting environmental conditions (Maggad Lukacs 2002). However, these
findings cannot be considered as a general ruleesfarundy et al. (2003) reported
evidence of synchrony in emergence timing for thpegulations of the same species.
Different ranges of intra-specific variability inegnination ecology may therefore be
supposed among different weeds. As a consequepesfis studies analyzing the effect of
genetic and environmental differences on germinaicology of different populations of
the most important weeds could be necessary foeldpwmg generic and transferable
emergence models.

Another important research topic for weed popuiatand emergence modeling is
represented by the environmental control of seeddocy (Benech-Arnold et al. 2000),
for the reason that the soil seed bank is the reaince of seedlings for annual species
(Buhler 1999; Grundy and Mead 2000). Dormant sdeml&e an internal constraint that
impedes their germination even if hydric, thermatl ayjaseous conditions are adequate
(Benech-Arnold et al. 2000). Dormancy is not a gaave (all-or-nothing) property and its
level may progressively vary from a minimum to aximaum point according to seasonal
dynamics (Batlla et al. 2004). These cyclic changeseed dormancy status may influence
minimum temperature and minimum water potentialinexgl for seed germination (Vegis
1964; Christensen et al. 1996; Batlla and Beneaiolr 2004). Many summer weeds
produce seeds that are normally physiologicallyradont when they are dispersed from the
mother plants in autumn (Taylorson and McWhorte6%9/an den Born 1971) and this
condition is known as primary dormancy (Benech-Adnet al. 2000; Batlla and Benech-
Arnold 2007). During the winter months, dormancygiadually reduced mostly due to the
interaction of low soil temperature and high sotisture (chilling), so seeds are able to
germinate in the following spring when environméntanditions become suitable

(Taylorson and McWhorter 1969; Van den Born 197Hyen if including dormancy
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dynamics in weed emergence models may notably weptioeir accuracy (Forcella et al.
2000; Grundy 2003), the complexity of environmeritadtors influencing dormancy and
the difficulty in separating dormancy release ameds germination has hindered the
spreading of specific studies (Grundy 2003). Marygidthermal weed emergence models
therefore do not consider dormancy or remain megaipirical under this aspect (Forcella
1998; Grundy and Mead 2000; Masin et al. 2005). &ler there universally recognized
indications about how to deal with dormancy levéltioe seeds used for,Tand vy
determination. As a consequence, a wide range fiéreint seed storage or chilling
treatments are reported by several authors foouanveeds (Benvenuti and Macchia 1993;
Masin et al. 2005; Kochy and Tielborger 2007; Satmw and Pignatta 2008; Masin et al.
2010). This methodological uncertainty should blresib because it may lead to different
estimations for the same parameters in the sanugespavith a consequent doubt about the
predictive accuracy of models. Winter chilling cdrahs (temperature, length) might also
affect summer weed field emergence, modifying tempdynamics and magnitude of
seedling flushes. For example, Grundy et al. (208pbrted a strong correlation between
winter temperature and emergence magnitude forake@baenopodium album populations
sown in locations with different winter conditionBhis aspect should be included in an
emergence model in order to maintain its predicteeuracy even in the presence of

variable winter conditions in different years ocdtions.
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THESIS OBJECTIVES

The general scenario described in the Generaldattion was the starting point for the
research projeetgresented in this thesis. The project has beem@ed as a series of sub-

activities with specific objectives:

» Creation of a predictive model, called Alertinf,skd on the WeedTurf structure, for
weed emergence in maize fields in Italy. The fpBtse, described @hapter 1, was
the determination with laboratory experiments ghidw, for several important weeds
(Abutilon theophrasti; Amaranthus retroflexus; Chenopodium album; Digitaria
sanguinalis; Echinochloa crus-galli; Setaria pumila; Setaria viridis; Sorghum
halepense). The second phase, reporteddhapter 2, was the creation and validation
with several field trials of Alertinf foA. theophrasti; C. albumandS. halepense.

* Combination of Alertinf with the preexisting Gedtirpresented inrChapter 3. This
innovative tool, called Gestinf Plus, should beealb predict weed emergence
dynamics, identify the correct timing for a scogtior a control operation and provide

economic estimations about weed-crop competition.

» Determination of T parameter and study of germination ecology in petmns of A.
theophrasti andDatura stramonium with different site of origin and cultivatiomhe aim
of this sub-activity, illustrated irChapter 4, was to assess for the two weeds the
variability at European level of yTparameter because it is a preliminary indicator of

modeling transferability.

» Evaluation of the influence of winter chilling diian on seed germination and seedling
emergence foA. theophrasti; S. viridis andS. halepense. The experiments described in
Chapter 5 were conducted to obtain information for each mseon the correct seed
management for s;Tand ¥, determination and to evaluate the utility of irdthg winter
chilling effects in emergence prediction models.
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Abstract

Predicting weed emergence dynamics can help fartogrign more effective weed control.
The hydrothermal time concept has been used to Inemergence as a function of
temperature and water potential. Application ofstboncept is possible if the specific
biological thresholds are known. This paper prosidedataset of base temperature and
water potential of eight maize weeds (velvetleafiroot pigweed, common lambsquarters,
large crabgrassbarnyardgrassyellow foxtail, green foxtail, johnsongrass). Favef of
these species, two ecotypes from two extreme regibrihe predominant maize-growing
area in Italy (Veneto and Tuscany) were collected @ompared to check possible
differences that may arise from using the sameshkiwies for different populations.
Seedling emergence of velvetleaf and johnsongras® \wodeled using three different
approaches: 1) thermal time calculated assumingaS Base temperature for both species;
2) thermal time using the specific estimated basgperatures; 3) hydrothermal time using
the specific estimated base temperatures and \patentials. All the species had a base
temperature above 10 C, with the exceptionveivetleaf (3.9-4.4 C) and common
lambsquarters (2.0-2.6 C). All species showed eutated base water potential equal or up
to —1.00 MPa. The thresholds of the two ecotype® wanilar for all the studied species,
with the exception of redroot pigweed, for whicle tileneto ecotype showed a water
potential lower than —0.41 MPa, whereas it was 2(MPa for the Tuscany ecotype.
Similar thresholds have been found to be usefhlyoirothermal time models covering two
climatic regions where maize is grown in Italy. th@rmore, a comparison between the use
of specific estimated and common thresholds for etind weed emergence showed that
for a better determination of weed control timirigis often necessary to estimate the

specific thresholds.
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Nomenclature

Barnyardgrass,Echinochloa crus-galli (L.) Beauv, ECHCG; common lambsquarters,
Chenopodium album L., CHEAL; green foxtail, Setaria viridis (L.) Beauv, SETVI,
johnsongrass, Sorghum halepense (L.) Pers., SORHA; large crabgrasfigitaria
sanguinalis (L.) Scop, DIGSA; redroot pigweedAmaranthus retroflexus L., AMARE;
velvetleaf,Abutilon theophrasti Medik, ABUTH; yellow foxtail, Setaria glauca (L.) Beauv,
SETLU.

Key Words

Base temperature, base water potential, emergeadeon, hydrothermal time, models.
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Introduction

The timing of weed emergence has an important eefflecrop-weed interactions and crop
yield. Numerous studies have been conducted toowepknowledge of weed emergence in
the field (e.g. Bradford 2002; Colbach et al. 2062rcella et al. 2000). Many of these
studies aim to develop prediction models that caovige information to farmers about
methods and timings of weed control (Grundy 200@)e first-generation models for
predicting weed emergence were based on the théimmlgrowing degree days) concept
(Bewick et al. 1988; Satorre et al. 1985). In thesmlels, weed emergence dynamics were
described considering temperature as the only factimencing the phase of germination-
emergence. Gummerson (1986) introduced the conckgtydrothermal time, which
integrated thermal time above a base temperatudehgdro time above a base water
potential in the same algorithm. The most receredvamergence models are based on this
concept or its modifications (Alvarado and Bradf@@D2; Alvarado and Bradford 2005;
Ekeleme et al. 2005; Grundy 2003; Larsen et al4206guizamon et al. 2005; Masin et al.
2005; Roman et al. 1999).

The hydrothermal time concept greatly increasedptieelictive capability of the models,
but also made the algorithm more complicated. Meegoapplication of the models to
species and environments different from those imclvithey were created needs further
studies to estimate the specific “biological” paedens. These parameters, such as base
temperature and water potential, necessary to lesédcthe hydrothermal time, may change
for ecotypes of the same species, and this regultdteir germination-emergence in
different environments. The necessity to calcutagse threshold parameters in different
climatic areas is an important limitation in theation and adoption of weed emergence
prediction models. The experiments to estimatethhesholds are very time and resource-
consuming, and are usually done every time theynasgled for a specific area and for a
single or few species of interest.

Given the experimental difficulties in the evaloatiof base temperatures and water
potentials, there are very few papers that repartthireshold parameters for many species.
For example, Allen (2003) described the hydrothémmee parameters for 24 wild species,
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Kochy and Tielborger (2007) reported the minimuni swisture for 36 annual species
from four sites in Israel, and Steinmaus et al.O®Oestimated the base temperature for
nine weed species in California. As an alternatthe, base temperature can be obtained
empirically by fitting the emergence curves agaitis¢ thermal or hydrothermal time
calculated using different values of base tempesadnd water potential and selecting that
which gives the minimum residual mean square (Dehtd and Tarquis 1997; Grundy et
al. 2003). Otherwise the model is created withoalkcuating the specific threshold
parameters, using the same base temperature aed paential for all the considered
species (e.g. Myers et al. 2004), or obtainingttinesholds from the literature on species of
different sites (Leguizamon et al. 2009).

The objectives of this paper are 1) to provide taskt of base temperature and base water
potential for the predominant weed species of maimk2) compare two ecotypes collected
in two sites at the extreme regions of the Italaaize-growing area. This comparison is
interesting to verify if it is possible to use tkame parameters in the two sites, and

consequently throughout the Italian maize-growirepa
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Materials and Methods

The studied species were velvetleaf, redroot pigwesmmon lambsquarters, large
crabgrass, barnyardgrass, yellow foxtail, greendigxand johnsongrass. According to a
recent review (Gardarin et al. 2009) (Table 1.h¢r¢ are very few references in the CAB
Abstracts database about base temperatures andadiyplease water potentials for these
species.

Table 1.1 - Number of references for base temperature asd hater potential for the
studied species in the CAB Abstracts database @bgardt al. 2009 mod).

Species Base Temperature Base Water Potential
Velvetleaf 2 0
Redroot pigweed 4 0
Common lambsquarters 10 0
Large crabgrass 4 0
Barnyardgrass 0
Setaria spp. 11 2
Johnsongrass 3 0

Seed Collection

Seeds of summer annual species common in maizalynwere collected from September
to November 2006 at the Experimental Farm of Paddmaversity in Legnaro (north-
eastern Italy, 45°12’N, 11°58’E, 6 m a.s.l.) andhet Experimental Farm of the Agronomy
Department of Pisa University (central Italy, 4378410°82'E).

The climate of both sites is sub-humid. Padova drasverage annual rainfall of about
850 mm fairly uniformly distributed throughout tlyear. The area is characterized by an
average annual temperature of 12.2 C, with temperahcreases from January (average
minimum value: — 1.5 C) to July (average maximuniuga27.2 C). Pisa has an average
annual rainfall of about 930 mm, mainly during $@ing and fall. The average annual
temperature is 15.0 C, with temperature increfre@s January (average minimum value:
3.2 C) to July (average maximum value: 28.0 C).
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Seeds of mature plants were hand-harvested on d@riakays by shacking into paper bags
to ensure that only mature seeds were harvested.ehaetleaf, large mature capsules were
collected from mature plants. Seeds were then ltégamhed and those clearly immature
were eliminated. Mature seeds were stored in phpgs at room temperature until being

used for the trials. The experiments started thx¢ sy@ring.

Threshold Parameters Estimation

Steinmaus et al. (2000) compared several methadssfiimating minimum temperature
thresholds for seed germination. The most statidyicobust and biologically relevant

method was the reciprocal time to 50% of germimatishich can also be used for other
biologically meaningful parameters, such as bastemgaotential. This method is used in
this research to estimate both base temperaturbaselwater potential.

Prior to using the seeds in the experiment, the seat cover of velvetleaf was scarified
with sandpaper to break dormancy due to the seadimpermeability (Winter 1960), and

the glumes of barnyardgragshnsongrass and green foxtail were removed.

Base Temperature Estimation

Three replicates of 100 seeds for each of the esghaties of both ecotypes (Padova and
Pisa) were incubated at a set of constant tempega(6, 8, 12, 16, 18, 20, 22, 24, 28 C)
and photoperiod of 12:12 h (light:dark) in 10 crardeter, 7 cm height transparent plastic
containers with 50 ml of deionized water. The seewse placed on a plastic support
covered by filter paper to keep them on the surfaic¢he water but not immersed to
prevent the risk of anoxic conditions. Germinatimas recorded twice daily (higher
temperatures) or daily (lower temperatures) urtilfarther germination occurred for 10
days. The seeds were defined as germinated whgnhtwk visible radicle emergence of
more than 1 mm.

The germination time course was analyzed usinggatio function in the Bioassay97

program (Onofri 2001) as follows:

CG = 100/(1+ exp(al (In(t + 0.0000001) In(b)))) [1]

26



where CG is the percentage of cumulative germinatics the time (daysg represents the
slope of the curve, arfdthe inflexion point.
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Figure 1.1 - Estimation of the base temperature of johns@gyRisa ecotype using the

method of reciprocal time to median germinationthia first graph, the solid line represents
the logistic function and the points the observathf germination. In the second graph,
the solid line represents the linear regressiom éind the points the calculated germination
rate (1/&).

The time necessary for germination of half the sebdt had germinated by the end of the
experiment (b of the curve) was estimated. A linesgression provided the best fit of
germination rate (reciprocal time to 50%) againstubation temperature. The base

temperature was estimated as the intercept ofettpeession line with the temperature axis
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(Fig. 1.1). Statistical confidence intervals foe thase temperatures were estimated by the
bootstrap method (Efron 1979). Five thousand sasnplere taken from each species,
randomly extracting one of the three replicatioriseach temperature. Five thousand
datasets were created and the linear regressioestiasated for each of these to determine
the base temperature. The bootstrap distributidheestimated base temperature was used
to determine a 95% confidence interval.

