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RESUMO

Os sistemas de producédo devem atender a demaralagajivas e qualitativas na producao
de alimentos. Contudo, devem também contemplaréegigs de sustentabilidade. Nos
arranjos produtivos existem diversas formas e tégfiegs de cultivo, dentre elas a integracéo
de cultivos numa mesma area e ao mesmo tempota&hiteas diferentes espécies competem
pelos recursos do ambiente, dentre eles a luz¢ goasiderada um dos principais fatores que
interferem na arquitetura das plantas e na dinadoadossel vegetal. Deste modo, o objetivo
central deste trabalho foi de estudar os procedsosrescimento e desenvolvimento de
espécies forrageiras em ambientes com alterac@saaicoes de luz. Os primeiros dois
capitulos da tese avaliam o efeito das arvores,integracdo lavoura-pecuaria, sobre o
crescimento e desenvolvimento déxonopus catharinensisBrachiaria brizantha cv.
Marandu,Megathyrsus maximus/. AruanaHemarthria altissimacv. Flérida,Cynodonspp.
hibrido Tifton 85 ePaspalum notatunsv. Pensacola. O terceiro capitulo aborda o etfato
luz azul no crescimento e desenvolvimento de geostde alfafa Nledicago sativa O
quarto capitulo avalia os efeitos da competicaolygpem estandes puros e mistos de alfafa
com festuca, verificando quais processos maisfaran na expansao da area foliar da alfafa.
Foi possivel concluir que os mecanismos de resuskfeito de arvores em interagcdo com
nitrogénio sao espécie-dependentes e apresentasaqu@ncias para 0 manejo do pasto em
sistemas integrados com arvores. O efeito da lukzfazmais significativo nas alteracfes das
caracteristicas morfolégicas quando o gendtipolf@daatinha habito de crescimento ereto,
que apresenta caracteristicas de mecanismo deeescapnbra. As diferencas na area foliar
total de plantas de alfafa € dependente principatinela ramificacdo lateral dos ramos

principais e do nimero de ramos, mais do que darthmespecifico de cada folha.

Palavras chave: integracdo lavoura-pecuaria; mauego pastagens; dossel forrageiro;

competicdo; interceptacdo luminosa



ABSTRACT

Production systems should meet the quantity anditgudemands on food production.
However, should include the maintenance of prodacgustainability requirements. There
are several ways and strategies for productioresystsome types of them is the consortium
of species in the same area and in the same telnpoabke. However, different species
compete for environmental resources, includingtjigvhich is considered one of the main
factors that affect plant architecture and dynamids plant canopy, and may have
consequences for production and also for the mamegestrategies. Thus, the aim of this
study was to evaluate the growth and developmenfoaige species in different light
environmental conditions. The first two chaptershi$ thesis evaluates the effect of trees and
nitrogen in an integrated crop-livestock systemthengrowth and development of tropical C
grassesAxonopus catharinensi8rachiaria brizanthacv. Marandu,Megathyrsus maximus
cv. Aruana,Hemarthria altissimacv. Flérida,Cynodonspp. hibrido Tifton 85 d?aspalum
notatuncv. Pensacola. The third chapter discusses tleetedf blue light on the growth and
development of contrasting genotypes of alfalfdedicago sativa The fourth chapter
evaluates the effects of competition for light urgp and mixed stands of alfalfa with grass,
and which processes more interfere in the expansiaifalfa leaf area. It was possible to
conclude that there is species dependence foe#ponses of growth and development due to
the effect of shading by trees and nitrogen, wihsequences for the management of these
species in a integrated system with trees. The ldin effect resulted in more significant
changes of the morphological characteristics ongdmeotype of erect growth habit, showing
the trend that this genotype has characteristies¢ape shade. The effect of light competition
in pure stand of alfalfa is greater than in consartwith grass, differences in leaf area of
alfalfa is dependent mainly on lateral branching anmber of shoots, harder than the leaf

size.

Key words: integrated crop-livestock system; pastaanagement; forage canopy;
competition; light interception
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1. INTRODUCAO

Sistemas intensivos de producédo requerem altossrdeesnergia na forma de trabalho
e insumos. Contudo, muitos desses sistemas amasaespostas incompativeis com as
emergentes demandas por sustentabilidade.

O uso de sistemas integrados de producdo agricpéxwria constituem a melhor
alternativa para atingir a sustentabilidade, segurad FAO (Food and Agriculture
Organization of the United Nations — 2010). A ctesistica diferencial € que estes sistemas
de producado sao planejados para explorar sinergi@maropriedades emergentes frutos de
interacdes nos compartimentos solo-planta-aninmabsfiera de areas que integram atividades
de producéo agricola e pecuaria (Moraes et al2)201

Entre as principais peculiaridades que conferene ga®dicado aos sistemas
integrados estdo: reducdo da degradacdo quimgiea fé biolégica do solo; aumento da
atividade microbiolégica e taxa de mineralizacaoeestruturagcdo do solo; aumento da
matéria organica do solo; equilibrio no ciclo degas e doencas; reducdo de uso de
agrotoxicos; maior ciclagem de nitrogénio e outrogientes; aumento do indice de conforto
térmico animal; melhor retencdo da umidade solotegéo contra erosdo; sequestro de
carbono atmosférico; aumento da biodiversidade ereddiéncia dos agroecossistemas
(Pagiola et al, 2007; Bernardino e Garcia, 200%)iBa, 2011; Moraes et al., 2014).

Sendo assim, o0 aproveitamento das interacdes ¢éemsis de producao integrados €
chave para obtencdo de sucesso, tendo como resuitel maior sustentabilidade e
produtividade total por unidade de area (Nair, 20Nesse sentido, as interacdes devem ser
planejadas em diferentes escalas espago-temporalsramger a exploragcdo de cultivos
agricolas e producdo animal na mesma area de fmwrn@mitante ou sequencial, entre areas
distintas ou em sucesséao (Moraes et al., 2012).

Porém, é necessario o conhecimento e entendimesteféitos das interacdes entre 0s
fatores bidticos e abidticos envolvidos e, tambéonsiderar sua dindmica e as caracteristicas
peculiares de cada ambiente, analisando-os de fsrst@mica. Quando as plantas estao
crescendo em comunidade, experimentam ambientendsmiheterogéneo em termos de

quantidade e qualidade de luz. A luz é considemswalos principais fatores que interferem

! Nesta Tese adotou-se a terminologia Sistemasratteg de Producdo Agropecudria (Moraes et al.,)20dr2
designar sistemas que conjugam os componentesrigeeulavoura, o primeiro sendo obrigatério e ouselp
podendo se constituir de diferentes cultivos, &sanclusive. Sdo concebidos para explorar simaagse
propriedades emergentes e conhecidos comumente bdegracdo Lavoura-Pecuéaria. Diferem dos sistemas
Silvipastoris e Agrosilvipastoris.
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na arquitetura das plantas e dinadmica do dosseltalegodendo trazer consequéncias para a
producdo e também para o manejo das pastagens.

Por exemplo, no caso de sistemas integrados camsarnga do componente arboéreo,
o ambiente luminoso no interior do sub-bosque dimoamente modificado. Sao relatadas
reducdes na producdo de biomassa e alteracoesahdage da forragem com a reducgéo da
intensidade luminosa, pois 0 sombreamento impoptstagem é considerado o fator isolado
que mais reduz o desempenho produtivo do compofamageiro (Lin et al., 1999; Feldhake
et al., 2009). Associado aos efeitos do sombreamentocupacédo de nichos ecoldgicos
similares que sao disputados pelas diversas espéimlvidas pode gerar diferentes niveis
de competicédo entre plantas, caso ndo sejam adeqeatk planejados.

Muitos trabalhos desenvolvidos a partir de 198Ggaconcentravam na busca de
informacdes sobre interceptacéo e uso da radiag&@stemas silvipastoris (Rao et al., 1998).
AlteracOes na quantidade de radiacéo solar in@demt sub-bosques silvipastoris tém sido
estudadas por varios grupos de pesquisa no murelgeB et a] 1997; Knowles, 1999;
Silva-Pando et al., 2002; Burner e Belesky, 20@dirake et al., 2009; Lacorte e Esquivel,
2009; Varella et al., 2010).

Em termos qualitativos, a radiacdo que atinge @atesherbaceo do sub-bosque, apos
a absorcao ou reflexdo pela copa e tronco dasemytambém € alterada, pois ha absorgéo
preferencial das por¢des vermelha e azul do espsolar pelo dossel arboreo. Assim, a
radiacdo incidente no sub-bosque apresenta mapoprdo de comprimentos de onda cor-
de-laranja, amarelos, verdes e vermelho distastgasalteracées qualitativas no espectro da
radiacdo que atinge o estrato herbdceo sdo asipaiBicresponsaveis pelas respostas
morfofisioldgicas das plantas crescendo em subtEssem comparagdo com 0 crescimento
em ambiente aberto (Cruz, 1997; Healey et al., 1988ella et al., 2010). Sob esse cenario, a
plasticidade e / ou adaptacdo morfofisiologica plamtas assumem papel fundamental na
persisténcia das espécies neste ambiente.

Portanto, a escolha das espécies forrageiras @oecwmpor os sub-bosques em
sistemas integrados com componente arbdreo é fierdahn pois aquelas espécies seréo
submetidas a condicbes de luminosidade reduzidestlda freqluente, tendo que manter
producéo e valor nutritivo para que sejam viavgim@dmica e economicamente.