Base Water Potential Estimation

Polyethylene glycol (PEG 6000)vas used to create solutions with water potendal3, -
0.05, -0.10, -0.25, -0.375, -0.50, -0.80 and -1.Baviprepared according to Michel and
Kaufmann (1973). PEG-solution osmotic concentraticas controlled using a Freezing
Point Osmometér

Three replicates of 100 seeds each were placed ioni diameter transparent plastic
containers to which 50 ml of water (for water pdi@nof 0 MPa) or one of the 6 PEG
solutions was added. A plastic support covered ropibed filter paper was used to
maintain the seeds on the free solution surfacevimd higher concentration of PEG
(Bradford 1995). The containers were fitted witghti lids to prevent evaporation and
placed in a seed germinator at a constant temperafl?2 C and photoperiod of 12:12 h
(light:dark). Germinated seeds were counted andvenh twice daily and the experiment
was stopped after 10 days with no germination. Geation was recorded when there was
a visible radicle of more than 1 mm.

The germination time course was modeled using #meeslogistic function (equation 1)
used to estimate the base temperature, and theofiri@% germination (b of the curve)
was estimated. Base water potential was calculaye@gressing time to 50% germination
against water potential using the bootstrap metdibn 1979). The base water potential

was estimated as the intercept of the regressienaith the water potential axis.

Field Experiments

In order to monitor emergence of the studied wegetties, an experiment was conducted in
2007 and repeated in 2008 at the sites where $@ekliseen collected (Padova and Pisa). In
autumn-winter 2006 and 2007, polypropylene pip&sdih diameter and 25 cm in length)
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were buried vertically in the soil and filled wigandy loam soil sifted through a 1-mm
screen. Two hundred seeds of velvetleaf and jolgrass were placed at depths of 2 cm. In
both experiments two pipes were monitored by teatpee probes one per pipe, at a
depth of 2 cm and two other pipes were monitorednbisture probésat a depth of 5 cm,
connected to an external data loggen order to obtain accurate measurement of soil
moisture, Kennedy et al. (2003) recommended ndéalimgy an in-situ sensor any deeper.
Air temperature (daily average, maximum, minimumgl aainfall were recorded at the on-
farm weather station. From spring onwards, emengedd seedlings were counted and
eliminated twice weekly.

Three approaches were used to model weed emergdemaenal time was either calculated
assuming 5 C as base temperature for all the sperieestimated with specific base
temperatures for each species. Hydrothermal time westimated with specific base
temperatures and water potentials. Thermal andotiyermal times were measured from 1
March in both years. The cumulative emergence oédsewas then modeled with
Gompertz functions (Onofri 2001) in which the indapent variables were the two thermal

times and the hydrothermal time as follows:

CE =100lexpexp@l(In(THT + 0.000000]) - In(b)))) [2]

where CE is the cumulative emergence, THT is thentlal or hydrothermal timea
represents the slope of the curve, hnslthe inflection point.

The goodness of fit was evaluated with the modetiehcy index (EF) (Loague and Green
1991). The model EF is calculated as:

(0 -0 -3 (R-Q)?
i=1

EF == [3]

i(O. -0)?
i=1

whereP; is the predicted valu€), the observed value, arddthe mean of observed values.

The value of EF can range from to 1. For an ideal fit, EF value equals 1
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Results and Discussion

Base Temperature Estimation.

Base temperatures of the ecotypes from the twatitowa (Padova and Pisa) were very
similar for all the species (Table 1.2). Velvetleadd common lambsquarters showed the
lowest base temperatures among the studied sp8c®4,4 C and 2.0-2.6 C, respectively.
The low base temperature of common lambsquartesscaafirmed by Vleeshouwers and
Kropff (2000) who estimated a base temperature 6f @ from seeds collected in
Wageningen, The Netherlands. Different values Haen reported for velvetleaf. Dorado
et al. (2009) in Central Spain found a base tempe¥aof 6.8 C in non-chilled seeds and
7.2 C in chilled seeds buried in soil. All the atlspecies had a base temperature higher
than 10 C (Table 1.2). Wide variability is known &xist in base temperatures for
germination of the species used in this study. &@mple, Steinmaus et al. (2000), using
the same method of reciprocal time to 50% of geatmm, showed higher base
temperatures than those found in this experimansédeds of large crabgrass collected in
California (13.65 C). In the same study, Steinmeiual. (2000) found a base temperature
of 13.85 C for barnyardgrass, whereas Martinkoval.g2006) found a threshold of 11.7 C
for this species. Base temperature of yellow fdx@éatimated by Steinmaus et al. (2000)
resulted as very similar to the value found in thiisdy (9.79 C). Forcella et al. (2000)
reported base temperatures for green foxtail ovéen 3.5 C and 11.5 C in seeds collected
from lowa, Kansas, Minnesota, Nebraska and Souttofaa(USA). Benech-Arnold et al.
(19904, b) estimated a base temperature of 8.5 [@Hiasongrass, whereas Holt and Orcutt

(1996) found a base temperature of 12 C for thesies.
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Table 1.2- Base temperatures (Tb) estimated with the bamsnhethod, 95% confidence
interval (c. int.), and coefficient of determinati@®).

Padova Pisa

Species Tb +c.int.  °r Tb +C. int. f

(©€) (©€)
Velvetleaf 3.9 0.59 0.93 4.4 0.43 0.88
Redroot pigweed 12.3 1.12 0.92 12.1 0.43 0.95
Common lambsquarters 2.6 0.77 0.84 2.0 0.80 0.93
Large crabgrass 10.3 0.92 0.97 11.8 0.28 0.95
Barnyardgrass 11.7 0.28 0.89 - - -
Yellow foxtail - - - 10.4 0.95 0.97
Green foxtail 12.5 0.34 0.79 - - -
Johnsongrass 11.8 0.47 0.89 11.8 0.54 0.92

Dashes indicate data not determined.

Base Water Potential Estimation.

All species showed high sensitivity to water stregth a calculated base water potential of
up to —1.04 MPa (Table 1.3). The water potentiadéghold levels were not significantly
different between ecotypes, based on 95% bootst@gidence intervals. The only
exception to this was redroot pigweed, the Padaetype of which did not germinate if
the water potential was less than —0.41 MPa, wikdtreaPisa ecotype showed a base water
potential of —0.62 MPa. This difference may be axmd by the tendency of this species to
develop local ecotypes adapted to the environmentadiitions of the site, which differ by
various characteristics that include phenologywgnoand development, morphology, and
biochemistry (Sibony and Rubin 2003; Wassom anadira005).

Although there are few papers (Gardarin et al. 2048sin et al. 2005) that report base
water potential parameters, based on this scatdedraphy, they appear to be highly
variable among ecotypes. Base water potentialssad by WeedCast (Archer et al. 2001),
a weed emergence prediction model that has bede@ppthin the north-central region of
the United States and neighbouring Canada. The Inusés a higher base water potential
than that estimated in the present study for vidaé(—0.15 MPa) and barnyardgrass (-0.1
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MPa), about the same value fadroot pigweed (0.5 MPa), and much lower valwgs f
common lambsquarters (—4.0 MPa), and both greetaifcand yellow foxtail (5.0 MPa)
(WeedCast Version 4.0).

Table 1.3 - Base water potentials¥p) estimated with the bootstrap method, 95%
confidence interval (c. int.), and coefficient @ftdrmination ).

Padova Pisa

Species b  *c.int f b  +c.int f

(MPa) (MPa)
Velvetleaf -0.78 0.11 0.88 -0.82 0.06 0.80
Redroot pigweed -0.41 0.07 0.92 -0.62 0.07 0.96
Common lambsquarters -0.96 0.10 0.84 -1.04 0.06 0.99
Large crabgrass -0.74 0.07 0.93 -0.86 0.16 0.93
Barnyardgrass -0.97 0.04 0.95 - - -
Yellow foxtail - - - -0.93 0.11 0.85
Green foxtail -0.91 0.24 0.65 - - -
Johnsongrass -0.78 0.19 0.88 -0.80 0.16 0.77

Dashes indicate data not determined.

Field Experiments.

During the five months of emergence in 2007 and32@infall was higher in Padova. The
driest months were April in 2007 (both sites) aaly Jn Pisa in both years.

The simulations of emergence dynamics in 2007 &8 2n both sites showed high EF
ranging between 0.87-0.90 for velvetleaf and 0.®BOfor johnsongrass (Fig. 1.2).
Therefore the use of TT or HT in the simulation slo@t seem to be relevant in terms of
EF. Although the improvement of the efficiency bétsimulation using HT instead of TT
in velvetleaf is limited, it is interesting to notlkat the pauses in emergence, observable
using TT at about 60% and 80% of cumulative emergdfrig. 1.2), are eliminated using
HT. These pauses correspond to dry periods, whenwditer potential decreases and
emergence ceases until the next rainfall or irrtgaevent. Padova ecotypes of velvetleaf

and johnsongrass have the same base water paengakrtheless the emergence pauses,
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particularly evident in 2007, when April rainfallas very scarce (1.4 mm in 2007 against
107.8 mm in 2008), do not appear for johnsongrd$® reason is that johnsongrass
emerged later than velvetleaf so was not influermethe dry periods in April 2007.

The benefit of using HT instead of TT is due toc#pacity to predict the emergence pauses
caused by low soil water potential, which is impattto reduce the error in practical
applications of the emergence model.

If the 2007 dataset of velvetleaf in Padova isatsd from the other datasets and the two
simulations with TT and HT are compared, it is ewidthat HT is able to explain the
pauses in emergence, improving the simulationieffy (EF rises from 0.82 to 0.91) (Fig.
1.3). In this case, HT permits the timing of weexhtcol to be chosen better in practical
applications. For example, if a farmer decides ¢atiwl weeds with a post-emergence
herbicide he/she has to wait until most of the vgelealve emerged but are not above the
range of seedling heights for optimum herbicideta@nThe farmer may therefore decide
to treat when cumulative emergence reaches 70-8WeedCast Version 4.0
Documentation). In the example to control velvdtlea2007 (Fig. 1.3), the first model
(using TT) suggests that the farmer sprays frortoI21 April, when in reality the observed
cumulative emergence is 54%. The second modeldW$ir) suggests treating in the period
3-9 May, when the observed emergence ranges framt &5 to 97%. In the first case the
model suggests spraying too early with the consempuéhat a later second treatment will
be necessary.

Another example of how HT permits better timingaaed control in practice can be made
following the indication of Oriade and Forcella 989 for maximizing weed control using
rotary hoeing or first inter-row cultivation. Thepserved that the efficacy appeared more
consistent if the mechanical control was timedolwihg the emergence percentage: rotary
hoeing at 30% and first inter-row cultivation aB6@mergence of green foxtail (the species
higher density in their experiments). If the sam@igations (30% of emergence for rotary
hoeing and 60% for inter-row cultivation) are apglto velvetleaf (Fig. 1.3), using the first
model (TT) the rotary hoeing should be done on Edd when the observed emergence
was about 13%, with the second model (HT) on 29cdMgobserved emergence about

20%), while in reality the date corresponding t&a3@ the field was 3 April.
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Following the first model the control is perform2# days before the correct date, with the
second the anticipation is reduced to 5 days. Triseihter-row cultivation following the
first model should be timed for 4 April when thesebved emergence is between 20% (2
April) and 46% (6 April), with the second model thentrol should be performed on 8
April at about 50% of the observed emergence. OA@dd the observed emergence had
reached 55%.

The use of hydrothermal time, with the ability teeghict the pauses in emergence due to
low soil water potential, reduces the errors ofrtiedel, improving its practical application
for weed control, especially in dry conditions. Tiree of HT instead of TT in emergence
dynamics prediction could be useful for providingre accurate estimates for timing of

weed control applications.
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Sources of Materials

! Polyethylene glycol 6000, Sigma-Aldrich Chemie Ginlsteinheim, Germany.

2 Hermann Roebling, Automatic micro-osmometer, MeBtek 1 Berlin 38, Katteweg 32.

% Pendant data logger HOBO UA-001-08, Onset Compeporation, Bourne, MA.

4 253-L Watermark Soil Matric Potential, Campbelletific Inc., Shepshed, UK.

> External data logger HOBO 4-Channel U12-008, Ofs®hputer Corporation, Bourne,
MA.
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Abstract

Models for prediction of weed emergence may fat#itwell-timed and efficient post-
emergence herbicide applications. An hydrothermag tmodel was developed to simulate
field emergence for three weed species in maiait{lon theophrasti, Chenopodium
album, and Sorghum halepense). The model, called Alertinf, was created monitgri
seedling emergence from 2002 to 2008 in field arpemts at three sites located in Veneto
(region in northeastern Italy). The hydrothermahdi was calculated using threshold
parameters of temperature and water potential Enmgnation estimated in previous
laboratory studies with seeds of population colldah Veneto. Alertinf was validated with
datasets from independent field experiments caroedin Veneto (the same region of
creation) and in Tuscany (region in the centraltemesltaly). Results of model validation
were satisfactory in both sites, with EF valuegyimag from 0.96 - 0.99. Alertinf, based on
parameters estimated in a single region, was abjarddict the timing of emergence in
several sites with different environmental conditdocated at the two extremes parts of
the maize growing area. These findings supporhipothesis that a single general model

may be adopted to predict weed emergence in maittaly

Nomenclature

Velvetleaf, Abutilon theophrasti Medik., ABUTH; common lambsquarter€henopodium
album L., CHEAL; johnsongrasssorghum halepense (L.) Pers, SORHA

Keywords

hydrothermal time, emergence prediction, modellmged control
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Introduction

The European Commission recently published Direc®®09/128/EC, which provides
requirements for the implementation of IntegratedtManagement (IPM) in EU member
states before 2014. Integrated Weed Management J|VeNdasic component of IPM, has
the objective of developing effective weed conspétems and efficient use of herbicides.
Although pre-emergence herbicides are often corsidefundamental in weed
management, as they are often applied without dedar the density and botanical
composition of weed communities (Lemieux et al. §0&ome of their applications may
not be necessary (Swanton and Weise 1991). A pesaiternative is a post-emergence
weed management that entails to wait until weeds lemerged, evaluate their density and
competitiveness, predict the crop yield loss tlmtytcould cause, and then decide if a
chemical or mechanical control is required. Syste@e-emergence applications can be
therefore replaced by a conditional control in pasergence (Lemieux et al. 2003).
Anyhow timing is particularly important for a susséul post-emergence weed
management . The major cause of poor post-emergeeesl control is indeed the
improper application timing, which can be both &srly or too late. In the first case the
flushes of emergence that take place after thecgtion are not affected by the herbicide
action, while in the second case weeds becomeséssble to herbicide due to their larger
size. Predictive weed emergence models may bel aa@chieve well-timed and efficient
post-emergence applications because these modglestimate in a given moment of crop
cycle the percentage of weeds that have alreadygemheand the successive seedling
emergence dynamic The agronomic importance of kngwieed emergence patterns has
been recognized since many years (Buhler et &l0;2Borcella et al. 2000; Leblanc and
Cloutier 2002) and several studies have beenechout on weed emergence dynamics
with various approaches (Grundy 2003). Signifiganaigress has been recently made in the
development of predictive models (Leguizamon eR@05; Colbach et al. 2007; Dorado et
al. 2009). Both mechanistic and empirical approadhave been used to forecast weed
emergence and both present advantages and disagean{Grundy 2003). There is no
universal best approach to create a accurate msidek it depends on many factors, such

as application area/areas, local climatic charesties, cultivation practices and uses of the
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model (scientific or practical). A commonly usedpsegach is represented by the
hydrothermal time concept (Gummerson 1986; Alvaradd Bradford 2002), based on the
idea that seeds need a certain amount of hydrotid¢imme to germinate. The hydrothermal
time is accumulated according to a comparison batvwdaily soil conditions (temperature
and water potential) and specific biological thidds for seed germination (base
temperature and water potential).