A composicao genética e a flexibilidade fenotigié® determinar a capacidade das
espécies em se adaptar ao estresse oriundo desgoode competicdo. Dentre algumas das
respostas gerais das plantas a alteracdes dadptme da qualidade da luz estdo os efeitos

que maximizam a captacdo da luz, a otimizagcdo ttatesa em relacdo parte aérea:raiz,
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aumento no comprimento dos colmos, além de altesagd morfologia e anatomia das folhas
(aumento da area da folha, maior &rea foliar eBpaciTodas essas alteragbes podem levar,
por exemplo, a mudancas na composi¢cao da comuniaagal, ou também diminuicdo da
persisténcia das pastagens, com reflexos no mamggrodutividade.
Esta tese esta organizada em capitulos que traardiferentes formas, o objetivo
geral de avaliar o efeito das mudancas do ambileminoso sobre o crescimento e o
desenvolvimento de espécies forrageiras.
Os objetivos especificos referentes a cada caEédo
» Capitulo 1: Verificar como as arvores, em sistentagrado, afetam a estrutura do
dossel forrageiro de gramineasgtfopicais;
» Capitulo 2: Avaliar a dindmica dos processos ma@riogps e de crescimento de
gramineas gtropicais sob arvores em sistema integrado;
» Capitulo 3: Mensurar o efeito da luz azul na moda@ e no crescimento da alfafa;
e Capitulo 4: Determinar quais 0s processos morfeg8nimais afetados e que
influenciam a éarea foliar total da alfafa em ese&mnguros ou em consorcio com

graminea.



2. CAPITULO 1

Trees canopy and N supply effect on sward heiglopical G grasses

! Elaborado de acordo com as normas da Revista éngsify Systems.
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Abstract

A study was conducted over two years to deterntieeirifluence of shading provided
by trees Eucalyptus dunnii) canopy and nitrogen availability (0 and 300 k& year

1) on pasture sward height at 95% light intercepgldi since this is a valuable strategy
of defoliation frequency to deal with the variatyilof herbage accumulation throughout
the year, particularly with £grass pastures. Six perennial tropical forageiepeatere
compared. Plots were cut at 95% LI, and the reskiat was 50% of the sward height
at 95% of LI. The effect of trees caused increasasem and leaf size, and decreases in
tiller density and leaf stem ratios. Therefore,csg® growing in the system with trees
showed taller sward heights, exc@&atspalum notatum and Megathyrsus maximus that
did not show differences between treatmgpésticularly in the first year of evaluations.
As sward height at 95% of LI was variable as a fimnc of shading and nitrogen
fertilization, and showing species-dependency, icauts deserved to management
targets based on LI. Results suggest that in iatedrcrop-livestock systems with trees

the sward height would be higher for species trairdluenced by shading or nitrogen.

Key words: management; light; integrated crop-lisek systems; shade avoidance

syndrome

1. Introduction

The global features are in a transition state wethards to land use and natural
resources, turning attention to production systdmtmeet quantitative and qualitative
standards for food production and energy generatisithout excluding the

environment preservation (Malézieux et al. 2008)this context, the integrated crop-
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livestock systems (ICLS) appear to be an intergsditernative to enhance productivity
and provide environmental services (O"Mara, 20H2d&rson et al. 2013).

The renewed interest in ICLS is primarily becaussytprovide opportunities for
the diversification of rotations, perenniality, naht recycling, and greater energy use
efficiency (Entz et al. 2005). So, since middle 80these production systems are
receiving increasing attention as a sustainabl@-fraanagement option worldwide (Nair
et al. 2011). Due to its ecological, economic, aadial attributes, ICLS can positively
change the biophysical and socio-economic dynawofi¢darming systems (Keulen and
Schiere 2004), becoming more efficient systems thanocrops (Nair, 2011).

ICLS are systems that can intentionally integraked, forage crops, and
livestock into a structural practice of plannecemctions (Clason and Sharrow, 2000).
These integrated systems can promote biodiverftyexample, via organic matter
provided by pastures (Lemaire et al. 2003), an@@afly on no-till systems (Carvalho
et al. 2011).

An important aspect associated with the incorporatif tree species in pastures
(or vice-versa) is microclimate changes imposettégs canopy, which can affect plant
growth and, consequently, the sward dynamics. Rstance, the light quantity (i.e.
photon flux density) and quality (e.g. changeseith: far-red ratios) is dependent of trees
canopy (Beaudet et al. 2011). On ICLS with treles,light environment is continuously
changed by the tree component and, in generalctieds on light intensity are related
to changes on dry matter production and nutritigki® of forage (Varella et al. 2010).
In sustainable ICLS, the success in the integratidnherbaceous and woody
components depends on the use of adapted forageypes that show good vyield

performance and persistence under shading (Na#3)19n general, the lower is the
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incoming radiation level in systems with trees, liwger is forage production (Feldhake
and Belesky, 2009; Paciullo et al. 2008; Devkotal €2009; Soares et al. 2009).

Nowadays, methods and models to estimate plant tgromw monospecific
cropping systems are well developed (Robertsoth @082; Fourcaud et al. 2008), but
its suitability for multispecies systems is uncle@ward height and leaf area index
(LAI) are the most commonly variables used as ttmigrassland management, due to
their high correlation with forage production anglasd structure (Laca and Lemaire,
2000; Hammer et al. 2002). Plant growth is prinyacbnditioned by leaf area, which
largely determines light interception and trandprain plants, and the consequent net
photosynthesis assimilations (Monteith, 1977). €fae, sward height (or LAI) can be
used as a cutting criterion, since it reflectsc¢hropy light interception (LI) (Mesquita
et al. 2010).

Several recent studies in Brazil with, grass species showed high correlation
between LI and sward height for grasses growinfuihsun (Fagundes et al. 1999;
Carnevalli et al. 2006; Trindade et al. 2007). Teximum leaf accumulation had been
observed at 95% LI, which allows high herbage iatalaste and animal production
(Trindade et al. 2007, Zanini et al. 2012). Congadly, sward management targets had
been proposed based on sward heights correspondirtge 95% LI momentum.
However, at shading conditions, plants can showhar@sms to tolerate to, or escape
from, a reduced light condition (Ballaré and Cag4l00; Valladares and Niinemets,
2008). These mechanisms can promote different nsgso as higher sward height due
to the stem elongation (Belesky et al. 2011). Farrtikhanges in tiller dynamics (i.e.
reduction in the number of tillers per plant), retleaf expansion rate, and in specific
leaf area can also occur (Smith and Whitelam, 18aflaré et al. 1997; Kebrom and

Brutnell, 2007; Stamm e Kumar, 2010).
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Moreover, since nitrogen (N) interferes directlythe capture and use of light
(Lemaire et al. 2007), the N deficit can magnifye tresponses of plants to shade,
altering their capacity to tolerate low light (\Vadlares and Niinemets, 2008). Therefore,
due to these plant responses that modulate planttigras a function of shade or
nitrogen (Jones et al. 1984; Brisson et al. 2008),relationship between sward height
and LI can be modified. Hence, these relationshipsd to be measured accurately
when light is a limited resource, in order to cdmite to refining management practices
for ICLS with trees.

Additionally, few studies in ICLS had evaluateddge crops growth by using IL
as a criterion of defoliation in order to suppomagement targets. In most rotational
stocking systems, standard pre-defined restingpgerare usually adopted (e.g. Paciullo
et al. 2008), in disagreement with the dynamicplaht physiology and growth. So,
decreased pasture production and persistence,lleasweduction of forage quality, can
occur.

We investigate the hypothesis that changes in svsangcture due to the
interactive effect of trees and N supply can chathgerelation between LI and sward
height, and, consequently, the leaf canopy heigltihe target 95% LI. Therefore, we
compare the interactive effect of shading frBatal yptus dunnii trees and two nitrogen

levels, upon the sward height at the 95% of LI,dierC, tropical forage species.

2. Materials and Methods

2.1 Ste characteristics
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The experimental site was located at the Agrondnstitute of Parana (IAPAR), Ponta
Grossa-PR (25°07'22"S, 50°03'01"W), at 880 m altie. The climate is Cfb according
to Képpen classification, with no dry season, ahmqueacipitation of 1400 mm, more
frequent during spring-summer and scarce in autdrna.soil is an Oxisoil, and texture
is around 30% of clay. The average values of chamsoil analysis during the
experiment period were: P = 4.23 mgdnC = 22.2 g drif; pH = 5.14; Al = 0.025
cmokdm™; H + Al = 4.23 cmaldm®, Ca = 2.95 cm@dm’; Mg = 2.15 cmaldm?; K =

0.16 cmoldm?,

2.2 Establishment of the experiment and treatments

Six perennial ¢ grasses mostly used in Brazil were studigkofiopus
catharinensis (Ac), Brachiaria brizantha cv. Marandu (Mb)Megathirsus maximus cv.
Aruana (Mm),Hemarthria altissima cv. Florida (Ha),Cynodon spp. hybrid Tifton 85
(Cc) andPaspalum notatum cv. Pensacola (Pn)). Most of them hold charactesist
recommended to face shade conditions (see Soaae2609).