In the Italian maize-growing area crops are notagkvirrigated and there are periods of
water deficiency which may affect weed seed geation. In these conditions
hydrothermal time models, which consider both sathperature and water potential, seem
to be the most adequate to predict emergence wettrtain accuracy (Masin et al. 2010).
The objectives of this study were consequentlydostruct and evaluate a hydrothermal
time model to predict the emergence of three ingmriveeds in Italian maize fields:
Abutilon theophrasti Medik., Chenopodium album L. and Sorghum halepense (L.) Pers.
The validation of the model was carried out in t@gions: in the same region of creation
of the model (Veneto) and in a region (Tuscanyjhat other extreme of the main area
where maize is grown in ltaly. This process wasedtmevaluate the possibility to extend
the model, created using datasets from a singl®mnego all the regions of the Italian
maize-growing area without recalibration. This hyyesis was proposed because Masin et
al. (2010) reported for the three species homogenealues of base temperature and water

potential for local populations present in the t@gions.

Materials and Methods

Experimental sites

Eight field experiments were conducted from 20022@08 in three localities in the
northeastern Po Valley (northeast Italy): at Morgdm (2002; 2003 and 2005) in silty clay
loam soil, at Carbonara (2006 and 2007) in silaydbam soil and at Legnaro (2006, 2007
and 2008) in loam soil (creation dataset). All expental sites were less than 50 km apart
and had the same climatic conditions, whereas meteorological parameters, especially
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rainfall, differed slightly. Seedbed preparationswdone according to local practices:
primary tillage consisted of fall moldboard plowiagd spring harrowing. Maize was sown
in late winter (March) in some experiments andrlaemid-spring (traditional sowing) in
other. Rows were spaced 0.75 m apart. Crops wegated if required. Weed emergence
were monitored in 33 fixed sampling areas (0.33«) placed on the soil in the inter-row.
Weed seedlings in these sampling areas were cquritasified and removed weekly. At
the end of the crop growing season weed emergepoe eumulated and used to create a
emergence predictive model. The emergence datanelitdrom these five experiments
were used to create the model (creation datasbBr@hree experiments were conducted
following the same method during 2010 at Legnard &om 2007 to 2008 at Pisa
(Tuscany). This site was chosen because locatédsnany region at the other extreme of
the Italian maize-growing area. The emergence alatained from these three experiments

were used to validate the model (validation dajaset

Weather monitoring

Average daily precipitation and air temperatureenasllected during the experiments from
ARPA meteorological stations located to less thaknd from the experimental sites.
Average daily air temperature and precipitationevesed to determine soil temperature
and soil water potential at a depth of 5 cm by eV model (Soil Temperature and
Moisture model) (Spokas et al. 2007). This modsl Ieen used successfully to predict the
soil microclimate used as input for weed emerganodeling (Spokas and Forcella 2009)
and other applications. Soil temperature and wadéential were monitored beginning on
sowing date at Carbonara in 2009 (with a propeeerent, not repeated at Montemerlo
because the soil is the same of Carbonara), atifPisath experimental years 2007-2008
and in all years at Legnaro,. Temperature was medsusing four mini loggers HOBO
buried 5 and 10 cm deep. Soil water potential wasitared using water moisture probes
buried at a depth of 10 cm (to obtain accurate oreasent of soil moisture it was decided
to bury the sensor only at the deeper depth) andested to an external data loggdthe
data loggers took readings of soil temperatureeatgr potential every 2 hours. The real
recorded values were used to test the $fiddel simulation and to calibrate the model for

the simulation of temperature and water potentiaéne they were not directly measured.
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STM? simulated the soil environment with a certain aacy, in fact measured daily
average soil temperatures and soil water potentiale satisfactory correlated with daily
average values estimated with ST# > 0.94 for temperature, r ranges from 0.65.820

for water potential, P < 0.001).

Hydrothermal time and model creation

The model developed in this study is based on higdrmal time concept (Gummerson
1986; Alvarado and Bradford 2002). According tosthpproach, all species accumulate
hydrothermal time in proportion to soil temperatardy when soil water potential is above
a base value. This base value of water potentta¢ases linearly as temperature rose above
the optimum temperature until it reached 0 MPa &naperature defined as the ceiling
temperature (Bradford 2002). The hydrothermal t{(iH&;) is calculated as a combination

of soil temperature and soil water potential abfos:
HTi =n*max (Ts— Ty, 0) + HTi.1 [1]

when Ts$< Ty, n = 0 wherWs < Wy, n = 1 wher¥s > W;,; and when Ti$> Ty n = 0 when
Ws <W, + K; (Ts - Ty), n = 1 wherPs > W, + K; (Ts - Tp); Ts andWs are the average
daily soil temperature and water potential at 5dapth, T and¥, are the base temperature
and the base water potential, i¥ the optimum temperature and i the slope of the
relationship betweeW, and Tsin the supra-optimal temperature range. Baselbtds of
the three species were calculated with previousribry experiments (for details see
Masin et al. 2010) (Table 2.1). Accumulation of Blarts from the sowing date.

Cumulative emergence (CE) is expressed by a Gomfuarttion, as follows:

CE =100 exp@ exp(b HT)) [2]
wherea is related to a HT lag before emergence startdpan related to the slope of the
curve.

The values of Jand K were estimated systematically varying in an iigeamethod until

the best simulations were obtained for each spetiéglly, the hydrothermal time was

46



recalculate for different values of &nd with K = 0, then Kwas varied incrementally to
find the combination between the values @fakd T, giving the best fit least-squares. The
data used to estimate, K, and the coefficienta andb of the Gompertz function were soil
temperature and soil water potential at 5 cm eséchdy STM, and weed emergence
recorded at Montemerlo (2002; 2003 and 2005), ab&@era (2006 and 2007) and at
Legnaro (2006, 2007 and 2008). The created moateidferth will be called “Alertinf.”
AlertInf performance in predicting weed emergenees wvaluated with an efficiency index

(EF) (Loague and Green 1991) calculated as:

3(0-0) -3 (R-0))>

EF - i=1 . i=1
>.(0-0)?
=1 (4)

where Ris the predicted value,;€he observed value, a@the mean of observed values.
The value of EF can range from 1 downwards. An BRier of 1 would mean that the

model produced exact predictions.

Model validation with independent dataset

In order to validate the model, datasets of weedrgence collected in experiments carried
out at Legnaro in 2010 and at Pisa in 2007 (onlyetkaf) and 2008 (common
lambsquarters and johnsongrass) were used. The alarage values of soil temperature
and soil water potential were those estimated by&at a depth of 5 cm. The model was
also validated at Pisa to verify its transferapitid a region with a different climate without
recalibrating it. In this way, it was verified e same biological parameters,,(Wy, K,

To) and Gompertz coefficienta @ndb) estimated in Veneto were usable in another region
at the other extreme of the Italian maize-growingaa Simulated emergence from Alertinf
was compared with observed emergence data obtaihédgnaro and at Pisa using the

model efficiency index (EF).
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Results and Discussion

Model creation

Parameters andb of the Gompertz function and the input variablgsaid K are shown
on Table 2.1 together with base temperatures aseé lwater potentials determined by
Masin et al. (2010) which were also used for Aldrtparameterization. The resulting
optimum temperatures {Jlof the three species were from 23 to 25 C. Tivedees were
essentially in agreement with those reported inlidgbaphy for these species
(Bouwmeester and Karssen 1993; Roman et al. 1988nLlet al. 2004). The model
adequately described the cumulated emergence iexperiments used for the creation as
confirmed by the high EF values (form 0.93 to 0.@Hy. 2.1).

Table 2.1 -Biological parameters for the calculation of thelfothermal time and andb
coefficients of the Gompertz function used for g cumulated emergence. Th aiith
estimated by Masin et al. (2010).

Species Tb wh To K, a b
©) (MPa) ©)

ABUTH 3.9 -0.78 25 0.10 10.28 0.02
CHEAL 2.6 -0.96 23 0.20 3.56 0.01
SORHA 11.8 -0.78 24 0.30 4.72 0.03
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Figure 2.1- Observed vs. predicted cumulated weed emergeameation datasets) for the

three species and relative EF values.

Model validation with independent datasets

Model simulations of emergence in 2010 at Legnard 2007-2008 at Pisa (validation
dataset) resulted in EF values ranging from 0.9699 (Fig. 2.2) , Alertinf prediction
showed one pause of emergence at the end of Aprilegnaro for all species. In
correspondence of this pause, the model underdstimine percentage of cumulated
emergence iwelvetleaf and johnsongrass, and overestimatad gbmmon lambsquarters.
The second pause betweel! a8nd 7' May present in the real emergence pattern of
common lambsquarters and johnsongrass was notcfeddby the model. This incorrect
estimation is difficult to explain given that theadysis of the soil temperature and soil
water potential in those five days showed that éhtveo parameters were not under the
threshold (not only the estimated but even the oredsvalues). Hydrothermal time was
therefore accumulated during this period and comsely emergence percentage was
supposed to increase, as for velvetleaf. Anyhownalvéhe estimation did not predict the
second pause, all the simulations were satisfacbwth statistically (high EF) and
practically (for practical applications of the mdde

It is very interesting that the simulation at Pisalifferent site from those used to create the
model, was satisfactory as showed by the high Hbega(0.98-0.99). The simulated
emergence was in delay in comparison with thedgahmic at the beginning of emergence
for velvetleaf in 2007, and in advance of some dalyshe beginning of emergence in

common lambsquarters and johnsongrass in 2008. anyter practical purposes (i.e. for
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timing stale seed bed preparation), errors of egton of a few days at the beginning of
emergence could be acceptable. The more relevant &ras in the simulation of
johnsongrass emergence. Alertinf anticipated andrestimated the initial flush of
emergence and then reported a pause in correspundéB6% of emergence that was not
present or maybe began later and lasted less iretleemergence pattern of this species.
This incorrect prediction causes an error of edimnaof more than 20% of cumulated
emergence, i.e. on 80Apr the real emergence was 15% but the model eftiina very
higher value (36%). A similar pause is evident adlsdhe simulation of the emergence
pattern of common lambsquarters. However, this @awgas not confirmed in the real
emergence dynamic due to lack of data in that gdaothis species.

In conclusion, even if some errors of simulatiorreveresent, the predicted emergences of
all three species showed high EF values in bo#s sibnsidered for the validation. The
prediction resulted accurate not only statisticatiyt also under a practical point of view.
In general, Alertinf showed difficulties to acclegt forecast the onset of emergence,
which is a critical period only for implementing &g control practices such as stale seed
bed preparation, but not for the use of post-enmergeontrol which is applied later in the
growing season. In fact, farmers are usually sugde® apply post-emergence herbicides
when most of the weeds have emerged (70-80% ofganee) (WeedCast Version 4.0
Documentation). In all the model validations (specnd sites), the dates corresponding to
this percentage of emergence were accurately dstin(the maximum difference was 2
days, an acceptable error for practical use). Agrodxample can be made analyzing the
predicted percentage requested for optimizing wemdrol using rotary hoeing or first
inter-row cultivation according to Oriade and Fdic€1999) indications. They observed
that the more consistent efficacy of rotary hoetongld be obtained at 30% emergence of
the species with higher density (in their experitaggreen foxtail Setaria viridis L.) and
first inter-row cultivation at 60%. Alertinf was kgbto predict accurately also these dates
for optimizing those practices in all species anthlsites. The more relevant error of the
model was in predicting the date when johnsongreashed the 30% of emergence (for an
hypothetical rotary hoeing) at Pisa. In this cdse prediction was in advance of 5 days
compared to the real date (the model estimatéd 8pr and the real 30% was reachdt 4
May).
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Figure 2.2 - Cumulated emergence predicted using Alertinfellj and observed (black
circles) in three experiments conducted in 2010egmnaro and in 2007 and 2008 at Pisa

(validation datasets).

These satisfactory results obtained with the medétiation at Pisa and Legnaro lead to
the conclusion that Alertinf created using a ddtasdlected in Veneto can be used to
predict velvetleaf, common lambsquarters and johgsass emergence not only in this
region but also in the whole Italian maize-growarga.

Since 2008, a simplified version of Alertinf is da@le on the web site of the ARPAV

Agrobiometeorology Unit (www.arpa.veneto.it). Thadrsion uses daily soil temperature
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and daily rainfall to calculate the hydrothermaheéi The species included in that version
are six important weeds in maizsbutilon theophrasti Medik., Amaranthus retroflexus L.,
Chenopodium album L., Polygonum persicaria L., Solanum nigrum L., Sorghum halepense

(L.) Pers. The response of the users was considereosds/ due to the high number of
recorded visits of the Alertinf webpage throughtlue growing season. This denotes a
certain interest. Also in USA (Archer et al. 20@2)d Australia (Walsh et.a2002) similar
predictive models for weed emergence in arableddiehccessible through interactive
computer software are being used by farmers ang advisors with positive feedbacks.
The improved version of Alertinf showed in thisiele has demonstrated the ability to
predict emergence of the three studied speciesgaitiol accuracy. The current objective is
to improve this new version of the model addingeotspecies and then make it accessible
to farmers and advisors through interactive compstdtware or information in bulletin

distributed by extension services
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Source of materials

! Pendant data logger HOBO UA-001-08, Onset Compleporation, Bourne, MA.
2253-L Watermark Soil Matric Potential, Campbell&hific Inc., Shepshed, UK.
3External data logger HOBO 4-Channel U12-008, Ofisehputer Corporation, Bourne,
MA.
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Abstract

Decision-making processes must give indication&fdn*how”, and “when” weed control
should be practiced. So far, Decision Support SystéDSSs) for weed control to prevent
crop yield losses can guide decisions about tls¢ tiivo questions. Experience shows that
farmers need a DSS that can also guide the deasidwhen” to treat but this can only be
obtained if the actual weed density observed infigdd is knownduring the crop cycle.
Emergence models allow the prediction of daily dgndut precision depends on the
survey dateThis study focuses on the estimation of the dat¢hefsurvey for the best
prediction of the daily density throughout the croyle. The predicted daily density of
each species can be used by DSSs without any figtineey, saving time and money and
improving the use of the DSSs. Results showedttieabest date is when the actual density
of each weed reaches or exceeds 50% emergenc#iaumsl earlier than the Critical Point
date, supporting the validity of the date estimatraethod. The possibility to provide
specific advice for farmers considering a propertaiy rate of weed seedlings is then
discussed. This study can improve the reliabilitydecision-making tools for Integrated
Weed Management (IWM), in agreement with the Euaopenion goal of the sustainable
use of pesticides and more environmentally sudténeropping systems through the use
of Integrated Pest Management.