Eucalyptus dunnii were planted in 2007, fitting to an east — wes¢rdation,
following the contour, in a double row arrangemasing 3m between plants within
rows and 4 m between rows, spaced 20 m apart (8xA®2 The initial population was
267 trees Ha In the winter — autumn 2011 a thinning managenvess done and
reduced the population to 155 treed ha

Forage species were planted in pure stands fromadar2010: plots of 4.5 m?
(1,5 x 3 m) in full sun (no tree integratiovyg 100 m? (5 x 20 m) in the shaded area. The

trees shading condition will be referred as theedmited Crop-Livestock System
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treatment (ICLS). For all species, a standardinatiot was performed at 10 cm above
soil level in the beginning of the experimentalipér

Treatments were arranged in a randomized bloclgdesiith three replicates.
Two system types, ICLS (i.ehaded)s. full sun, and two nitrogen levels (0 and 300 kg
ha'year') were defined as treatments. Nitrogen was appigedrea in the beginning of
the growing season (early spring). Each year, ity spring, calcareous,,®s and KO
were supplied according to soil analysis to ensbese nutrients did not limit plant
growth. Soil water content (%) was measured udieg-HHFM2010 - HidroFarm® in the

20 cm top soil layer for 2012 and 2013 every ~1ysda

2.3 Plant measur ements

The light interception (LI) and sward height wereasured weekly using a
ceptometer (AccuPAR LP-80) and a sward stick, retspedy. At the ICLS, measures
with ceptometer were assessed at five positioas2j.4, 10, 16 and 18 m from one of
the trees rows to compose the mean of the plotc€amg sward height, 20 measures
per plot were performed. In the full sun, 3 andm€asurements were performed with
ceptometer and sward stick, respectively. The pastwere mechanically harvested
when its canopy reached 95% of LI (cutting freqy@ncThe stubble height
corresponded to a 50% reduction in the cuttinghteigutting intensity). Residues were
removed from the site.

Two functional plant traits, sheath length (SLlanean leaves length (LL) per
tiller, were measured in summer 2012. Ten and IB&giwere randomly collected in
each plot of the full sun and ICLS treatments, eesigely, then traits measures were

taken in the laboratory.
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The tillers density was assessed in summer 20d2@b3. Tiller population was
performed by counting tillers number in a 0,0625spuare and using 5 and 1 sample
units per plot for ICLS and full sun, respectively.

The leaf:stem ratio was measured in spring andnsm®012, samples were
taken in a 0,0625 fisquare at soil level when the canopy reached 95%. Samples
were manually separated in leaves and stems, gouvdwe dried at 65 °C until constant

weight.

2.4 Meteorological measurements and thermal time calculation

Photosynthetic photon flux density (PPFD - pmolZst) in full sun and in the ICLS
was measured using a ceptometer (AccuPAR LP-80htsummer (beginning of the
year) 2011 and 2013. The measurements were takide isame positions described in
item 2.2, every 30 min from 8:00 to 18:00 o’clo€kom December 2011 to July 2012,
the PPFD was measured using bars containing filee @feamorphous silicon in parallel
of 15 x 15 cm, connected to a datalogger (CR10G@G0n@bell Scientific® Ltda). The
data were collected every 30 s, and mean values eadculated and stored every 5 min.
Hence, light reduction in the ICLS could be caltedbas the difference between sensors
at both systems.

Air temperature (Tm) was collected and stored eversnin in 3 individual
dataloggers (HOBBO U10 - 001 - Onset®) placed aitjpms 2, 10 and 18 m from one

of the trees rows in the ICLS, and one dataloggéull sun.

2.5 Satistical analyses
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Statistical analyses were performed using R so#w®& Development Core Team,
2014). Analyses of covariang@NCOVA, glm procedure) were performed using the
Tukey method for multiple mean comparison testpast-ANOVA/ANCOVA. Data
were transformed when necessary to reach the nibynoélresidues. Transformations
were performed using the procedure Box Cox (pack#f€S). Species were analyzed
separately, since the response of sward heightinatibn of LI is specie-dependent.
Year, season, nitrogen and system effects on sheigiht were analyzed at the cutting
date (i.e. 95% of LI). Data analyzed using ANCOWalysis was performed using LI
as a covariant variable. This type of analyses wgsl because for ICLS it was the LI
average, in distinction to different distances fribra tree row, which was used to set the
moment of cut. The actual LI ranged from 91 to 995 Only interactions that
explained more than 6.5% of the variance were dsmill Regression analyses were
performed between sward height and LI for the lorggewing season (i.e. summer).
This analysis was performed with data obtainedhm first year. Regression curves
were fitted for each species in each system, thaiyses of covariance (ANCOVA, Im

procedure) were used to compare regression curves.

3. Results

3.1 Environment and trees canopy

The mean daily temperature during the experimgreabd was 1 °C warmer in full sun

than ICLS (Figure 1). Year 2 was 0.8 °C warmer tyar 1, except during the summer

period (December-March), which was 0.6 °C coldeantHirst year. The mean of

maximum temperatures was 1.7 °C higher in full $umwever, the maximum absolute



30

temperature recorded was 36.1 °C in ICLS and 32i8 full sun. The mean of minimal
temperatures was 0.2 colder in ICLS than full sbof the minimum absolute
temperature recorded was -2.9 °C in full sun and °C in the ICLS. These lower
minimal temperatures are probably due to frozenchvhesulted in differences for the
beginning of regrowth in the spring between systefus instance, in ICLS, pastures
reached 95% of LI almost one month earlier thahsiuh (data not showed).

Soil moisture (%) was measured from December 201tll June 2013, and it
was significantly (P<0.05) lower in the ICLS tharlfsun (Figure 2). However, in the
driest period (November 2012) ICLS area presenteidlzer percentage of soil moisture
(16.7 £ 2.69%) than full sun (9.37 £ 1.46%).

The percentage of shade increased along the engraial period, from ~ 40 %
in the spring 2011, the beginning of the experimémt~ 59 % in the end of summer
2013, due to trees growth. In the summer of th& frear, trees presented a height of
17.58 + 2.4 m and 21.50 + 3.24 cm of diameter atoileast height. One year later, trees

reached 22.57 £ 2.6 m of height and 27.38 + 3.04tdiameter.

3.2 Sward height

3.2.1 Sward height at the cutting date

Outputs of the ANCOVA for sward height at the auftidate are shown in Table 1.
ANCOVA reveled that for almost all species, thetesgsand seasonal variations had the
greatest effects on sward surface height (Table 1grms of variance explained (VE).
For all species the sward height was higher instiamer and spring and lower in the

autumn (Table 2). The highest differences in swaeight between systems were
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observed forH. altissma (+23 cm on ICLS conditions, Table 2). Ontyltivar P.
notatum was not affected by integrated crop-livestockeys{ICLS) (P > 0.07).

After these variables, the factor year was an it@mbdrsource of variation,
mainly forB. brizantha (VE = 13%). For this species, the sward heightaased 4.6 cm
in the second year. N supply effect was signifidantM. maximus, H. altissima and
Cynodon spp., accounting for a maximum of 23% of totaliatace. Sward height was
higher in NO than N300 (Table 2), ail maximus was the species with the highest
increase (+8.4 £ cm) due N fertilizer application.

Some significant interactions were found betweenféictors analyzed (Table 1).
The most important interactions were between Ye8eason, foM. maximus andP.
notatum, and between system x year x seasonAfocatharinensis, H. altissma and
Cynodon spp.. Means for the interaction Year x Season langved in Table 3For M.
maximus, while in the first year the sward height was higtiering the summer, in the
second year highest height value was observed gltinm spring. FoP. notatum this
interaction was significant due differences in erdemagnitude in all seasons with an
increase in height values from the first to theoselcyear (Table 3). The interaction

system x nitrogen is not showed because preseatads/than 6.5% in terms of V.E.

3.2.2 Swvard height x Light interception

A significant linear regression was observed betwseard height and LI for all
species and independent of the system (Figurei@ye 3o differences between slopes
(P > 0.15) were observed in ANCOVA for ICLS vs.lfaln, the distances between
intercepts could be compared. It means that thieenigward height in ICLS for some

species is independent of LI level (Figure 3). Heéigalues obtained from regressions
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(Figure 3) were similar to the means found usinly ¢ime data at the cutting date. The
relative increase of sward height was 37, 36, 32 2ih % forH. altissma, Cynodon

spp.,B. brizantha and A. catharinensis, respectively. The relationship between sward
height and LI ofM. maximus andP. notatum was similar (i.e. no differences in slopes

and intercepts) in ICLS and full sun.

3.3 Plant traits

Leaf length (LL) increased foA. catharinensis, B. brizantha, H. altissma and P.
notatum in ICLS when compared with full sun (Table 4).dden fertilization had also
a significant effect on leaf length, i.e. it inceed on N300 treatment for all species,
except forP. notatum (Table 4).

Sheath length also increased in ICLS, except Mitihnaximus (Table 4). Further,
plants without N fertilization (i.e. NO) exhibitddnger sheaths (Table 4), excdpt
notatum.

Nitrogen supply had the strongest effect on tillensity for all species (P <
0.01), except for specids. altissma (P = 0.54). The N input (i.e N300) increased the
number of tillers (Table 4). In relationship to thgstems, a reduction on tiller density
was observed in ICLS only fdd. altissima (< 34%) andCynodon spp. (< 47%, Table
4).

Leaf:Stem ratio was mainly affected by seasongims of V.E.). For all species,
the leaf:stem ratio was higher in spring compamdhe summer period (data not
showed).B. brizantha, P. notatum and Cynodon spp. showed higher leaf:stem ratio in

the full sun (Table 4). The opposite was obsenggdf. maximus andP. notatum, i.e.
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leaf:stem ratio was higher in ICLS (Table 4). N glygended to increase leaf:stem ratio,

except forCynodon spp. (Table 4).

4. Discussion

Our hypothesis that changes in sward structuretdube interactive effect of
trees and N supply can change the relation betwkand sward height was confirmed
by our controlled experiment. Further, importantiations on leaf canopy height at
95% LI, mainly across seasons, were observed. Tidreren order to maintain 95% as
a target LI level, grassland managers should cgtame each species at different height,
for example, for systems with trees, in conditimisnitrogen limitation and across

seasons (i.e. for swards being vegetative or rejtock).

4.1 Alterations in plant morphology

For the species studied here, changes in plant hmotogy due the treatments
resulted in changes in sward height at 95% LI (&)l For instance, shading increased
the sward height of most species and reduced Hee density ofH. altissima and
Cynodon spp. (Table 2). These are key characteristichadls avoidance plants, due to
changes in red:far red light. Plants tend to atb&l new tillers production in order to
maintain the allocation of photoassimilates togkistents tillers (Casal, 2000; Wherley
et al. 2005; Evers et al. 2007, Belesky et al. 20Ihe effect of light on stems by the
extension of internodes is well demonstrated inlitieeature for species that presents

shade avoidance strategies (Casal, 2000; VallagarésNiinemets, 2008; Zhu et al.
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2014). Navas and Garnier (2002) also showed thsitetfiect is independent of other
stresses (i.e. water or nutrient).

The increase on sward height due to an increadeainsize with shading is
controversy, since other morphological charactesstf leaves can be associated to an
increase in the light capture (Lin et al. 2001)ktsas leaf angle (Fernandez et al. 2004,
Peri et al. 2007a). For instand&,notatum did not showed differences in sward height
due to the ICLS, despite an increase in leaf len@ththe other hand. catharinensis,

B. brizantha andH. altisssma showed higher sward height and longer leaves €T4pl
in ICLS. This shade effect on leaf length couldabplant strategy in order to increase
light capture (Dale, 1988).

Leaf length and tiller density increased for allesies with N fertilizer
application, excep®. notatum, andH. altissima, respectively (Table 4). For leaf length,
this pattern is expected (Lemaire and Chapmmang)138nce N increases the leaf
expansion rate (Gastal et al. 1992). However, aicgrto Sbrissia and Silva (2001),
sward height is maintained constant despite arease in leaf size with an increase in
N availability, since heavier leaves alter the kaadjle in the sward structure.

Further, diverse authors (Simon and Lemaire, 1¥8iu and Ducrocq, 2000;
Singer, 2002, Gatti et al. 2013) showed that thggdai importance of N is on leaf
appearance and expansion. Tiller dynamic is muchemariable in function of light

and pasture management (Kephart and Buxton, 199&st et al., 2010).

4.2 The differencesin sward height per se

There was an increase in the sward height in fanatf year, mainly for species

cultivated in the ICLS. This effect can be explaitey the decrease of light reaching on
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forage sward (~ 40% in summer of 2012 to ~ 59%hm eénd of summer 2013). The
magnitude of these differences can be increasanighout the years if the shading
effect increases. Lin et al. (2001) showed, withowss G and G forages species, an
increase in sward height with the increase of shadehis way it is important the

management of trees in order to reduce the vaityabdn forage growth and

development over time.

Seasonal effects were important in the sward heaii5% LI (Table 1). In
general, there was a decrease from spring and sumoraitumn, which could be in
turn explained by stem formation due to plant mgtudevelopmental stage, since
during the fall all species were in vegetative stédpta not shown). A similar pattern in
sward height between seasons was observed by Gracemal. (2009) withB.
brizantha and by Medinilla-Salinas et al. (2013) with maximus. However, they did
not attribute these differences on sward heigiplaat maturity.

The relative increase in sward height from fulh$a SS was 52, 50, 43, 24 and
7% for H. altissima, Cynodon spp.,B. brizantha, A. catharinensis and M. maximus
respectively. Gobbi et al. (2009) showed that réidas on light availability increase
the height ofB. brizantha cv. Basilisk. The same pattern was found Emactylis
glomerata (Peri et al. 2007b), and with a diverse range 9a& G species (Lin et al.
2001). ForM. maximus, Medinilla-Salinas et al. (2013) showed that pdagtowing
without trees were 12.5% taller than in the shad®utlition. However, they measured
the plants in a fixed period of regrowth. In a stchdondition, plants can exhibit lower
growth rates (Valladares and Niinemets, 2008),thigdcan lead to differences in sward
height.

According to Mesquita et al. (2010), N affectsyotile time and not the height

that swards reaches 95% of LI, due to the accéderain appearance and tissue
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expansion of plants with higher amounts of nitrog&astal and Nelson, 1994; Duru
and Ducrocq, 2000; Alexandrino et al. 2005; Patval €2012). However, a decrease in
sward height at 95% LI foA. catharinensis, M. maximus andH. altissma (Table 2)
with N fertilization was observed, which in turnutd be explained by changes in plant
morphology as the increase in sheath length fortphaithout N nutrition (Table 4).

Since no significant differences were observed lopes for the regression
analysis forA. catharinensis, B. brizantha, H. altissima and Cynodon spp. between
sward height and light interception (Figura 3), tinerease in sward height was
independent of the level of LI. It suggests thatarly signal of changes in light quality
is perceived by plants (Ballaré et al. 1987; Aphatoal. 1999), before the pasture
canopy closure (i.e. 95% of LI). Then, changesh&understory occurred probably due
to changes in light quantity, but also in light bjtyadue to the trees canopy (Varella et
al. 2010; Beaudet et al. 2011). This results caerfieres directly in the pasture
management due to the changes in plant morpholelg@ed to alterations in light
quality. For exampleB. brizantha and Cynodon spp. presented lower values of
leaf:stem ratio in ICLS, which means higher lewadIstems in the sward structure.

In full sun canopies, it has been showed that aerease in sward height leads to
a decrease in the leaf:stem ratio (Fonseca eDaR)2which is directly correlated with
the light competition in the canopy. When LI levale higher than 95%, there is a
faster increase in stem elongation. In this way, results can help to target the pre-
grazing sward height in function of shade. Howewaglvances are still necessary about
the post-grazing height. In this work, it was us8&o of the initial height for the cutting
intensity, because follows the pattern of animddawsor. The level of cutting intensity
also has interference on sward structure (Silvetral. 2010). Belesky et al. (2011)

showed that the long-term of tiller production wasnpromised for the higher cutting
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intensity in shaded condition. In this way, studiédeaf lifespan, forage quality and
animal behavior (Fonseca et al. 2013) can helpefmel better management strategies
for cutting intensities.

To sum up, the response of pasture sward heightfaaction of shading and
nitrogen fertilization are variable depending ore tgrass species evaluated. The
management using LI in integrated systems can bd, usit the cutting height can be

higher for species that are influenced by shadimhkay nitrogen.
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Table 1 — Proportion of variance explained (VE) atatistical significance of F ratios from analysiovariance for sward height and for each
C, forage speciesAc — Axonopus catharinesnis, Bb —Brachiaria brizantha, Mm — Megathyrsus maximus, Ha —Hemarthria altissma, Cc —

Cynodon spp., Pn -Paspalum notatum.

Ac Bb Mm Ha Cc Pn

F % F % F % F % F % F %
LI 36° 16 57.7 11.7 0.6 03 123 3.9 59 1.7 0.0 0.01
System 56.6° 25.3 186.9" 38.0 6.1 2.4 127.0° 399 1350 38.1 3.42° 263
Year 2297 10.2 44.17 9.0 75 3.0 139" 44 2217 6.3 1967 151
N 11.0° 4.9 1.7 03 22.77 9.0 109 3.4 6.6 1.9 0.27° 0.21
Season 11.17 9.9 25.3" 10.3 433" 341 188" 118 3397 192 2277 343
Block 2.2 40 54" 4.4 3.0 47 1.6 2.1 0.1 02 072 221
System x Year . . 4.8 1.0 - . 6.8 2.2 . - - .
Year x Season - - - - 8.5 6.8 - - - - 98" 151
N x Season - - - - - - - - 6.00 3.4 - -
System x Year x N . . 3.46 2.1 - . . . . - - .
System x Year x Season 2.5 7.9 . . - . 4.2" 80 437 86 - .

*P<0.05; **P<0.01; ***P<0.001; ns, not significant.
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Table 2 — Sward height means (cm) and standard @ at cutting date within each
year, season, nitrogen level and system for th€sferage species. See Table 1 for

species codes.

Ac se Bb se Mm se Ha se Cc se Pn Se
Yearl 38.7b 10 254b 05 524b 12 511b 13 360b 08 29.2b 1.1
Year2 432a 14 300a 05 578a 1.3 595a 13 411a 16 368a 1.1
Spring 40.8ab 20 30.2a 06 629a 16 506b 17 376b 18 325b 1.8
Summer 449a 10 287a 05 590a 1.2 63.0a 15 447a 10 383a 1.0
Autumn 37.1b 1.0 243b 0.7 435b 16 525b 1.7 336b 16 283b 1.2
N- 435a 15 283a 05 593a 13 585a 14 369a 16 334a 1.3
N+ 384b 07 272a 05 509b 11 521b 12 402a 09 326a 0.9
Full Sun 365b 12 228b 05 532b 11 438b 1.2 308b 1.0 33.7a 0.9
ICLS 454a 11 326a 05 571a 13 668a 15 46.3a 14 324a 1.2

Means with the same letter for each variable amalyare not significantly different according to the
Tukey test (P>0.05).

Table 3 - Sward height means (cm) and standard @) forM. maximus (Mm) andP.
notatum (Pn). Data show Year x Season interaction.

Mm se Pn se
Spring X Year 1 576 b 2.22 31.05cd 2.47
Spring X Year 2 68.2 a 2.46 37.09 ab 2.35
Summer x Yearl 61.1b 1.61 35.99 bc 1.31
Summer X Year2 56.9b 1.92 42.02 a 1.61
Autumn x Yearl 38.6d 2.31 25.81d 1.73
Autumn x Year2 48.3 ¢ 2.44 31.84 bc 1.81

Means with the same letter in the column are rgotiicantly different according to the Tukey teBt¥

0.05).
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Table 4 — Means and standard error (se) of Leaglbe(LL — cm), Sheath Length (SL — cm), Tiller DengTD) and leaf:stem ratio for six4C
forage species within each system and nitrogextrtrent. See Table 1 for species codes.