Nomenclature

Common lambsquartersChenopodium album L., CHEAL; johnsongrass,Sorghum
halepense (L.) Pers., SORHA; ladysthumiRolygonum persicaria L., POLPE; redroot
pigweed, Amaranthus retroflexus L., AMARE; velvetleaf, Abutilon theophrasti Medik,
ABUTH; corn,Zea mays L.

Key Words

Weed density, weed sampling, Decision Support 8ysteemergence prediction,

hydrothermal time.
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Introduction

The European Union has recently published the Bue@009/128/EC on the sustainable
use of pesticides, with the objective of reducing tisks and impacts of pesticide use on
human health and the environment by promoting & af Integrated Pest Management
(IPM) and alternative approaches or techniquesaji@an Parliament 2009). The Directive
implies the need for innovative tools to be introeld and applied to IPM strategies aiming
mainly at pesticide use reduction. The quali-quatitie knowledge of the weeds in the
field is essential in order to apply Integrated W&ganagement (IWM), a basic component
of IPM, and enable a decision-making process taldeloped that will determine “if”,
“how”, and “when” weed control should be done.

Decision Support Systems (DSSs) can guide farnmeraaking decisions about the first
two questions: “if” and “how” to treat, and fieldurveys can provide the information
needed (Berti et al. 1992). However, DSSs are sttl broadly accepted and used by
farmers (Swanton et al. 2008; Wilkerson et al. 2@eti et al. 2003) even if some have
demonstrated the potential for reducing herbicigriis by up to 40-50% at national level
(Rydahl et al. 2009). There are many reasons femriuse, i.e., the relatively low cost of
routine herbicide treatments (Rydahl et al. 20@®3, additional costs for surveys and the
fact that DSSs are unable to give information abl@tcorrect timing of application. At the
moment, the survey is done when the farmer, basddsoown experience, decides that it is
time to treat. The output of the system is theefefated to that specific survey time, while
what may happen later during the crop cycle is omkm without another survey. Thus,
farmers consider the DSSs as tools giving partitdrimation since they do not advise
“when to treat” because this can only be providetie daily weed density is known. The
prediction of weed density dynamics could be ol@diby combining a weed emergence
model, which estimates the dynamics of seedlingrgemee throughout the crop cycle,
with the actualveed density, i.e., the densityeasured on the field at a given date.
Numerous studies have been done to develop emergeediction models (Grundy 2003;
Forcella et al. 2000; Masin et al. 2010). The infation provided by such models is the
percentage of emerged weeds out of the total nuofiq@ants that may potentially emerge
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during the cropping cycle. This information is ugdbr efficient timing of either chemical
or mechanical weed control based on weed phenabdiaits but does not consider
economic aspects. Indeed, the treatment is usapfiied when the predicted percentage of
emergence is high (more than 80%, if the weed pdbgital stage allows it), so that many
weeds are controlled and only a few emerge laterthis way a second treatment is
avoided. Nevertheless, treating at high emergeroceeptage might not be the best control
strategy as weeds that emerged with the crop may &leeady caused a yield loss. Unlike
DSSs, which identify if a treatment is necessarynot, and list the best solutions, the
information provided by weed emergence models isaavice to be followed, but has
instead to be interpreted by the farmer. In ordgarbvide complete information to farmers,
emergence models lack the capacity to predict theahweed density. The survey process
of DSSs could be used to relate the actual weedityemwith a specific emergence
percentage and predict the daily density patteth wisimple proportion. The precision of
the prediction depends on the survey date, anddheally the highest precision can be
obtained only with various consecutive surveys rifytthe weed-crop competitive period.
Therefore, if the emergence models are able tagiréwe daily density of weeds during the
crop cycle with a single survey, they can provide hecessary input on density of each
species for DSSs without further surveys, savingetand money and providing specific
and practical advice to farmers.

This combination of bio-economic DSSs and emergemoéels can help in optimizing the
timing of weed control operations, improving effigaof control strategies and reducing
herbicide use through implementation of IWM (Buhgéral. 2000)Within this framework
and specifically for Italian corn fields this studgalyses the possibility of using emergence
predictive models to predict the daily weed densitpughout the crop cycle and focuses

on the estimation of the date of the survey in otdebtain the best prediction.
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Materials and Methods

Experimental Site, Design and Surveys

Seven experiments were conducted from 2006 to 20@8e Po Valley (northeast Italy):
four at Carbonara (indicated as CA) and three at Experimental Farm of Padova
University in Legnaro (indicated as PD). All soikere silty clay loams and soil preparation
was conducted according to local cropping practfoesorn: primary tillage consisted of
fall moldboard plowing and spring harrowing. Corasasown at all the experimental sites
in rows 0.75 m apart and spaced 0.18 m on the $mming dates ranged from March 7 to
March 27. The basic experimental design of thesedveeop competition studies was a
randomized complete block with three replicateshla study only the data of the season-
long weed-infested plots were used. In all expenitsiel2 rectangles (0.50 m x 0.10 m)
were fixed on the soil between rows within plotvgfrows wide by 5 m long) and left
untreated during the entire crop cycle. Weed segsllin each rectangle were counted,
classified and removed weekly (for a total of 8slBveys per experiment) to determine
weed densities and emergence dynamics. All expetsnm CA were conducted with
natural infestations, whereas in PD (2008 and 2Q06) species of interest (common
lambsquarters, ladysthumb, johnsongrasdroot pigweed and velvetleaf) were sown in the

fall of the year prior to corn sowing to enrich seedbank.

Weed Emergence Model
AlertInf is the model used for predicting emergentehe principal weeds in corn, using
the Hydrothermal Time (HT) concept (Masin et al1@p

HT =X (N (Tsmi— Tp) + HTi.1) (1)
Where Eni(C) is the soil temperature given by the averagthefdaily temperatures at O
and -10 cm, § (C) is the base temperature. n = O if the totalfadl in the pasix days K

depends on the species) is lower than the railfiaill (R;i; depends on the species) and n
= 1 if the total rainfall in the pastdays is higher than;R:. The parameters {Tx days,
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Riimit) are reported on the Alertinf website page
(www.arpa.veneto.it/upload_teolo/agrometeo/infetstatim).

The input data required by the model were obtafnad soil temperature and daily rainfall
data measured at ARPAV (Regional Environmentaldetain Agency of Veneto) weather
stations located about 5 km from each experimesiial The accumulation of hydrothermal
time starts from the corn sowing date. When hydrottal time has been calculated, the

cumulated emergence percentageg ifEedetermined with a Gompertz equation:

E; = 100- exp (-a exp(-b- HT)) (2

where a represents the HT lag before emergencts,stard b the rate of increase of
emergence once it has begun. a and b depend ogpduees and are reported on the
Alertinf website page.

The species currently included in the model aree #®pring emerging common

lambsquarters, ladysthumb and velvetleaf, and tihmanger emerging johnsongrass and

redroot pigweed.

Daily Density Prediction

The weed emergence model was used to predict iheddmsity of each species and the
total density (sum of the five species’ densitiesdicted by Alertinf) starting from the
actual density on different dates.

The daily density of each species;Bn a specifi¢-th date was predicted as:
Di=DisExi/Ets )
where [k is the actual density measured with a surveyjstthe emergence percentage

predicted by Alertinf at the time of the survey,dah; is the percentage predicted by
Alertinf oni-th day.
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Selection of the Best Date for the Survey

The evaluation of the date for survey for the Ipestiction of daily density during the crop
cycle (hereafter: best date) was done by grougiagtirveys into four ranges of emergence
percentage predicted by Alertinf. Thgsouping was needed to have enough data to yield
statistical analysis and the groups were: 10-30065@%, 50-70% and 70-90% of the
cumulated emergence. Redroot pigweed data werdiasat for a specific analysis and
were only considered in the prediction of the tetakd infestation. Model performance to
predict daily density was evaluated with an efficg index (EF) calculated as:

3(0-02-3(R-Q)?
EF :i:]. i:1

i (O;-0)?
i=1 (4)

where Ris the predicted value,;@he observed value, a@the mean of observed values.
The value of EF can range from 1 downwards. An BRier of 1 would mean that the
model produced exact predictions. The lowest enmesyepercentage group with a
prediction of the daily density with an EF>0.85 vea$ as the best date for the survey.
The actual density on the selected date was thed taspredict the daily density of each
species and the total infestation (sum of 5 spedessities predicted by Alertinf) by
relating the actual density to the daily percentajemergence predicted by Alertinf. The
model performance in predicting daily density wk® @&valuated using the EF.

Comparison between Best Date for Survey and CritiddPeriod

The proposed method can be used by the farmee ibéist date of the survey occurs earlier
than the CP (Critical Point, sensu Otto et al. 20@¢hich is the point of intersection
between DTC (duration of tolerated competition) &4BP (weed-free period) curves, and
is approximately in the middle of the CPWC (CritiPariod of Weed Control). This period
is an interval in the crop cycle when the crop nmhestkept weed free to prevent a given
yield loss. Its length is dependent on yield ecowowalue, weed control cost, and the
selected value of acceptable yield loss. The Qiisnarket-dependent and is determined

only by the competition between weeds and cropsasifi the best date is some days prior
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to the CP, it means that there is still time tof@en an effective weed control to prevent
unacceptable yield losses.

To verify if the best date occurs earlier than @i the CP calculated from four weed-corn
competition experiments were used. The experimeste conducted during 2002, 2003
and 2005 at Montemerlo (indicated as MT), Po Valleyrtheast Italy. Corn was sown in
early March in all the experiments, except in 208%n the crop was sown on two dates,
the first in March, early sowing (MTO05e), and thecend in April, traditional sowing
(MTO5t). For details of these experiments see @éftal. (2009). The best date of the survey
was identified with the method described above.
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Results and Discussion

Selection of the Best Date for the Survey

The observed vs. predicted daily density showed tte lowest emergence percentage
group with a prediction of the daily density with &F>0.85 was that obtained using as
input the actual density measured after 50% of garere (50-70% group), for which the
EF ranges from 0.85 to 0.97 (Figure 3.1). Accorblinthe best date of the single survey for
the prediction of the daily density was definedresfirst date when each species observed
in the field reached or exceeded 50% emergence.

Using the actual density in the first survey attez best date (Table 3.1), the cumulated
density was estimated (Figure 3.2). For the seveperaments the model slightly
underestimated the final density in four cases (&A®DO7, PD08 and PDO09),
overestimated it in two cases (CAO7 and CA09), whsra very good estimation was
obtained in the case of CAOS.

Table 3.1- Dates of first surveys in the field (per speriaiker 50% of predicted weed

emergence, and best date (when all five speciebedeb0% of emergence).

Site

CAO06 CAOQ7 CAO08 CA09 PDO7e PDO8e PD09e

ABUTH - Apr 26 Apr 20 Apr 8 Apr 11 Apr 23 -
AMARE May 7 Apr 26 Apr 30 Apr 16 Apr 20 May 9 ApPR2
CHEAL Apr 13 Apr 26 Apr 20 Apr 11 Apr 17 Apr 17 Ags
POLPE Apr 13 Apr 26 Apr 16 Apr 11 Apr 17 Apr 23 At

SORHA May 7 Apr26  Apr30  Aprl6 - May 6 -

Bestdate May7 Apr 26 Apr 30 Apr 16 Apr 20 May 9 prAR2
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Figure 3.1- Observed vs. predicted daily density for thaltdensity (five species) and per
species at 10-30%, 30-50%, 50-70% and 70-90% ofgamee predicted by Alertinf (data
are averaged over years and locations). Redrootegigdata were only considered in the

total density calculation

65



140 - 350
120 4 [ Y ¥ 300 - coe o
— 100 - 250 -
€
= 80 A 200 -
2
s 60 o 150 -
f=
a 40 + 100
CA06
20 - EF=0.82 50 - PDO7
EF=0.90
0 T T 1 O T T T T 1
22-Feb 25-Mar  25-Apr 26-May 26-Jun 27-Jul 22-Feb  25-Mar  25-Apr 26-May  26-Jun 27-Jul
500 - 700
600 -
400 - (X}
& 500 -
€ i
5 300 200
2
2 200 300 4
[
o 200 -
100 -
CAO7 100 PDO8
EF=0.84 EF=0.95
0 T @ T T T 1 O T T T T 1
22-Feb  25-Mar  25-Apr 26-May 26-Jun  27-Jul 22-Feb  24-Mar  24-Apr 25-May 25-Jun  26-Jul
800 - 250 -
o o
o 00 00°®®
200 -
600 °
£ 150 -
=
>. 400 -
k=
& 100 -
j
o
200 -+
CAO08 50 PDO9
EF=0.98 EF=0.90
0 T T T T 1 0 T T T T T
22-Feb 24-Mar  24-Apr 25-May 25-Jun  26-Jul 22-Feb  25-Mar 25-Apr 26-May 26-Jun  27-Jul
300
250 -+ [}
p 200 -
(=%
< 150 -
k=
wv
5]
8 100 -
50 - CA09
EF=0.95
0 T T T T 1
22-Feb 25-Mar  25-Apr 26-May 26-Jun 27-Jul
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in the first survey after the best date (line), and obseér{black circles) in seven
experiments conducted from 2006 to 2009 at Carlzoadicated as CA) and Legnaro
(PD) (northeast Italy).
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The prediction of the daily density dynamic, moneportant than the final density for
guiding weed control decisions, was in general eteuand the EF values for all cases
were high, exceeding 0.82. In CA06 and CAQ7, Afdrpredictionshowed a pause of
emergence not present in the real emergence pattieisamay be due to rainfall variability
in space, as the weather station located about 3rém the experimental sites perhaps
provided rainfall data that did not correspond aataly to the real on-site conditions. In
the other five cases the prediction of the dailysikty dynamic was satisfactory until
approximately 80-90% of the final density, whereiasparticular in Padova, the model
showed poor prediction of the latest weed emergdinsh. However, it is important to
stress that the late emergence flushes are lespetitie than the earlier ones and have

less impact on crop yield.