Ac se Bb Se Mm se Ha se Cc se Pn Se

LL Full Sun 221b 23 180b 0.626.1a 2.1 149b 09 149a 12 348b 13
LL ICLS 26,2a 09 227a 11273a 15 200a 0.7 15.0a 05 423a 11
LL NO 22.1b 09 194Db 1.2247b 0.6 181b 0.6 134b 04 415a 14
LL N300 284a 10 244a 12289a 21 202a 1.1 16.6a 07 405a 1.5
SL Full Sun 178b 0.7 124b 1.0@53a 14 376b 21 208b 0.7 11.2b 03
SL ICLS 285a 08 16.8a 04244a 0.7 50.1a 1.3 31.3a 0.7 13.1a 0.1
SL NO 30.7a 12 182a 05258a 08 545a 18 323a 10 121b 0.2
SL N300 215b 06 139b 06238b 10 416b 14 268b 06 136a 0.2
TD Full sun 808a 46 1141a 46 1351a 150 952a 18d7/4a 648 - -

TD ICLS 856a 25 1117a 56 1435a 68 707 b 45 164338 - -

TD NO 786b 37 1022h63 1221b 76 721 a 79 1256 b 159 - -

TD N300 911a 18 1220a 64 1620a 72 775 a 56 250239 - -

Leaf:Stem FullSun 0.90a 0.12 24a 0865b 012 0.34a 0.05087a 012 17b 0.2
Leaf:Stem ICLS 094a 006 18b 0D91a 006 031a 0.02056b 0.03 3.7a 0.5
Leaf:Stem NO 0.74b 004 19a 0D73b 006 0.26b 0.02055a 0.05 45a 0.7
Leaf:Stem N300 1.04a 008 19a 0.R94a 008 035a 0.02067a 0.05 25b 0.4

Means with the same letter for each variable arealym function of systems and nitrogen effectsraresignificantly different according to the Tukest (P > 0.05). ICLS,
integrated crop-livestock system.
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Figure 1 — Mean (circle), maximum (triangle) anchimal (square) average monthly air
temperatures from September 2011 to May 2013. Gpeatols and short dash lines for
full sun and closed symbols solid lines for integdacrop-livestock system.
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Figure 3 — Relationship between sward height (amd)) laght interception (%) for six £
forage species at the integrated crop-livestockesygclosed symbols and solid lines)
and full sun (open symbols and short dash lines)—Axonopus catharinesnis, Bb —
Brachiaria brizantha, Mm — Megathyrsus maximus, Ha —Hemarthria altissima, Cc —
Cynodon spp., Pn -Paspalum notatum. ANCOVA results are presented in each panel:
two lines in the case of no interaction and diffiee between intercepts between the
categorical independent variable (i.e. sward hgjigirid a single line in the case of no
significant effect of the continuous variable. ({P85; **P<0.01; **P<0.001; ns, not
significant).
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3. CAPITULO 2
Morphogenesis and growth dynamics of tropical feragecies according to shade and

nitrogert

! Elaborado de acordo com as normas da Revista érgsify Systems
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Abstract

Monocultures of six ¢ tropical forage species that are widely used imazBian
livestock were compared in an experimental fielthwivo systems, i.e. open pastuse
under tree canopy (i.e. an integrated crop-livésgystem, ICLS), and two levels of N
supply (zero vs. 300 kg of N Haeai). Our aim was to determine the interactive
shading effect from trees (i.&ucalyptus dunnji canopy, and nitrogen supply on
morphogenetic characteristics and growth paramefess< G, grass species in order to
assess their potential for use as a component l065.105% of light interception was
used as a cutting frequency and 50% of initial legs cutting intensity. The shading
effect from trees canopy was specie-dependentinstanceB. brizantha M. maximus
and Cynodonspp. had a decrease on leaf growth rates in ICUB tees, while the
opposite was observed with. catharinensis. H. altissimenaintained the same leaf
growth rates in the two systems, i.e. with and authtrees. However, even for species
that showed decreases on values of morphogenetabies (e.g. phyllochron) and leaf
growth rates, they maintained a satisfactory dearaknt and growth in ICLS. The N
supply helps the maintenance of a satisfactory ldpwgent and growth of forages

species in the ICLS.

Key words: integrated crop-livestock systems; nganaent; light interception;

competition

1. Introduction

Since intensive production systems require highwantsof energy by labor and inputs,

their results become incompatible with the emerglarhands that aim to ensure the
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sustainability of agroecosystems (Carvalho and Ekra2011). Integrated crop-
livestock systems (ICLS) appears, therefore, a®al gption to increase the overall
land productivity and/or its sustainability by miadi best use of the environmental
resources and, at the same time, by generatingommvental services (O"Mara, 2012;
Sanderson et al. 2013). Further, several reporte ldemonstrated the value of
including trees in these systems because the ateghtimber and livestock production
can generate higher profits, which provide farmeitth a means of surviving markets
that fluctuate through time (Zhai et al. 2006).

However, in the ICLS, that can intentionally intatgs trees, forage crops, and
livestock into a structural practice of plannecemctions (Clason and Sharrow, 2000),
the pasture component is affected by changes inderstory, mainly due changes in
light quantity and quality. The amount of lightan ICLS depends on tree species, tree
density and tree management. Further, the responskading depends on the forage
species and on soil fertility, especially nitrog@aciullo et al. 2011). Therefore, a better
understanding about plant responses to interastmagling and N availability and the
consequent growth dynamics in ICLS is essentiabrtbance our ability to forecast
management practices and biomass production inr aedensure pasture persistence
and a sustainable production (Hodgson and SiMa)R0

Morphogenetic processes, like the rate of appearahaew organs, control the
growth and development of plants in a specific Bmmnent. These processes determine
sward structural characteristics, as the leaf sn@ax which allows light interception by
the sward, and consequently, the biomass produ¢tiemaire and Chapman, 1996).
However, management practices, like cutting fregyeand intensity and fertilization,
interferes on the plant morphogenesis (Duru andrang; 2000, Peri et al. 2007b;

Sbrissia et al. 2010). Further, in a system wittedr shade appears like another
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management effect, as it is possible to managecertain way the shade produced by
trees (Combes et al. 2002).

When forage grass plants are growing in assoaiatith trees, grass tolerance
depends on the physiological and morphological td@ms for irradiance reduction.
Different hypothesis on the suite of charactersstresponsible for species' shade
tolerance have been recognized on the literaturéoagxample, carbon gaws stress
tolerance hypothesis (see Valladares & Niinemdd®8Xor a review). However, most
studies reporting these differing views about shamerance were done on woody
species (Seidlova et al. 2009). Further, Vallada&&eblinemets (2008) argued that
shade tolerance could depend both on the efficie@arbon gain in low light and on
the tolerance of stresses interacting with lighailability. Therefore, different plant
features can be associated to shading toleranceNamdailability, with different
consequences for plant growth dynamic; hence, tleeyl to be identified for a broader
range of forage species.

For instance, shading effect can has a strongianfle on morphogenetic
variables by, for example, reductions on leaf appeze, leaf elongation rate and tiller
appearance (Gautier et al. 1999; Granier and Tardi®99; Bos et al. 2000, Casal,
2000), which in turn affect the pasture biomassiandation. Under moderate shading,
some grass species have the capacity to maintawtlymat satisfactory levels (Paciullo
et al. 2008; Soares et al. 2009; Pachas et al.)2Bib8vever, in general, the lower is the
incoming radiation level in systems with trees, tbever is the forage production
(Feldhake and Belesky, 2009; Paciullo et al. 20D8vkota et al. 2009; Soares et al.
2009). Therefore, detailed studies of tissue dynao@n provide new insights for

changes in sward state variables in response tatiggr in shading and in N level.
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The objective of this study was to compare intevacteffect of shading,
provided by Eucalyptus dunnji and two nitrogen levels on the morphogenetics
variables, sward structural characters and growith senescence fluxes of six C

tropical forage species.

2. Materials and Methods

2.1 Site characteristics

The experimental site was located at the Agrondnstitute of Parana (IAPAR), Ponta
Grossa-PR (25°07'22"S, 50°03'01"W), at 880 m altie. The climate is Cfb according
to Koppen classification, with no dry season, ahmuecipitation of 1,400 mm, more
frequent during spring-summer and scarce in autdrna.soil is an Oxisoil, and texture
is around 30% of clay. The average values of chamsoil analysis during the
experiment period were: P = 4.23 mgdnC = 22.2 g drif; pH = 5.14; Al = 0.025
cmokdm™; H + Al = 4.23 cmaldm®; Ca = 2.95 cm@dm’; Mg = 2.15 cmaldm?®; K =

0.16 cmoldm?,

2.2 Establishment of the experiment and treatments

Six perennial ¢ grasses widely used in Brazilian livestock weradisd
(Axonopus catharinensi@Ac), Brachiaria brizanthacv. Marandu (Mb),Megathirsus
maximuscv. Aruana (Mm)Hemarthria altissimacv. Flérida (Ha) Cynodon spphybrid
Tifton 85 (Cc) andPaspalum notatuncv. Pensacola (Pn)). Most of them hold

characteristics recommended to face shade conslife® Soares et al. 2009).
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Eucalyptus dunnii'trees were planted in 2007, fitting to an east estw
orientation, following the contour, in a double rawrangement using 3m between
plants within rows and 4 m between rows, spacedh2fpart (3x4x20 m). The initial
population was 267 trees han the winter — autumn 2011 a thinning manageners
done and reduced the population to 155 treés ha

Forage species were planted in pure stands fromadar2010: plots of 4.5 m?2
(1,5 x 3 m) in full sun (no trees integratiorg. 100 m? (5 x 20 m) in the shaded area.
The trees shading condition will be referred as Ititegrated Crop-Livestock System
treatment (ICLS). Plant measurements were doneegeMber of 2011 and 2012.

Treatments were arranged in a randomized bloclgdesiith three replicates.
Two system types, ICLS (i.ehadedys.full sun, and two nitrogen levels (0 and 300 kg
ha'year') were defined as treatments. Nitrogen was appigedrea in the beginning of
the growing season (in early spring). Each yeagary spring, calcareous,® and
K20 were supplied according to soil analysis to emshiat these nutrients did not limit
plant regrowth. Soil water content (%) was measumettie top 20 cm soil layer, using
the equipment HFM2010 - HidroFarm during the mogdreesis analysis.

The pastures were mechanically harvested wheraitepy reached 95% of LI
(cutting frequency). The stubble height correspdnidea 50% reduction in the cutting
height (cutting intensity). Residues were removeanf the site. The light interception

in each plot was monitored every week, using aarepter (AccuPAR LP 80).

2.3 Leaf and Plant measurements

Measurements at leaf and plant level were donéiarfl 10 tillers per plot in the full

sun and ICLS, respectively. Only tillers on vegetatstage were marked. For both
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treatments, marked tillers were located along seats in full sun and 5 in ICLS,

distanced 50 cm between each tiller. The distaoté&snsects in ICLS corresponded to
2,4,10,16 and 18 m from one of the trees rank. ¥E2eB days, during 20 days, the
following measurements were done: the lengths etmrand senescing (green parts
only) laminae were measured from the ligule forumaieaves (i.e. those with a visible
ligule) and from the ligule of the last mature Iéaf growing leaves; the length of the

pseudostem of vegetative tillers or stem of repctide tillers (measured from the

ligule of the last mature leaf or the flag leaftt® ground); the appearance of new
leaves.

These measurements were used to calculate theviofjgparameters per plant
part: phyllochron (Phyl — calculated as the inveo$dahe linear regression between
number of leaves in function of thermal-time); ledéngation rate (LER — cm tillér
°Cd%); duration of leaf elongation (DLE - °Cd); leahtgh (LL — cm); leaf lifespan
(LLS - °Cd); stem elongation rate (SER — cm tHlécd"); leaf blade senescence rate
(LSR — cm tillet* °Cd"); number of green leaves (NGL — leaves fillerfinal leaf
length (LL — cm).

For each measurement period, destructive samples eadlected, at random
and within each plot, to estimate weight per ugritgth (g DM crit) of each plant part.

In the end of each measurement period, the tibasily (TD — tiller M) per unit
ground area was determined by counting in 1 om&pées of 0,0625 fper plot in full
sun and ICLS, respectively.

A growth flux (GF — kg ha day') was calculated by the following equation:

GF=LER X SWEL X Tm x NELx TD x 10 Eq. 1
Where: SWEL is the specific weight of expanding/Esa(g* cm™); Tm (°C) is the daily

mean temperature of the experimental period; NEthesnumber of expanding leaves
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per tiller; and the factor 10 is in order to trash in kg h&. Senescence flux (SF — kg
ha' day') was calculated by the following equation:

SF=LSR X SWML x Tm x TD x 10 Eq. 2
Where: SWML is the specific weight of mature leaygscm?); Tm (°C) is the daily
mean temperature of the experimental period; aadattor 10 is in order to transform
in kg ha'. The tissue turnover fluxes were calculated pgujaiion unit and then per
area (ha), by multiplying the mean tissue fluxespgmpulation unit by the mean density

of these units (i.e. TD).
2.4 Meteorological measurements and thermal tinbeutation

Photosynthetic photon flux density (PPFD pmolZst) in full sun and in the ICLS
was measured at the same positions describednm2itg For the summer 2012, the
PPFD was measured using bars containing five oéBsnorphous silicon in parallel of
15 x 15 cm, connected to a datalogger (CR1000; @athBcientific® Ltda). The data
were collected every 30 s, and mean values welles¢d and stored every 5 min.
Hence, light reduction in the ICLS could be caltedbas the difference between sensors
at both systems. For the summer 2013, measuremenés taken using a ceptometer
(AccuPAR® LP-80), every 30 min from 8:00 to 18:06lock.

Air temperature (Tm) was collected and stored evenyin in 3 individuals
dataloggers (Hobbo) located at 2, 10 and 18 m foam of the trees rows in the ICLS,
and one datalogger in full sun. Thermal-time wdsuated for integrated and full sun

systems from the daily integration of air tempemguminus the base temperaturg:(

h
TT= j max[o; (T, —T,)]dt Eq. 3
0
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whereTT is thermal time expressed in cumulative degres ¢&yd, Bonhomme, 2000).
TT is expressed in degree-days, calculated as theo$uhe mean daily temperature
minus the base temperatui@®)( During this study, thé&, value used was 10°C for all

species.

2.5 Statistical analyses

Statistical analyses were performed using R soéw@&@ Development Core Team,
2014). Analyses of variance (ANOVA, gim proceduseye performed using the Tukey
method for multiple mean comparison tests in pdS&¥A. Data were transformed
when necessary to reach the normality of residliemnsformations were performed

using the procedure Box Cox (package MASS).

3. Results

3.1 Environmental and tree measurements

The mean daily temperature during the experimepéiod was 20.2 °C in ICLS,
created by eucalyptus trees, and 21.0 °C in fulltseatment in the first year. During
the second year, temperatures increased 2 °C. Wgthdhere was an increase on
temperature from the first to second year, theediffices between ICLS and full sun
treatments remained similar (Figure 1).

Soil moisture percentage was also monitored dutiveg experimental period.
Soil moisture was lower in the first year (15t5%2and 18+6.48 % in ICLS and full
sun, respectively) when compared to the second (&&#5.46 % and 24+8.60 % in

ICLS and full sun, respectively).
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Mean trees height ranged from 17.6 £ 2.4 m in sem2012, with a diameter at
breast height of 21.5 + 3.24 cm, until 22.6 + 2.@&mhe end of summer 2013 (27.4
3.04 cm of diameter), which gave tree canopy ckesiire. % of photosynthetic photon

flux reduction) of ~40 % and ~59 %, respectively.

3.2 Morphogenical and structural characteristics

Outputs of the ANOVA for morphogenical and struatucharacteristics and growth
fluxes are show in Table 1. ANOVA reveled that spedad the greatest effect on all
variables (Table 1), in terms of variance explai(\d). Means per species are showed
in Figure 2. There were significant effects of syst N and year for almost all
variables. Further, interactions of second anditbnder were also observed (see Table
1). Therefore, interactions between species x sygi@gure 2) and species x N levels
(Figure 3) are showed, since they were signifidantalmost all variables analyzed.
Further, means for the interactions species x ywar available in supplementary
material.

The faster species on leaf appearance (i.e. loWwgid@hron) wasH. altissima
and the slowest werdl. maximusand B. brizantha (Figure 2). On average, N
fertilization decreased Phyl. (132 + 4.99 °Cd af® * 3.86 °Cd at NO and N300,
respectively). Forage species showed a signifibagiter Phyllochron (Phyl.) in ICLS
(Figure 2). HoweverH. altissimahad a higher Phyl. in full sun, an@ynodonspp. not
showed differences between systems (Figure 2).

Leaf elongation rate (LER) ranged between 0.1400D cm tillet* °Cd* for B.
brizanthato 0.24 + 0.01 cm tillet °Cd* for H. altissima(Figure 2). OnlyH. altissima

had a significant higher LER in ICLS (Figure 2).€TN fertilization increased LER,



60

except forM. maximusand H. altissima, which not showed significant differences
between N levels (Figure 3H. altissima displayed the highest duration of leaf
elongation (DLE), while similar values were obsefivieetween the others species
(Figure 2). Further, this species ag@gnodonspp. were not affected by system (Figure
2). N input decreased the DLE (211 + 6.87 °Cd a@i6l 4 5.87 °Cd at NO and N300,
respectively).B. brizanthahad leaves with longer lifespan than the othercigge
(Figure 2). OnlyA. catharinesnishad significant differences on LLS in function of
system (Figure 2). Further, N fertilization dece=aghe LLS ofB. brizanthaand
Cynodonspp. (Figure 3).

The stem elongation rate (SER) was highe®focatharinensisH. altissimaand
Cynodonspp. (Figure 2). ICLS significantly increases tHeRSfor B. brizantha H.
altissimaandCynodonspp., and decreases the SERMomaximugFigure 2). OnlyA.
catharinensiglid not showed differences between systems. Thi#ddtavas significant
(Table 1). On average, N fertilization increases $#ER (0.020 + 0.001 cm tilléeCd*
and 0.024 + 0.001 cm tillérrCd® at NO and N300, respectively).