Comparison between Best Date of Survey and Criticdberiod

The estimated best dates of the survey were compeith the date of the CP to verify if
the surveys could be done some days prior to thea@Pthus used to make efficient
decisions about weed control.

In the CPWC experiments of Otto et al. (2009), @t was calculated based on the total
density given by the sum of all the species presetite field (Table 3.2). However, the
best dates of the survey (Table 3.3) were estimatadidering only the 50% emergence of
the five species predicted by Alertinf, which reggeted about 70-80% of the total density,
except for MT03e where their density was very lowl anly represented 5%.

The best date for the survéwhen all five species reached 50% of emergencejroed
earlier than the CP in all the experiments, veniythe validity of this method. The latest
best date for the survey was May 4 in MTO3t, niagsdbefore the CP, which is enough
time for a weed control decision. These resultgwstan indication, as the selection of the
survey date is based on just five species, whetteasCP is determined by all species
present in the field. When Alertinf is updated witlore species, it will be possible to
predict a more realistic emergence pattern. Howedties also shows that using Alertinf to
predict emergence of these specific weed specigseat importance in corn could provide
a reliable indication for the best date of the kngurvey before CP and eventually more

timing-efficient weed management decisions to pnéeern yield losses.
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Table 3.2 - Characteristics of the weed flora in the foupesments conducted during
2002, 2003 and 2005 at Montemerlo (MT), northetdy.|

Site Species  Total density Proportion of the five selected species*
(n) (all species i) (% of the total density)

MTO2 13 207.8 83

MTO3e 20 316.3 5

MTO3t 19 98.5 68

MTO5 15 690.3 78

* common lambsquarters, johnsongrass, ladysthuedspot pigweed, velvetleaf.

Table 3.3 - Estimated best date for the survey (when ak fspecies reached 50% of

emergence) and Critical Point date (sensu Ottd. &089), which is approximately in the

middle of the Critical Period of Weed Control.

Site Estimated best date Critical Point date
for the survey

MTO02 Apr 26 May 29

MTO3e Apr 21 May 9

MTO3t May 4 May 13

MTO5 Apr 30 May 14
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Prospects and Challenges for DSSs

Fernandez-Quintanilla et al. (2008) consider theessity to create novel weed monitoring
techniques and analytical tools to improve the iappllity of the principles of IWM. The
results of this study suggest that the describethodeto predict daily density may
contribute to reach this objective, improving DS8scision. One of the most difficult
aspects to consider in a DSS is the both tempardl spatial non-uniformity of weed
infestation (Slaughter et al. 2008). The possipilit predict the daily density of different
weeds during the crop cycle allows the temporaiabélity of weeds to be integrated into
the practical decisions. On the other hand, theesumethod and calculation algorithm of a
bio-economic DSS, GESTINF (Berti and Zanin 19938)jdated in corn, take into account
spatial distribution of weeds, by estimating thelgiloss at field level not on average
density of weeds but on average of yield lossee¥ery sampling area (Berti et al. 1992;
Zanin et al. 1998).

The method based on the prediction of daily densaty be improved when the natural
weed seedling mortality during the crop cycle iasidered. Indeed, in the absence of weed
control, not all the weeds that emerge survivelumtip harvest (Zanin and Sattin 1988).
The causes are numerous: fungal and insect attanfesyorable climatic conditions (frost,
drought, etc.), competition and self-thinning. Rséamay respond to increasing density in a
different way. Some species use phenotypic pl&gtiaihich is the modification of some
morphologic traits (ramification, height, etc.) acmhabit, whereas others compete and die.
According to Donald (1981), the former speciesdgned as “communal plants” and the
latter as “competitive plants”. There are both g/pea weed community, which means that
when there is a high density of weeds, it is exggbdhat some individuals die (Harper
1977). In sampled areas where weeds were left tergam counted and removed, the
density is maintained low and the density reductiole to mortality is likely low, while
when weeds are not removed the resulting highesigernhances weed mortality.
Anderson (2008) found that 37% of emerged weedlisgsdn a soybean crop survived to
produce seeds. Similarly, Mohler and Calloway ()9@horted that, in sweet corn, the
survival of redroot pigweednd common lambsquarters in the absence of treatizeged
from 17% to 46% for the earlier emergence cohavts)e later cohorts emerged in the
shade of the earlier ones and their survival wagéid by the competition. Zanin and Berti
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(2001) observed that, with a medium weed densibppa 450 plants i), a 67% weed
density reduction was obtained in untreated cohns Tensity reduction started 2-3 weeks
after crop emergence and lasted 40-50 days, whdedéensity remained stable after the

phenological phase of corn canopy closure (Figusie 3
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Figure 3.3 - Cumulative total weed density in sampled are&eres weeds are left to
emerge, counted and removed (filled circles) andeter with a Gompertz function (solid
line), and in sampled areas where weeds are naivenin(emptycircles and dashed line).
Graph from Zanin and Berti (2001).

A survey can only measure the density at that @dai moment, but if mortality is not
considered this density may be lower than thatreggd by the emergence model until that
time. Some studies on the relation between weedafitgrand density make attempts at
modeling the density reduction. Rainbolt et al. G20 in order to predict the natural

seedling mortality, used an exponential equatiorer@hseedling mortality increases as
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weed seedling density increases. Colbach et a07(20n ALOMYSIS, a model on the
effects of the cropping system on blackgra&kogecurus myosuroides Huds.) lifecycle,
determined the probability of plant mortality dweintra- and inter-specific competition as
a function of the cumulated density of emerged tslaover the crop cycle and the
maximum surviving adult density in the infestedpcrMany other mortality models have
been suggested (Cousens and Mortimer 1995; Jomedadd 2005; Watkinson 1980),
showing that modeling the mortality rate is compbes possible. It is therefore possible to
include the density reduction in the emergence addetter relate the actual density at
the best date to the daily density throughout tiee cycle ,which are all the data needed to
run the DSS and give specific and practical adtacthe farmers. This will help to reduce
pesticide loads, in agreement with the EuropearotJgoal of the sustainable use of

pesticides and more environmentally sustainablpging systems through the use of IPM.
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Abstract

Hydrothermal models for weed emergence predicteprasent useful tools to improve
IPM, allowing more environmentally sustainable arefficient crop protection.
Hydrothermal models require biological parametsigsh as base temperature and base
water potential for germination, whose determimatis time- and money-consuming.
Transferability of these parameters across diffep@pulations may represent a constraint
for the development and practical use of hydrotlarmodels. Local weed populations
may present specific germination ecology due tceersviactors, such as the presence of
genetic diversity among distant populations orrtteernal effects related to local climatic
differences during seed ripening. A collaborativej@ct has been carried out to analyze the
interactive effect of site of origin (genetic fagt@nd site of cultivation (environmental
factor) on germination ecology of three local Ewap populations ofbutilon theophrasti
Medik. andDatura stramonium L. Seeds were collected from each spontaneoudatapu
and sown at three different sites of cultivatiomeé\different populations (3 sites of origin
x 3 sites of cultivation) were obtained for bothesies. Germination tests at constant
temperatures were performed to assess germingditterns as a function of temperature
and to estimate specific base temperature for getion in each population. Relevant
differences were found in the behavior of the tywecses. Germination performancesfof
theophrasti were slightly influenced by site of origin, sité oultivation or incubation
temperature and similar values of base temperatere estimated for al\. theophrasti
populations. Site of origin, site of cultivationcamcubating temperature strongly affected
D. stramonium germination responses. Site of origin also affédtase temperatures Df
stramonium seed lots. The results of the present study stiggesrasting indications about
transferability at European level of base tempeegparameters for the two species.

Nomenclature

Velvetleaf, Abutilon theophrasti Medik, ABUTH; jimsonweed,Datura stramonium L.,
DATST

Key Words:

Germination, models, base temperature, populaiersity
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Introduction

The European Union has recently published the Bue@009/128/EC on the sustainable
use of pesticides, with the objective of reducihg tisks and impacts of pesticide use on
human health and the environment by promoting #e af Integrated Pest Management
(IPM) and alternative approaches or techniquesqaj@an Parliament 2009). Regarding
Integrated Weed Management, weed emergence mo@gisepresent innovative tools to
aid in achieving these ambitious objectives withmducing crop yields (Grundy 2003).
Indeed, weed emergence models could provide indicagbout the correct timing for the
application of post-emergence herbicide (Masin &t 2005) which are normally
characterized by better eco-toxicological profillkan pre-emergence herbicide due to the
low application doses, short persistence and loxicity (Sbriscia Fioretti et al. 1998;
FOOTPRINT 2007). These models may also improvetegias of mechanical weed
control, helping to coordinate seedbed preparatith cultivation (Leblanc and Cloutier
2002). Many weed emergence models used for appkcatirpose are developed according
to the hydrothermal approach (Gummerson 1986; Rart898; Bradford 2002; Dorado et
al. 2009b) which requires the estimation of labamgderived biological parameters, such
as base temperature and base water potential fonirggion, for each species included in
the model. Since these laboratory determinatiomst@ne- and money-consuming, the
transferability of these parameters across diffepapulations may represent one of the
main constraints for the development and use aelacale of hydrothermal models
(Grundy 2003). Several studies reported differenoegermination ecology and in the
biological parameters, for different populationse(Monte and Tarquis 1997; Christal et
al. 1998; Kremer and Lotz 1998; Allen and Meyer 200aab and Andersson 2009) and
even for seeds of the same population matured wuddrasting environmental conditions
(Magyar and Lukacs 2002) of the same populationwéier, these findings cannot be
considered as a general rule since Grundy et @03(2reported evidence of synchrony in
emergence timing for three populations of the sapexies. Therefore, different range of
intra-specific variability in germination ecologyam be supposed among different weed

species. As a consequence, specific studies anglythe effect of genetic and
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environmental differences on germination ecologyddferent populations of the main
weeds would be necessary for developing robustrandferable emergence models.
Abutilon theophrasti Medik (velvetleaf) andDatura stramonium L. (jimsonweed) are
common and competitive annual weeds for summersonapldwide. Their agronomic and
economic impact on crop production in Europe haktte notable scientific interest on
studying germination ecology of these species deoto develop sustainable management
strategies. Velvetleaf seeds are characterized filyyaical dormancy (Baskin and Baskin
1989) due to an impermeable seed coat that previembgbition and consequently
germination (Winter 1960). When the seed coat besopermeable and soil conditions are
adequate, germination can proceed (Horowitz andofsgn 1984). Jimsonweed seeds
acquire physiological dormancy in the later ripgnstages on mother plants (Benvenuti
and Macchia 1997). Buried jimsonweed seeds shoWcogormancy (Reisman-Berman et
al. 1991). Jimsonweed germination is controlleddbgp-sensing mechanism; germination
is in fact promoted under certain condition of temgbure, light and soil atmosphere which
may be normally found only in the shallowest saidrs (Benvenuti and Macchia 1998).
Several scientific works have been published abawaideling of germination and
emergence for the two species, focusing on detatioim of base temperature and base
water potential for germination (Benvenuti and Maac1993; Sartorato and Pignatta,
2008; Dorado et al. 2009a; Masin et al. 2010a)reBetd emergence modeling (Dorado et
al. 2009b; Masin et al. 2010b). However, most asthstudies have analyzed just one or
two populations and few information are availableow@t how intra-specific genetic
variability or environmental differences of the esiof cultivation could influence
germination ecology of velvetleaf and jimsonweed. & consequence, those developed
models and estimated parameters should not bedaweda priori as transferable to other
environments with different conditions from the sié the area of study.

In order to reduce these constrains a collaboratiegect has been carried out among three
groups of researchers working in maize in diffefeatopean countries (Italy, Portugal and
Spain). The main objective of this study was toly®athe interactive effect of site of
origin (genetic factor) and site of cultivation y@onmental factor) on germination ecology

of local populations of velvetleaf and jimsonwedd. particular, experiments were
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performed to assess germination patterns as aidanof temperature and to estimate
specific base temperature for germination in eagufation.

Materials and Methods

Initial seed collection

Seeds were collected in summer 2008 from spontaneopulations in maize fields at three
different locations (collection sites) in Italy, fagal and Spain. As a consequence three
initial seed lots were obtained for both speciesits were gently beaten in order to collect
only fully ripened seeds which fell easily from pis.

Main environmental and agronomic characteristicseath collection site are described
below.

Italy: (Legnaro, Padua 45° 20’ N, 11° 58 E) Thérdte of Italian site is sub-humid.
Legnaro has a mean annual rainfall of about 850 famy uniformly distributed
throughout the year. The area is characterized®by € of yearly mean temperatures, with
temperature increases from January (average mininalge: 1.2 C) to August (average
maximum value: 32.6 C). The soil is a loam soil\ikealcaric Cambisoil, FAO 2006).
Maize cropping technique is quite uniform in thisa sowing takes place from mid March
to mid April and harvest operations are normallpantrated between mid September to
mid October. Consequently crop cycle lasts aboOtd&/s and the adopted maize hybrids
belong to FAO 500 or 600 classes.

Portugal: (Tapada da Ajuda, Lisbon 38°42’N, 9°11'Whe climate of Tapada is
Mesomediterranean, with a mean annual rainfall lmfua 700 mm distributed among
spring, autumn and winter with dry summers. Tha asecharacterized by 16.6 C of yearly
mean temperatures, with temperature increases Jesmary (average minimum value: 8.0
C) to August (average maximum value: 28.0 C). Toieis the Portuguese site is a clay

loam soil (Cambisol, FAO 2006). Maize sowing takesally place from mid April to early
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May, while harvest is carried out from mid Septemtoeearly October, with an average
crop cycle of 150-180 days. Farmers normally us®BQ0-700 class hybrids.

Spain: (Arganda del Rey, Madrid 40°19'N, 3°29'WheT climate of the Spanish site is
Mediterranean Continental climate with cold wintereot summers and very scant
precipitation (about 400 mm). The mean annual teatpee is 14.1 C; July is the hottest
month (average maximum value: 33.0 C) while Janumthe coldest (average minimum
value: 0.3 C). The local soil is a sandy loam ¢Biltric Fluvisol, FAO 2006). Maize is

sown in the first half of April and is harvested late October-early November, with an
average crop cycle length of 200 days. The commadbpted hybrids belong to FAO 700
class.