H. altissimadisplayed 8.5 + 0.22 green leaves per tiller (NGlhile M.
maximusdisplayed a maximum of 3.63 + 0.08 leaves pegrti{Figure 2) M. maximus
andCynodonspp. were the species that not exhibited differefi@eNGL in function of
system. A higher NGL was observed in full sun ofdy A. catharinensisthe others
species showed higher NGL in ICLS. However, the mtade of these differences was
small. For instanceA. catharinensihad 4.9 + 0.28 leaves in full sun and 5.5 + 0.17
NGL in ICLS, i.e. the difference was only 0.6 leavkligher differences were observed
for H. altissima(+1.33 £ 0.41 leaves in full sun, Figure 2). Théelilization increases

the NGL, mainly forA. catharinensiandH. altissima(Figure 3).
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The species evaluated increased significantly ## length (LL) in ICLS,
except M. maximusand Cynodonspp. (Figure 2)M. maximushas longer leaves
compared to the other species, independently osyseem (Figure 2), and also it was
the only species to reduce LL due N fertilizatiig(re 3).

Lower tiller density (TD) was observed in ICLS fdr altissimaand mainly for
Cynodonspp. (Figure 2). N fertilization significantly iressed the number of tillers for
all species (Table 2). This increase ranged betwded tiller forA. catharinesnisand

+982 tillers forCynodonspp..

3.3 Explanatory variables

Leaf senescence rate (LSR) and specific leaf weigh¥) were used for growth and
senescence fluxes’ calculations.

LSR was lower in full sun foH. altissima (Figure 4). The N fertilization
decreased LSR fohA. catharinensisM. maximusand Cynodonspp. (Figure 4). SLW
was significant different only fdB. brizanthaandM. maximugdue to the system, these
species showed a higher SLW in the full sun (Fighré'he N input decreased SLW for
B. brizanthaand increased favl. maximusand Cynodonspp., the other species did not

show significant differences (Figure 4).

3.4 Growth and senescence fluxes

The growth flux (GF) ranged between 46 + 7.8 kg Bt day* for H. altissimaand

105 + 5.9 kg DM hd for Cynodonspp. (Figure 5). The GF was higher in the full sun,

but A. catharinensisshowed the opposite response, with a higher GFCItSI No
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significant differencesvere observed witlH. altissima(Figure 5). N300 treatment
increased GF for all species. Further, the magaitafl these responses was very
different, varying from +11.8 kg Haday" for H. altissimaand +88.3 kg Haday® for
Cynodonspp. that was the species with highest growth f{®F). The SF was
significantly lower in the ICLS foM. maximusand Cynodonspp (Figure 5). For N
fertilization, differences were observed faAr catharinensisvith a lower SF in the

treatment N300 whil8. brizanthahad a higher SF in the treatment N300 (Figure 5).

3.5Year effect on variables

Significant differences between years were obsefged®hyl., LER, DLE, LSR, SER
and growth and senescence fluxes (Table 1). Orageehigher values were observed
in the first year than in the second (Table 2) egdor LER, SER and GF.

In general, significant year x species interacishowed significant effects for
some species, while the others remained with simiEues between years. For
instance, onlyB. brizanthahad lower NGL in the first yeawhen compared to the
second year, and onli. altissimashowed shorter leaves in the second year (see
supplementary material). With Phyl. an oppositeoaese was found. Phyl. was higher
for all species in the first year, except for catharinensig90 + 16.1 and 131 + 5.22

°Cd for the first and second year, respectively).

4. Discussion

Phyllochron (Phyl.) was higher in ICLS, except €@ynodonspp. andH. altissimathat

not showed differences. Further, this last spelcaas the fast leaf appearance rate (i.e.
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lower Phyl.), showing values higher than those rigabby Oliveira et al. (2000). The

effect of light on Phyl. is divergent on the literee. While some authors indicate that
the competition for light increases the Phyl. (Detwal. 1993; Gatti et al. 2013), others
results appoints for a reduction (Gautier et a@Q9A possibility for the increase found

for three species in our study (Figure 2) is a pbdp lower carbon production and

allocation in ICLS, which in turn affected the Phiautier et al. 1999).

Some authors reported that the leaf elongation (t#®) is directly correlated
with the amount of radiation (i.e. photosynthetivofn flux density - PPFD), and
linked with photoassimilates production (Granied drardieu, 1999; Bos et al. 2000).
For instance, Paciullo et al. (2008), observedghdr LER forBrachiaria decumbens
Stapf. growing in a system with 50% of shade. Ingiudy, the effect of shade by trees
on LER was observed only fét. altissima,with an increase on LER in ICLS (Figure
2) when compared to full sun. Furthkk, altissimawas the only specie with higher leaf
senescence rate in the ICLS (Figure 4). Accordmgdirosaka (2005), since higher
senescence can provide a faster N remobilizatiom fieaves, this response could be
correlated to a better N condition in shade for thganding leaves, despite no
significant effects of N inputs for this speciesg(ife 3) in both light conditions. N has
a markedly effect on LER, mainly by an acceleratmn cell division (Gastal and
Nelson, 1994; Duru and Ducrocq, 2000; Alexandrinal e2005)

The N input decreases DLE. Further, the duratioleaf elongation was higher
in ICLS, except foH. altissimaandCynodon sppThese results are directly correlated
with the LER increase/decrease by N and shadege sthese characteristics are
correlated (Gastal and Nelson, 1999; Duru and Duagra000; Vos et al. 2005; Corré,

1983; Tardieu et al. 1999; Cookson and Granier6200
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Small differences were found in the total numblegreen leaves in function of
treatments (Figures 2, 3) and year (Figure 6). Tharacteristic is relatively constant
within a species, but with large variations betwepecies (Lemaire and Chapman,
1996). OnlyA. catharinensishowed a significant increase on LLS in ICLS (Feg@}.

LLS is the product of phyllochron and the numbernudture leaves. As the
number of leaves had a small change in ICLS, tfierdnhces observed on LLS could be
related to the lower leaf appearance rate (i.ehdrigphyllochron) for this species in
ICLS. This response could be explained by an adatiocess, i.e. plants increase the
leaf lifespan in order to increase the time fomgophotosynthesis, since photosynthetic
rates are lower with a light restriction. Also,shiesponse can be just correlated to the
carbon balance and nutrient utilization (e.g. N obiiization) (Chabot and Hicks,
1982). The use of LLS is important as a managernuwolf because can be used to
define the cutting frequency. Lower LLS means a enfrequent cutting regime,
otherwise higher losses in pasture can occur dgeriescence (Lemaire and Chapman,
1996). Hence, in relationship to the results obsgrnwith LLS, cut frequency can be
similar for all species independently of the systemcept forA. catharinensiswhich
can be cut lees frequently in ICLS.

Final leaf length (LL) is a function of LER and DLEherefore, a higher LL for
H. altissimawas probably due a higher LER in ICLS (Figured)d the higher LL for
A. catharinensisandB. brizanthacan be explained by the higher DLE (Figure 2). An
increase in leaf size due to shade can be a pteategy in order to increase light
capture (Givnish, 1988).

H. altissimaand Cynodonspp. showed lower tiller density (TD) in the ICLS
(Figure 2). TD is an important mechanism to optenszvard leaf area and production

(Matthew et al. 2000). The reduction of light anéaally changes in red:far red can
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avoid the production of new tillers in order to mtain the allocation of
photoassimilates to the existents tillers (Cada0(2. The effect of N is the opposite of
the light, an increase in N fertilization tendsiiorease the number of tillers (Cruz and
Boval, 1999).

Stem elongation rate (SER) is an important morgha@l process that has a
large interference on the structure of tropicalsgrapecies (Sbrissia and Silva, 2001).
Species showed a higher SER in the ICLS, extépmaximusandA. catharinesnis
(Figure 2). The effect of light on stem elongatisrone of the most typical responses of
shade avoidance plants, due to reductions ondjgantity and changes in light quality,
plants increase internodes to reach a better digidlition (Ballaré et al. 1987; Ballaré et
al. 1997; Casal, 2000).

While shade tended to increase Phyl., N input é¢se@ the Phyl for all species
in a similar way, since no significant interactidmestween N x system were found for
this variable. The N effect on the increase of lappearance is well reported for
tropical species (Garcez Neto et al. 2002; Alexauwadet al. 2004; Pereira et al. 2011).
The N input reduced LLS for all species (Figuresdilar results were found for two
species oBrachiaria by da Silva et al. (2009), and fDactylis glomerateby Duru and
Ducrocq (2000).

LER and DLE were lower in the second year, exéemtatharinensigFigure 6).
However, SER was higher in the second year, butfoofA. catharinensispecies
(Figure 6). These results could be explained byadable water stress (Granier and
Tardieu, 1999), as the first year was dryer conpaoethe second year (see section
3.1), or also due to the increase (see sectionif3the shade by trees canopy (Lin et al.

2001). Granier and Tardieu (1999) reported thaewstress not affect DLE.
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4.1 Growth and senescence fluxes

The growth flux (GF) was higher in the full sun Br brizantha M. maximusand
Cynodonspp.. OnlyA. altissimashowed higher GF in the ICLS and ory altissima
did not showed significant differences between esyst (Figure 5). It was expect a
reduction for all species in the GF in functionrefluctions in the light quantity by the
trees canopy. However, the responses were spegpesident, i.e. probably due
different species strategies in response to siagmich, 1988; Cruz, 1997).

There was an effect of increase on GF due to Ntifgruall species (Figure 5),
this is an expected response, since N had an ingmatER, DLE and TD as reported
before.

In the second year all species presented a highefF@ure 6). Although the
reduction on PPFD reaching the forage canopy dtigettrees canopy (see section 3.1),
in the second year, the main daily temperatureHerexperimental period was higher
compared to the first year (Figure 1), also firearywas drier than second year (see
section 3.1). These factors (i.e. water and tentpexacould explain the differences
between years for GF, beside the tree growth.

The senescence flux (SF) was significant diffefentM. maximusandCynodon
spp., with lower values in the ICLS (Figure 5). Argmeter that could explain these
variations in SF is the leaf senescence rate (LB&)ever, onlyH. altissimashowed
differences in the LSR.