Seed production

The three initial seed lots for both species wergrsat all collection sites in autumn 2008.
Thus, three different original populations of tlaeng species were simultaneously grown at
each cultivation site. These three populations wegt spatially separated to minimize
cross- hybridization. After seedling emergence pming 2009, plants were thinned to
reduce competition. Plant management was similamgnall collection sites: irrigation and
fertilizer application were arranged in order t@yde to plants environmental conditions
comparable to the maize field situation.

Collections of the second seed lots (experimerdgad dots) were carried out in summer-
autumn 2009 with the above mentioned procedurd {faating).

Nine (3 initial seed lots x 3 cultivation sites)ffdrent experimental populations were
obtained for both species. These populations wareléd with the code site of origin (the
first three letters) - site of cultivation (thedirletter), so the following combinations were
obtained for both species: Ita-1 (originally colied in Italy and then cultivated in Italy),
Ita-P, Ita-S, Por-l, Por-P, Por-S, Spa-l, Spa-R-SpThese denominations will be used in
the proceeding of the text.

Air temperature and rainfall were monitored usirgjadfrom the nearest local weather
stations throughout the growing cycle at each \eaflibn site. Local monthly average

minimum, medium and maximum temperatures and mgpmntihfall were calculated for
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the entire duration of the experiment in orderdentify differences among cultivation sites

related to environmental factors.

Germination test

All the experimental populations were includedhe germination test. Seeds were checked
with an unimbibed seed crush test (Sawma and M@@le2) to assess their viability. Seeds
considered as non viable were not included in geaition tests.

Mechanical scarification treatment, called prickingas performed on seeds for both
species before germination test to remove phydeatiers for seed imbibition without
damaging seed embryos. This technique has beemdgl@dopted with good results for
velvetleaf and foDatura ferox L. (Dorado et al. 2009a). Seeds were also surfieréized

by immersion in a 1% v/v sodium hypochlorite sautifor 5 minutes. Preliminary studies
demonstrated that this process prevents fungi ouontdion without affecting seed
germination.

Seeds were placed on filter paper imbibed with mieaxd water into plastic Petri dishes
sealed with parafilm. Petri dishes were then intedban germination chambers in which
constant temperature conditions were monitoredye2@min by using temperature sensors
linked to data loggetfs Data were considered acceptable if the recoréespérature
remains within the prescribed limit of £0.5°C. TRetri dishes were randomly placed
within incubators, each incubator containing onmplete set of treatments (i.e., 3 sites of
origin x 3 sites of cultivation) with three repltes, i.e. three Petri dishes with 50 seeds for
each treatment. Randomness was an important elerhtég experimental design since the
statistical analyses used are based on the assummpthat the data were normally
distributed and that the test was free from biaghEspecies was studied with a specific set
of germination tests according to their specifiquieements of light and temperature.
Velvetleaf seeds were incubated at a range of anh&#mperatures (8-10-13-15-18-22 C)
and darkness, since this species does not redgitetd germinate (LaCroix and Staniforth
1964). Jimsonweed seeds were incubated at a diffexage on constant temperatures (10-
12-14-16-18-20-24 C) with a photoperiod of 12/1light/darkness). Benvenuti and

Macchia (1993) reported that these conditions aitalsle for jimsonweed germination.
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Germination was recorded twice a day (velvetleafhaher temperatures) or daily
(velvetleaf at lower temperatures and jimsonweed) germinated seeds were counted and
removed. Seeds were defined as germinated whemargimg radicle was visible ( > 1
mm). Tests were stopped when no further germinaicmurred for 10 days. At the end of
the experiment un-germinated seeds were checkdédaniimbibed seed crush test (Borza
et al. 2007) and with a visual examination to asslesir viability. Seeds considered as non

viable were not taken into consideration duringadatalyses.

Data analysis and estimation of base temperature

At the end of the experiment, average percentafjgserminated seeds were calculated for
each factor (site of origin; site of cultivatiomcubating temperature) and their interactions.
Percentage data were transformed by the arcsirsgure root transformation to reduce
non-normality of the dataset distribution (Gomezl aBomez 1984). This result was
confirmed by data distribution analyses.

Factorial Anova (p=0.05) was performed using Gdridreear Models module of Statistica
7.1% (StatSoft Inc. 2005) to analyze the effects of aeve mentioned factors and their
interactions on transformed germination data.

Post-hoc multiple comparisons were performed uglngcan’s test (p=0.05) to identify
statically significant differences among means.

Base temperature determination was performed aicgptd the approach by Roche et al.
(1997) with following modification by Masin et g2010a). The germination dynamic of
each replicate was analyzed using a logistic foncin the Bioassay97 program (Onofri
2001) as follows:

CG =100/(1+ exp(al (In(t + 0.0000001} In(b)))) [1]

whereCG is the percentage of cumulative germinattos,the time (daysh represents the
slope of the curve, arfdthe inflexion point.

The germination rate was estimated as the reciprotahe time necessary for the
germination of half the germinated seetig) by the end of the experiment. Thgin the

above equation corresponds to the inflexion pdant (
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A linear regression was performed with germinatiates of the three replicates against
incubation temperature for each experimental pdjoula(site of origin x site of
cultivation). The base temperature of the experialepopulation was estimated as the
intercept of the specific regression line with teenperature axis. Statistical confidence
intervals for the base temperatures were estimbayed bootstrap method (Efron 1979)
using an artificial re-sampling procedure. Fiveusand artificial samples were taken from
each population extracting randomly one of thedheplication of each temperature. Five
thousand datasets were created and the linearseggmewas estimated for each of these
datasets determining the base temperature. Thethagodistribution of the estimated base
temperature was used to determine a 95% confidatexwal.

As a consequence, nine different base temperatwtesying from nine different
experimental populations (3 sites of origin x &sibf cultivation), were estimated for both
species. These values were then compared amongehas according to the criteria that
if their respective confidence intervals are noertapping, they will be considered as

different

Results and Discussion

Climatic conditions at the growing sites

The comparison of climatic patterns at the threévation sites showed some interesting
differences (Fig. 4.1). The Spanish cultivatiore sat Arganda was characterized by the
largest thermal fluctuation, since it achieved kbwest average temperatures among the
three sites during spring months and high tempezataluring the summer.. Arganda
presented also the largest difference between mawimand minimum monthly
temperatures during all the growing cycle. On thet@ry, the Portuguese site at Tapada
da Ajuda was characterized by the most constantlgattern, with mild temperatures in
spring and summer. The Italian site at Legnaro eegpeed temperature conditions more
similar to those found in the Spanish site. Howglagnaro was characterized by the
largest rainfall during the growing period (524 nmom March to October) while Arganda

was the driest site (221 mm).
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Figure 4.1 - Average maximum temperature (T max), averagepésaiure (T med),
average minimum temperature (T min) and rainfaki(R at the three cultivation sites.
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Germination test

Factorial Anova (p=0.05) identified significant efts of each factor (site of origin, site of
cultivation, incubating temperature) and their fat¢ions on germination of both species.
All experimental populations of velvetleaf showathitar and high (above 90%) mean
percentage of germination. The site of origin @eneffect) was a factor that significantly
affected mean germination percentages (Table thdged, seeds from Italy reached the
highest germination values while seeds from Splagnlowest, with seeds from Portugal
showing intermediate values. A similar behavior wasind for site of cultivation
(environmental effect) (Table 4.1), with populasazultivated in Spain reaching the lowest
mean germination percentage while seeds cultivatedPortugal showed the highest
germination values, with intermediate values obsegrin seed lots cultivated in Italy.
Figure 4.2 shows the germination of velvetleaf frdifferent combinations of site of origin
and site of cultivation, with the highest valuesseged lots Ita-1 and Ita-P and the lowest

values in Spa-S.

Table 4.1- Mean germination percentages (with standard®rmaf velvetleaf (ABUTH)
and jimsonweed (DATST) populations with differeités of origin and cultivation.

Legnaro Tapada Arganda
(1taly) (Portugal) (Spain)
ABUTH
Site of origin 97.9+0.7a 96.9+£0.7Db 95.6£0.7c
Site of cultivation 97.610.5b 98.7t0.4a 94.1+1.0c
DATST
Site of origin 60.9t4.1b 41.7+4.3cC 74.3t3.8a
Site of cultivation 54.0£3.9b 55.8£4.4b 67.1t4.6a

Letters identify significant differences among \eduof the same line according to

Duncan'’s test (p=0.05)
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Significant differences were found in mean germoratpercentage of experimental
populations of jimsonweed. As for velvetleaf, thiee sof origin significantly affected
germination of jimsonweed (Table 4.1). Experimergapulations with origin in Spain
reached the highest mean germination percentagle wie ones with origin in Portugal
obtained the lowest value. Experimental populationgh origin in Italy obtained an
intermediate mean germination percentage. A namroargge of germination response was
found for jimsonweed populations cultivated at eliént sites (Table 4.1): experimental
populations cultivated in Spain obtained the highraean germination percentage, with
significant differences according to Duncan’s {gst0.05) from the ones cultivated in Italy
and Portugal, which achieved similar results. Fegdt3 illustrates the germination of
jimsonweed from different combinations of site afg;m and site of cultivation, with

population Spa-S showing the highest values wiafgufation Por-P the lowest.
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Incubating temperature affected germination respemd the two species in a completely
different way, being its effect significant for hospecies. Indeed, velvetleaf germination
percentage was only slightly influenced by incutgtiemperatures (Fig. 4.4) and all
experimental populations achieved values above 80%l the temperatures. The lowest
germination percentages were reached with the &st$ and 18 C, with a mean value
above 90%.

In contrast, jimsonweed germination percentagehe@daverage values around 80% at
high temperatures (16; 18; 20 and 24 C) but it sigsificantly reduced with incubating
temperatures below 14 C and no germination occat&t (Fig. 4.4).
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Differences among germination percentage of differexperimental populations were
notably large at low temperatures (14; 12 and 1QF®). 4.5). According to the Factorial
Anova (p=0.05) performed, most of this variabiliyas due to different behavior of

experimental seed lots with different sites of wrig
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Figure 4.5- Effect of the interaction site of origin * incating temperature on jimsonweed

germination percentages. Vertical bars represantisrd errors.

At low incubating temperatures (14; 12 and 10 Gjleed, experimental populations with
site of origin in Portugal achieved significantipwler germination percentages than the
other ones (Fig. 4.5), while populations with sifeorigin in Spain showed the highest
germination performances. The interaction betweidm &f cultivation and incubating
temperature was found significant by the perforntettorial ANOVA but no clear
tendencies could have been identified due to ldega variability (data not shown).
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Determination of base temperature

Estimated base temperatures of velvetleaf populatiearied from 3.1 £ 0.7 C for

population Ita-S to 5.0 + 1.7 C for the Spa-S dfig.(4.6). The population with origin in

Spain was characterized by highest base tempesattir@l the cultivation sites, but these
differences were non-significant according to tm#eda of the overlap of confidence

intervals (Fig. 4.6). Thus, no clear patterns cooddidentified among different sites of
cultivation.
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Figure 4.6 - Base temperatures of velvetleaf experimentadufadions. Vertical bars
represent confidence intervals (0.95)
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On the contrary, significant differences in basagerature of jimsonweed were found as a
function of the site of origin (Fig. 4.7). Experintal population of the Portuguese

population (Por-I, Por-P, Por-S) showed signifibahigher base temperature than all the
other population apart from the Ita-S one. The @rpental population Ita-lI presented the

lowest base temperature (7.4 £ 0.7 C), while tighdst one (13.8 £ 0.4 C) was achieved by
the experimental population Por-P. Similar to vékes, no notable tendencies were found
based on site of cultivation.
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Germination response of velvetleaf seeds were faigmificantly different, as a function
of site of origin and site of cultivation (genetnd environmental factor, respectively).
Nevertheless, these differences could be considesatbt relevant under a practical point
of view, since base temperatures did not signifigamary among the populations with
different site of origin or site of cultivation. €hthreshold values estimated in this study
were also comparable with the ones determined bsirMet al (2010) for two other Italian
populations. This finding is interesting becauskeftteaf is known to exhibit polyploidy
and high levels of population differentiation (Waekv1990; Warwick and Black 1986). In
addition, several authors reported variability $bade-avoidance responses (Weinig 2000),
seed size and dormancy (Nurse and DiTommaso 2066h@ populations grown under
contrasting environmental conditions. Besides,edé#iit field emergence patterns were
reported for the Portuguese and Spanish velvetlepiilations studied in this experiment
(Dorado et al 2009b). This different behavior sedam$e more related to the climatic
differences during seed development and ripeningtdmal effect) or during winter seed
burial (dormancy loss) than to pre-existing gendiiferences among the populations, since
similar base temperatures were estimated for them.

On the contrary, jimsonweed germination behavios s@ongly affected by site of origin
of populations (genetic factor). Portuguese pojputat even if grown at different sites of
cultivation, showed lower germination percentagescilly at temperatures below 14 C.
As a consequence, base temperatures for the gsediib Portuguese origin were notably
higher than the others. It should be underlined the Portuguese site of origin is
characterized by warmer temperature than the Spaamsl Italian ones during autumn
months when seed ripening takes place and dupnggsmonths when field germination
occurs (Fig. 4.1). Therefore, a correlation cdudchypothesized between base temperature
of different jimsonweed populations and temperauoé their environments of origin.
Similar trend was recently reported f@henopodium album (Murdoch et al 2010):
populations grown at southern latitudes in warnmirenments were found more dormant
than other populations from northern latitudes abwrized by colder temperatures.

Finally, environmental differences of the site aftivation (environmental factor) seemed
to not affect germination responses and base temyes of both species with clear,
constant patterns. It is not ruled out that th&heis due to the necessity of these species of
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a period longer than one growing season to adapt germination ecology to a new
environment.

According to the results of the present study, shene value of base temperature for
germination could be adopted for the velvetleaf ytafions without reducing predictive
accuracy of applicative emergence models. Reseealfaints might be directed toward
comparing other ecological or phenological asp&ttshe different local populations.
Environmental fluctuations during plant growing leyand seed ripening seem to not affect
velvetleaf base temperature. As a result, this rpatar, once estimated, could be
maintained to model germination-emergence of sgwdduced in years with different
climatic conditions.

On the other hand, the relevant differences ambagbtise temperature estimated for the
three jimsonweed populations stressed the necessitgetermine specific biological
parameters for a correct modeling of the Portugpegelation.

Analyzing the possible correlation between thertfarconditions of the site of origin and
the base temperature of the local jimsonweed ptipalaould represent a central issue in
order to find a general rule useful for developmgre transferable models for this species.

As such, further detailed studies are requiretvestigate this phenomenon.
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Sources of materials

! Pendant data logger HOBO UA-001-08, Onset Compibeporation, Bourne, MA.
2 StatSoft Inc., 2300 East 14th Street, Tulsa, OKOA4 http://www.statsoft.com.
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Abstract

Seed dormancy represents a crucial point of seekl dymamics for weeds. Dormancy may
influence timing and magnitude of weed seedling rgeece in the field. Understanding
seed dormancy may thus improve the estimationtpbif a weed emergence model.
Exposure to low winter soil temperatures (chilling)a driving factor for dormancy release
of summer weeds. Laboratory and field experimergseveonducted to analyze the effect
of chilling on seed germination and seedling emecgdor green foxtail, johnsongrass and
velvetleaf. Weed seeds were buried in the soilloaet different dates to expose them to
chilling treatment of different duration. The gemaiion experiment involved several tests
at constant temperatures, while seedling emergemege monitored with field trials.
Significant differences and contrasting trends wetend among germination responses of
different species and seed treatments. Duratioohofing treatment influenced seedling
emergence of the three species differently. Seggiercentage of velvetleaf was reduced
by the long chilling treatment, while emergenceaiwic was unaffected. Green foxtail and
johnsongrass emergence was promoted by long ahiti@atment. The findings of this
study show the importance of including winter ¢hdl effect in emergence models for
green foxtail and johnsongrass. Whereas, studyowg burial conditions affect velvetleaf
seed decay, and consequently magnitude of seesligggence, could be the central issue

to improve emergence models for this species.

Nomenclature

Green foxtail,Setaria viridis (L.) Beauv, SETVI; johnsongrasSprghum halepense (L.)
Pers., SORHA,; velvetleafbutilon theophrasti Medik, ABUTH

Key Words

dormancy, germination, emergence prediction, models
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Introduction

Seed dormancy is crucial for weed population dywcanm fields (Benech-Arnold et al.
2000), mainly because soil seed bank is the prah@purce of seedlings for weed species
in temperate regions (Buhler 1999; Grundy and M2a60). Dormant seeds have an
internal constraint that impedes their germinatewen if hydric, thermal and gaseous
conditions are adequate (Benech-Arnold et al. 20D6jmancy is not a qualitative (all-or-
nothing) seed property and seed dormancy level pnagressively vary from a minimum
to a maximum point according to seasonal dynaniBeslla et al. 2004). The level of seed
dormancy influences the range of environmental tmms suitable for germination: seeds
with a low level of dormancy are able to germinateler a wider range of environmental
conditions than seeds with a high level of dormar@yr example, in many weed species,
dormancy status influences minimum temperature mmidmum water potential required
for seed germination (Vegis 1964; Christensen etl@b6; Batlla and Benech-Arnold
2004). In addition, dormancy affects seed sengjtito environmental factors that may
promote germination, such as light (Derkx and Kems$993), nitrate (Hillhorst 1990) and
fluctuating temperatures (Benech-Arnold et al. )99eed seedlings normally emerge
when seed dormancy level is at its minimum (Prok®82) and if soil temperature and
water potential are above specific threshold valisesgermination (Batlla and Benech-
Arnold 2007).

Understanding dormancy dynamics of a seed popualaicrucial in order to estimate field
emergence timing and magnitude of annual weedscéfaret al. 2000; Grundy 2003).
However, the complexity of environmental factorfuancing dormancy and the difficulty
in separating dormancy release and seed germinadi®hindered the spreading of specific
studies (Grundy 2003). As a result, most weed eemmxg models do not consider
dormancy or remain merely empirical under this asfieorcella 1998; Grundy and Mead
2000; Masin et al. 2005). Only a few emergence nsodeclude dormancy in their
estimation process (Vleeshouwers and Kropff 2000lb&ch et al. 2002; Colbach et al.

2006). However, these models are focused on sorglew species and require not easily
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found inputs. Consequently, they are useful toots€ientific research, but are not suitable
as weed management decision support systems feeggmr advisors.

Weed emergence models used for applied purposesfe based on the thermal or
hydrothermal time concept (Bradford 1995; Bradf@@D2; Forcella 1998; Gummerson
1986). Hydrothermal models are based on laborateri¢ed biological parameters, such as
base temperature and base water potential for gation, therefore, even if the dormancy
process is not considered by the model, it is atu investigate the influence of seed
dormancy level on those parameters. However, tlaee no universally recognized
indications about how to deal with dormancy levél tbe materials used for those
laboratory determinations. Consequently, some asithsed seeds stored in cold and wet
conditions for laboratory experiments (Benvenutl acchia 1993; Kochy and Tielborger
2007) in order to relieve seed dormancy througlibirey treatment, while other authors
stored at room temperature in dry conditions (Sattoand Pignatta 2008; Masin et al.
2005; Masin et al. 2010). These differences in erpntal protocol may lead to the
estimation of different values for the same paramsetin the same species, with a
consequent reduction in the predictive accuraayadels.

Several studies are available on the qualitatifecef of dormancy dynamics on seed
germination and weed emergence (Stoller and Wax;1Baskin and Baskin 1990; Baskin
et al. 1996; Cardina and Sparrow 1997; Mennan 2083b and Andersson 2009a, b) but
only a few of them tried to quantitatively analytes phenomenon (Christensen et al.
1996; Batlla and Benech-Arnold 2003; Batlla and &#mrArnold 2004; Dorado et al.
2009). Even for important summer weeds, such asngfextail Setaria viridis (L.)
Beauv), johnsongras$drghum halepense (L.) Pers) and velvetleafbutilon theophrasti
Medik), few data exist about the effect of dormatemel on seed germination (Cardina and
Sparrow 1997; Dorado et al. 2009) or on timing amdgnitude of field seedling
emergence. Green foxtail and johnsongrass seedscaneally physiologically dormant
when they are dispersed from the mother plantsiinnan (Van den Born 1971; Taylorson
and McWhorter 1969) and this condition is knowrpamary dormancy (Benech-Arnold et
al. 2000; Batlla and Benech-Arnold 2007). Duringe tlvinter months, dormancy is
gradually reduced mostly due to the interactionlayf soil temperature and high soil
moisture (chilling), so seeds are able to germiniatethe following spring when
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environmental conditions become suitable (Van demB971; Taylorson and McWhorter
1969). Anyway, in laboratory tests a good germorapercentage has been achieved even
with non-chilled seeds for both species by meclalyicemoving seed glumes (Masin et
al. 2010). Velvetleaf is characterized by a physdmmancy (Baskin and Baskin 1989)
due to an impermeable seed coat that prevents iitobikand consequently germination
(Winter 1960). When the seed coat becomes permeatolesoil conditions are adequate,
germination can proceed (Horowitz and Taylorsor4}98

A better knowledge of dormancy relief process foeem foxtail, johnsongrass and
velvetleaf could indicate the suitable seed manageror the determination of biological
parameters (base temperature and base water pbtémti germination). This would
facilitate the creation of a robust prediction mdoe seedling emergence of these species.
Winter chilling conditions (temperature, length) ghmi also affect green foxtail,
johnsongrass and velvetleaf seed germination aid &mergence differently, modifying
temporal dynamics and magnitude of seedling flushes example, Grundy et al. (2003)
reported a strong correlation between winter teatpee and emergence magnitude for
several Chenopodium album populations cultivated in locations with differemtinter
conditions. This aspect should be included in aergence model in order to maintain its
predictive accuracy even in the presence of vaiabhter conditions in different years or
locations.

Experiments were therefore conducted to investitieesffect of periods of natural chilling
with different durations and seed treatments agragn foxtail, johnsongrass and velvetleaf
seedling emergence in the field (percentage of gedkerseedlings and emergence
dynamics) and ii) their seed germination (percemtafj germinated seeds) at different
temperatures. The final aim is to obtain informatfor each species on the correct seed
management for the determination of base temperadnd to use this information to

evaluate the utility of including winter chillingfects in emergence prediction models.
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Materials and Methods

Seed collection

Weed seeds were collected for all the species itunau 2008 from spontaneous
populations in maize fields at the Experimentalnfaf Padova University in Legnaro
(northeastern Italy, 45°12'N, 11°58’'E, 6 m a.s.l.).

The inflorescences of mature plants were gentlytdmea order to collect only mature
seeds, which were then cleaned and checked to eemowature or damaged ones. Seeds
were stored in dark paper bags at room temperatotiethey were used for experiment

trials.

Field emergence experiment

A field experiment was conducted to study the eftéchilling periods of different lengths
on green foxtail, johnsongrass and velvetleaf segdimergence. Seeds were sown at the
Experimental Farm of Padova University in 5 cm-daepows. They were mixed with the
substrate used to fill the furrows to give thenaadom vertical distribution in the top 5 cm
of the soil profile. The substrate used was jusal®oil, collected from the surface layers.
A preliminary test confirmed that no seeds of thelied species were naturally present in
the substrate before use. Three different sowinigsdaere adopted in order to apply three
chilling treatments of different length: % :November 2008 (long chilling, T1), ?9]anuary
2009 (short chilling, T2) and®March 2009 (no-chilling, T3).The experimental layawas

a randomized design with three 100-seed replidatesach treatment.

Mini data loggersSwere installed in some furrows at a depth of 5isrorder to monitor
soil temperature. Daily rainfall was monitored bt tARPA (Regional Environmental
Protection Agency) weather station located 500 radtem the experimental site.

From spring onwards, weed emergences were monjt@ed seedlings counted and
eliminated twice weekly.At the end of the experitpe@mergence dynamics of each
replicate was modeled using the logistic functi@h iq the Bioassay97 program (Onofri
2001) from which the time of 50% relative emerger{tg) was estimated.s¢ was

expressed as number of days afféddnuary 20009.
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CE =100/(1+ exp(a (In(t + 0,0000001) In(b)))) 1)

where CE is the percentage of cumulated emergensdhe time (days), a represents the
slope of the curve, and b the inflexion point.

Average percentages of germinated seeds were awdulfor each species, chilling
treatment and their combinations. Factorial ANOVA=@.05) was performed using
General Linear Models module of Statistica 7.1 t&a# Inc. 2005) to analyze the effect of
species, chilling duration and their interaction percentage andset of total emerged
seedlings. Post-hoc multiple comparisons were padd using Duncan’s test (p=0.05) for

mean separation.

Germination experiment

A germination experiment was arranged with foufedént seed treatments: long chilling
period (C1); short chilling period (C2); no-chijn(C3) and mechanical scarification
(Sca).For the chilling treatments seeds were platdihags of metallic mesh and buried in
the soil. The burial dates were the same as therauaind winter sowing of the emergence
experiment, so for treatment C1 seeds were buretid8 November 2008, for C2 on 99
January 2009, and for C3 seeds were not buriecs Bage exhumed during the first week
of March 2009 and chilled seeds were kept for oaeknat room temperature to allow them
to dry before being used for the germination tridlen-chilled seeds (C3) were stored in
paper bags at room temperature until March 2009whe germination trials started. For
the mechanical scarification treatment (Sca) seeste managed as for the C3 treatment
until the day before the trials when already tegtextedures were used to remove physical
barriers to seed imbibition without damaging thedsembryos: velvetleaf seeds were
rubbed with sandpaper to eliminate seed coat wéxesn and Owen 2003; Leon et al.
2004; Masin et al. 2010), while seed glumes of gréextail and johnsongrass were
manually removed (Masin et al. 2010).

Experiments were arranged according to a fully oamded design with three replicates of
100 seeds per treatment. The seeds were placestridBhes on a plastic support covered
by wet filter paper so that they were on the swrfaicthe water but not immersed to prevent
the risk of anoxic conditions (Masin et al. 200Bgtri dishes were lined with 50 ml of
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deionized water and then incubated at a rangemdtant temperatures (9-12-15-18-21-24
C) and photoperiod of 12:12 h (light:dark) in gemation chambers in which two mini data
loggers were placed to verify the actual incubating terapees. Germination was
recorded twice daily (higher temperatures) or ddlywer temperatures). Tests were
considered complete when no further germinatiorued for 10 days. The seeds were
defined as germinated at the time of visible raderhergence of more than 1 mm.

Average percentages of germinated seeds were atdduior each species, seed treatment,
incubating temperature and their combination. Reege data were transformed by the
arcsine of square root transformation to reduce-mmmality of the dataset distribution
(Gomez and Gomez 1984). This result was confirmeditribution analyses.

Factorial ANOVA (p=0.05) was performed using then&ml Linear Models module of
Statistica 7.1 (StatSoft Inc. 2005) to analyze #ifects of species, seed treatments,
incubation temperatures and their interactionsransformed germination data. Post-hoc
multiple comparisons were performed using Duncéess (p=0.05) to identify statistically

significant differences among means.
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Results and Discussions

Climatic conditions

January was the coldest month (Table 5.1) with\eemage daily soil temperature of 3.2 C
(min 0.4 C; max 7.3 C), while July was the hottesinth during the experiment with an
average daily soil temperature of 28.7 C (min 22,2nax 31.7 C). Total rainfall (Nov-Jul)

was 736 mm and the rainiest period was autumnal-D&c around 200 mm) while the

driest period was May with 25.8 mm of rain.

Table 5.1- Monthly minimum, average and maximum soil tenapere and rainfall

Mean daily soil temperature (C)

Rain (mm)

Period Minimum Average Maximum

Nov-Dec 0.4 4.6 8.4 199.6
Jan 0.4 3.2 7.3 57.2
Feb 2.2 5.3 10.0 57.2
Mar 7.2 9.7 13.0 104.6
Apr 12.6 16.0 19.0 126.0
May 17.5 23.6 29.9 25.8
Jun 20.8 25.8 30.5 86.6
Jul 24.2 28.7 31.7 79.4

Field emergence experiment

Factorial ANOVA identified significant effects ofpscies, chilling duration and their
interaction on percentage angdf total emerged seedlings.

Emergence percentage. Regarding the variable “species”, velvetleaf hheé highest
percentage of emerged seedlings among specieg whilsongrass showed the lowest one
(Table 5.2). Regarding the variable “chilling duwat, the short chilling treatment (T2)
achieved the largest mean percentage of emergedrgseand the non-chilled treatment
the smallest (Table 5.2). Anyway, each species sdow different behavior, as clearly

reported in Fig. 5.1.
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Table 5.2 - Mean emergence percentage apdé@xpressed as days aftef January) in

relation to different length of chilling period.

Main Factor % Emerged seedling tso (days)
"Species"
ABUTH 49.7 a 90.7 ¢
SETVI 43.1a 118.4 a
SORHA 31.2b 106.8 b

"Chilling duration"

T1 434a 96.3 a
T2 47.0a 1015b
T3 33.6b 118.2 ¢

Letters identify significant differences accorditggDuncan’s test (p=0.05) among means

of different treatments of the two main factors.

Analyzing the interaction of “species * chilling @ion” on the percentage of emerged
seedlings for the three species, interesting diffees were found (Fig. 5.1). Velvetleaf
emerged seedling percentage diminished progregdneeh the non-chilled T3 to the long-
chilled T1 while, on the contrary, green foxtail emged seedling percentage clearly
increased from the non-chilled T3 to the long-&ullT1. Johnsongrass followed a similar
pattern to green foxtail, with a higher percentajeemerged seedlings for the chilled
treatments T1 and T2 than for the non-chilled T3.

Emergence tso. Regarding the variable “species”, velvetleaf whs earliest emerging
species while green foxtail was the latest one I@ &l2). Regarding the variable “chilling
duration”, long chilling treatment (T1) achievedetlowest mean value at around '7-8
April (Table 5.2). On the contrary, non-chilled @ment (T3) showed the highest mean
value, with ago around 38 April.

The different behavior between velvetleaf and ttleeotwo species was also observed in
the interaction of “species * chilling durationh @mergence dynamics (Fig 5.2). Winter
chilling did not affect velvetleaf emergence dynesnand 4, was similar for the three
treatments, taking place aboita™ April. In contrast, green foxtail emergence dynesni

was notably influenced by winter chilling durationith about two weeks of delay between
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Figure 5.1 - Interaction “species * chilling duration” on megercentage of emerged
seedlings. Vertical bars represent standard errors.

tso of T1 (6" April) and T2 (239 April) and more than one month between the latter T3
(29" May). Johnsongrass showed an intermediate behavitbr similar dates fors for the
chilled treatments (T1 on T3April, T2 on 14" April), while the non-chilled T3 was later
(tspon 27" April).
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Figure 5.2 - Interaction “species * chilling duration” on ergence 4. Vertical bars
represent standard errors.
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Germination experiment

Factorial ANOVA identified a highly significant e&ftt of species, seed treatment,
incubation temperature and their interaction ongfarmed data of germination percentage.
Regarding the variable “species”, green foxtailaoied the highest germination response,
while johnsongrass showed the lowest (Table 5.8paRding the variable “seed treatment”,
Sca treatment (scarified seeds) achieved the highesn percentage of germinated seeds,
while the non-chilled treatment (C3) was charaztstiby the lowest one (Table 5.3).
Analyzing the interaction of “species * seed treatsi, it was noticed that the species
showed different behaviors (Table 5.3). The lowesil mean percentage of germinated
seeds was achieved with the treatment C3 (no-ed)lifor all the species (less than 4%).
On the contrary, the highest mean percentage wtsned with the Sca treatment for
velvetleaf and Johnsongrass (even if the percemtagein any case very low for the latter
species) and with the treatment C1 for green fox#eatment C2 gave intermediate
results for all the species, anyway, johnsongrasamyermination percentage remained

around 3%.

Table 5.3- Germination percentage of different seed treatsmand species as a mean of
the different incubating temperatures.

ABUTH SETVI SORHA Mean
C1 9.1 63.9 4.2 25.7b
C2 18.6 29.0 3.4 170c
C3 3.4 0.0 0.4 1.3d
Sca 63.1 29.8 5.3 32.7a
Mean 23.6 b 30.7 a 34c

Letters identify significant differences accorditggDuncan’s test (p=0.05) among means

of different species or seed treatments.

Analyzing the interaction of “species * seed treaitn* incubation temperature” some
interesting patterns can be detected (Fig. 5.3).VvEtvetleaf high temperatures increased
seed germination percentages for treatments CZCandvhich reached their maximum at
24 C (41.3 and 25.3%, respectively). On the contrAigh temperatures reduced
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germination of scarified seeds (Sca treatment)clvlaichieved their highest germination
percentage at 9 C (78.0%).Green foxtail germinatvas promoted by temperatures above
12 C for treatment C1 (with a maximum of 90.7% atahd 24 C) and for treatment Sca
(with a maximum of 42.6% at 24 C), while treatm€R@tachieved the maximum percentage
of germinated seeds at 18 C (50.6%) and then dmsuleat higher temperatures.

Johnsongrass germination was significantly highét4aC for treatments C1 and C2 (21.3
and 16.0%, respectively), while the Sca treatméoived the maximum percentage of
germinated seeds at 18 and 21 C (9.3% for bothl).t#d remaining johnsongrass

treatments achieved lower germination percentagar ffeatment C3 germination
percentages were so low for all three species (lems 6%) that no clear relations with

incubation temperatures could be identified.
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Figure 5.3 — Mean germination percentage of different seettnents at different

incubation temperatures. Vertical bars represeamidstrd errors.
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Comparing results from the two experiments, cletier@nces may be identified between
the effect of winter chilling on velvetleaf and ¢ime other two species. Winter chilling
reduced velvetleaf emerged seedling percentage &4, probably because winter soil
conditions and the presence of plant pathogensdaaicertain percentage of seed decay
and death. In support of this hypothesis, Davis Radner (2007)eported the influence of
Pythium ultimum, a soilborne pathogen, on velvetleaf fatal gertmmaand seed death in
soil during winter. Secondary embryo dormancy regenbeen reported for velvetleaf, and
Cardina and Sparrow (1997) found that seeds exptseifferent chilling periods were
able to achieve close to 100% germination afteeahanical scarification. On the contrary,
different chilling treatments did not affect vellestf timing of emergence (Fig. 5.4),
consequently chilling does not seem to modify trege of temperature and water potential
suitable for seed germination, as already stateDdrpdo et al. (2009). Physical dormancy
breaking required few days, since even the spriognstreatment achieved a good
emergence percentage within just one month afteingp It may be supposed that the
decomposing biochemical reactions, which affecdsemat due to the contact with soll
during seed burial, benefit from warm and wet smhditions. This theory could be
confirmed by the findings of Cardina and SparroWw9@), who reported a more rapid
decrease of velvetleaf seed dormancy during autubur&l than winter. This might also
explain the poor germination percentages showmgdugdboratory experiments by chilled
treatments (C1 and C2) whose seeds, which wereduribags of metallic mesh, had less
contact with soil particles. This situation couldve hindered biochemical and physical
reactions responsible for velvetleaf seed coatkimmgaand the consequent seed dormancy
relief.

Winter chilling had a notable effect on green faxtaodifying timing and magnitude of
seedling emergence (Fig. 5.4), with the longerlidgilperiod (treatment T1) determining
earlier and higher emergence. This finding is coméd by the results of Masin et al.
(2006) who reported a high level of germinabilityr fgreen foxtail seeds exposed to
chilling by winter soil burial for between 100 a0 days. Long-chilled seeds were also
found to be more sensitive to temperature increasegvealed by C1 performances during
the germination tests. Non-chilled treatments aadea certain percentage of field
emergence but their germination percentages werg hav during laboratory tests
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probably because seed glumes prevented seed imbibihdeed, non-chilled scarified
seeds (Sca treatment) were able to germinate pasted by Masin et al.(2010), although
their germination was slower than the chilled omeshe field emergence experiment, non-
chilled seed (T3) glumes might be degraded durimgng burial due to soil microbial

action.
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Figure 5.4 — Mean emergence percentages and dynamics oftheaiyegreen foxtail and

johnsongrass with different chilling treatments
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Johnsongrass emergence was affected by wintemchitl a similar way to green foxtail,
even if some differences can be identified (Fig).5-or this species, emergence timing and
magnitude of both chilled treatments (T2 and T1yewmguite similar, so probably short
chilling periods, such as T2 treatment, are sudfitito promote johnsongrass germination
under field conditions. On the other hand, all séedtments showed less than 10%
germination at constant temperatures during laboydaests, with the exception of the two
tests at 24 °C for the chilled treatments C1 and2123 and 16.0%, respectively). Benech-
Arnold et al. (1990) reported that johnsongrassiseeven when primary dormancy is
relieved, required fluctuating temperatures to geate. The findings of the present study
stressed that chilled johnsongrass seeds still showartial dormancy that hinders
germination at constant temperatures lower thafiQ4This behavior could be in part a
consequence of the particular chilling conditiohattseeds experienced. In fact, being
enclosed in a metallic mesh bag, seeds had ledaatomith the surrounding soil. This
could have limited the microbial and chemical degteon of johnsongrass seed glumes
which act as a physical barrier for seed imbibitma germination. This theory seems to be
supported by the fact that scarified non-chillecedse reached higher germination
percentage than the other treatments at most ofirtbebation temperatures in the
laboratory experiment and by the findings of Masiral. (2010), who achieved a certain
level of germination at constant temperatures wahrified seeds. Therefore, johnsongrass
seed dormancy seems to be relieved by the interaofimany factors, such as exposure to
low temperatures or seed coat degradation due ilonsorobial activity. However,
variability in dormancy level and dormancy reliefquirements among populations or
years, due to genetic or environmental differencasnot be excluded.

This study underlines the strong influence of wirtkilling duration on green foxtail and
johnsongrass field germination and consequentlymomg and magnitude of their seedling
emergence (Fig. 5.4). These results raise very titapbquestions for emergence model
development. Hydrothermal time models frequentlye ubreshold parameters (base
temperature and base water potential) estimated faboratory experiments. Considering
the results obtained in this study, it is importemtvonder whether seed dormancy could
lead to estimating incorrect threshold values arftetiver, in order to obtain correct
estimations, seeds should be exposed to chillegtrirent before being used in laboratory

113



tests. This observation is in agreement with theifigs of Dorado et al. (2009) in their
study onDatura ferox, which showed a different germination pattern andifferent base
water potential between chilled and non-chilleddsee

Another important question should be introduceduabweed emergence prediction. The
question is Whether the inclusion of winter chijirffect in predictive models could
improve the accuracy of the simulation and themngferability to environments
characterized by different climatic conditions. Bhg effect on green foxtail and
johnsongrass dormancy relief could be quantified amodeled using a hydrothermal
approach as proposed by Bradford (2002) and asdireuccessfully used to model
dormancy loss iBromus tectorum (Bauer et al. 1998) artfymus elymoides (Meyer et al.
2000). Other authors instead decided to adopt amtdeapproach to model dormancy
changes in soil seed bank (Vleeshouwers and Kr&ti00; Vleeshouwers and
Bouwmeester 2001; Batlla and Benech-Arnold 2008thBhese approaches are based on
the accumulation of degree days, which Batlla amhdg8h-Arnold (2007) defined as
stratification thermal time, below a specific threkl temperature. This threshold
represents the higher limit below which seed doryas lost. The hydrothermal models
also take into account soil moisture, i.e. the audation of degree days takes place only if
soil water potential is above a specific thresheltjch could be defined as base water
potential for dormancy relief. As a consequenceth@ér studies are required to estimate
specific threshold values (minimum/maximum tempeetand base water potential for
dormancy relief) for green foxtail and johnsongriasserder to proceed with the consequent
seed dormancy relief modeling.

On the contrary, winter chilling duration has néeet on velvetleaf dormancy nor on base
temperature for germination, so dry storage at rotmmperature and mechanical
scarification seems to be the best seed managdardaboratory threshold determination.
Winter chilling duration has no effect on velvefleanergence timing but percentage of
emerged seedlings was clearly reduced by the lbilng treatment (Fig. 5.4). Therefore,
studying how winter burial conditions (soil tempera and moisture; burial depth) affect
seed decay, and consequently magnitude of seeelieggence, could be the central issue

to improve velvetleaf emergence models.
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Sources of materials

®  Pendant data logger HOBO UA-001-08, Onset Complieporation, Bourne, MA.
4 StatSoft Inc., 2300 East 14th Street, Tulsa, OKOA4 http://www.statsoft.com.
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GENERAL CONCLUSIONS

Analyzing the findings of the experiments presentethe different chapters of this thesis,
some general conclusions may be summarized:

Alertinf can be considered an easy, user-friendly modelvémd emergence prediction in
maize fields; it requires inputs that are easy &asunre (or even to estimate) and provides
clear, immediately usable outputs. It is also ausblmodel, since the parameterization and
validation process was carried out with severadtiftaals in different years and locations,
under various environmental conditions. Alertinfaigransferable, adaptable model: weed
populations in the two extreme Italian maize crogpareas (Veneto and Tuscany regions)
presented similar biological parameters (Th #j. As a consequence, the model created
with datasets from Veneto region demonstrated g geod predictive accuracy even when
it was applied in Tuscany. These findings suppbé hypothesis that a single general
model may be adopted to predict emergence of titbest species (common lambsquarters,
johnsongrass and velvetleaf) in maize fields imyJtavhile further studies are required to
evaluate model transferability at European leveloorother weed species. Alertinf could
be improved by increasing the number of weed spac@uded or by calibrating the model
on other spring crops (sugar beet, soybean, suafiow

The AlertInf/Gestinf combination, called GestinfuB] may be a useful, versatile tool for
Integrated Weed Management in maize. Indeed, GeBtirs is able to estimate weed
emergence dynamics and weed-crop competition aiogptd environmental trends, so it
could provide information about timing and costeeffveness of weed control measures.
Consequently, more efficient and sustainable wesdral strategies could be adopted in
order to obtain lower yield losses due to weed cetiipn, a more rational herbicide use
and reduced environmental impact of maize croppysgem.

Local European populations of some weeds may héfferaht base temperatures for
germination. In the studied species (jimsonweed) biehavior seems to be connected to
genetic differences among populations. This couéd & consequence of adaptation
processes to the local environmental conditionsh s1$ average soil temperature in spring.

Specific studies are therefore required to evaluedasferability at European level of
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biological parameters and predictive models amomngirenments with contrasting
characteristics.

Environmental control of seed dormancy is a keydiador seed bank dynamics and
seedling emergence for many weeds. However, thedinttion of dormancy dynamics in
weed emergence models is hindered by the varididete of environmental factors on
weed germination and emergence. For example, waltdling duration promotes higher
and earlier seedling emergence for some spring-&rmweeds (such as green foxtail and
johnsongrass), but shows restrictive effects fbeospecies (such as velvetleaf). Including
this aspect in weed emergence models could impitusie predictive accuracy but further

experiments are necessary to investigate spec#edvbehaviors.
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