The N input reduced senescence flux Aorcatharinensisaand increased fdB.
brizantha(Figure 5), the effect of N is expect to reducedbrescence flux, as the plant
necessities a lower remobilization of N from oldaves to produce new leaves

(Hikosaka, 2005).
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4.2 Relations between morphogenenis and growtlksléor each species

In general, there was not an exclusive morphogeratistructural characteristic that
better explain differences in growth flux due te tsystem or nitrogen, but there is a
specie dependency.

A. catharinensisshowed higher GF in the ICLS. Pachas et al. (2@h®wed
that the growth rate oA. catharineniswas higher in a silvopastoral system (38% of
PPFD reduction) than full sun. These results chelexplained by the higher LER and
higher DLE in the ICLS (Figure 2).

B. brizanthais considered as tolerate to moderate levels afesfRaciullo et al.
2011). Here, we observed a reduction of 28% on GEhe ICLS.M. maximusand
Cynodonspp. showed also reductions in the GF in ICLS, lwfthd1%. These results
could be explained by a higher phyllochron in tkt$ (Figure 2) and by a lower
specific leaf weigh (SLW) in this system. ResultsRaciullo et al. (2007) shows a
reduction on leaves biomass production with 65%sltdde, and no differences with
35% of shade. In the work of Aradjo et al. 20B1prizanthashowed high morphogenic
rates with higher intervals of cutting frequency anstudy with coconut trees. For
Cynodonspp. the reduction is also attributed to the drastduction on tiller density
(Figure 2), as the other parameters (i.e. Phy. @ind/) did not showed significant
variations from full sun to ICLS.

No differences were found fot. altissimain the GF between treatments. This
species had higher rates for all morphogenicalmpaters evaluated and longer leaves in
ICLS (Figure 2). However, there was a great reduactn the number of tillers (Figure
2). It is supposed that the higher rates in ICL&pensated the reduction on tillers

density and maintained similar GH. altissimahad also a negative balance (i.e. SF >
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GF, see Figure 5) in both systems. Hence, a maragemth higher cutting frequency
(i.e. lower than 95% of LI) will be probably necassfor this species in order to avoid
losses by senescence.

To sum up, the effect of trees in the growth adpical forage is specie-
dependent, whil®. brizanthaM. maximusandCynodonspp. had a decrease on growth
rates in ICLSH. altissimadid not changed anél. catharinensisncreased leaf growth
rates. However, even the species that showed d®sem leaves growth rates; they
maintained a satisfactory development and growthelCLS. Also, the balance of GF
and SF was positive, except fét. altissimathat had a negative balance for both
systems (-14.1 and -25.2 kg haay’ in full sun and ICLS respectivelyfigure 5).
Further, the N supply contributes to the mainteraoica satisfactory development and

growth of forages species in ICLS.
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Table 1 - Percentage of variance explained (VE) statistical significance from the ANOVA for phytloron (Phyl.), leaf elongation rate
(LER), duration of leaf elongation (DLE), leaf l#ean (LLS), leaf senescence rate (LSR), stem elmmgeate (SER), number of green leaves
(NGL), specific leaf weight (SLW), leaf length (LLijller density (TD), growth flux (GF) and senesce flux (SF).

Specie  System N Year Spx SpxN Spx Nx SpxN Sp x
System Year Year xYear System X
Year
Morphogenical characteristics
Phyl. 45.16 0.85 3.73"7 1.000 2.83" - 289 - - -
LER 15.77° 2.43" 6.77 579" 7.85° 241 - 1.0 - 3.49
DLE 13.03° 3.55° 1.18 2.85° 275 - 550 - - -
LLS 16.61° 2.19 1.03 0.33% 214 328 255 - 5177 -
LSR 31.2§° 1.09 4.49" 151" 3.61° 515  2.937 425 3147 -
SER 2198 1.26 1.20° 9.19° 7.68 - 6.317 - - -
Structural characteristics
NGL 75.49  0.03° 1.50" 0.02° 1.23" 1217 075 - 1.46° -
SLwW 74.87° 3.017 0.37" 0.02° 3.707 4.66 - - - -
LL 42737 3.327 0.41% 0.21°  2.20 4247 150 057 234 -
TD  42.96° 4.39° 10.49° 0.0 7577 34727 - - - 1.70°
Growth and senescence fluxes
GF 20.77° 188" 15.84° 518" 4.69° 3.987 - - - 2.5
SF 13.08° 0.36° 0.04* 1.43  2.96 336 259 2917 428 -

*P< 0.05; *P < 0.01; **P < 0.001; ns, not sigrafnt.
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Table 2 — Means and standard error (se) for momaietic characteristics and growth
and senescence fluxes for the years 2011 and 2012.

2011 se 2012 se
Leaf Elongation rate (cm tillérocd®) 0.16 b 0.007 0.20 a 0.005
Duration of leaf elongation (°Cd) 220.5a 8.47 289. 4.28
Leaf senescence rate (cm tiltédCd") 0.07a 0.006 0.06b  0.003
Stem elongation rate 0.017 b 0.001 0.027a 0.001
Growth flux (kg hd day") 78.2 b 4.68 97.4a  3.93

Means with the same letter in the line are notifigantly different according to the Tukey testXP
0.05).

28

—e— |Integrated crop-livestock system
—-o— Full sun

Air temperature °C

2011 days 2012

Figure 1 — Daily Mean air temperatures during 2@htl 2012 for the experimental
period.
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Figure 2 — Means for the morphogenical and stratfp@rameters for each species and
also within each system (i.e. data shown the spec®&ystem interaction). Means with
the same capital letters compares systems, medhssmall letters compares species
within each system and means with capital lettatls fvcompares species according to
the Tukey test (P >0.05). Bars indicate the stah@aror of the mean. Species code:
Axonopus catharinensi@c); Bb — B. brizantha Mm — Megathyrsus maximuda —
Hemarthria altissimaand Cc -Cynodonspp. Variables code: phyllochron (Phyl.); leaf
elongation rate (LER); duration of leaf elongati(iDLE), leaf lifespan (LLS; leaf



LER (cm tiller ecd™)

LSR (cm tiller® ecd™)

LL (cm)

77

senescence rate (LSR); stem elongation rate (SttiR)ber of green leaves (NGL); leaf
length (LL); tiller density (TD).

0.30 700
. NO T 7z
0.25 A =1 N300 600 -
Afb Aab
e 500 1 abcpa Ba .
0.20 - Y - L = T
i Bb 3 d Ab
3 400 - cd Ab T
Bbc o
0.15 <
Be 9 300 4
-
0.10
200 -
0.05 1 100 1
0.00 1 ‘ ‘ ‘ ‘ : 01
0.18 A 12 A
0.16 1 ra 114
Aa 10 4 %
0.14 1 I 94
Aa
0.12 8 e A
0.10 o
Z 67 £
0.08 Bb
. 5 - Ab Ad
0061  a Bb 4 -
0.04 2 4 317
.04 1 A
Bb 5]
0.02 ﬂ 1]
0.00 ‘ ‘ ‘ ‘ ‘ 0 : : : :
30 - 3000
Aa
25 2500 - 1
n o Ba _
4 o
20 T N & #c pa £ 2000
3 A Ba
15 1 £ 1500
Ac Bab
Ad E Eb »
10 1 1000 - Ad
Bc Bc
5 4 500 - I H I
0 ‘ ‘ ‘ ‘ ‘ 0 ‘ ‘ ‘ ‘ ‘
Ac Bb Mm Ha Cc Ac Bb Mm Ha Cc

Fig. 3 - Means for the morphogenical and structaharacteristics for the interaction
species x nitrogen. Means with the same capit@riecompares systems, means with
small letters compares species within each systearding to the Tukey test (P >0.05).
Bars indicate the standard error of the mean. $peobde:Axonopus catharinensis
(Ac); Bb —B. brizantha Mm —Megathyrsus maximuda —Hemarthria altissimaand

Cc —Cynodonspp. Variables code: leaf elongation rate (LERgf ldespan (LLS); leaf
senescence rate (LSR); number of green leaves (N&df) length (LL); tiller density
(TD).
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Hemarthria altissimaand Cc —Cynodonspp. Variables code: specific leaf weight
(SLW); leaf senescence rate (LSR).
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each system (i.e. data shown the species x syst@Eraction).. B) Means for growth
and senescence fluxes for the interaction speciesitogen. Means for the
morphogenical and structural parameters for eaekiesp and also within each system
(i.e. data shown the species x system interactideans with the same capital letters
compares systems, means with small letters comsaeses within each system and
means with capital letters with * compares speaesording to the Tukey test (P
>0.05). Bars indicate the standard error of the rme@pecies codeAxonopus
catharinensig(Ac); Bb —B. brizantha Mm — Megathyrsus maximuda —Hemarthria
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Supplementary data Fig S1 — Means for morphogerindl structural characteristics
and the interaction species x year condition. Meanth the same capital letters
compares light condition, means with small letteospares species within each light
condition according to the Tukey test (P >0.05)ecgps codeAxonopus catharinensis
(Ac); Bb —B. brizantha Mm —Megathyrsus maximuda —Hemarthria altissimaand
Cc — Cynodonspp. Variables code: phyllochron (Phyl.); duratiminleaf elongation
(DLE); leaf lifespan (LLS); leaf senescence rat&R); stem elongation rate (SER);
number of green leaves (NGL); leaf length (LL); esseence flux (SF).
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4. CAPITULO 3

Effect of blue light on two alfalfa morphotypes ¢@sting on their growth habits

! Elaborado de acordo com as normas da Revista Agrpijournal.
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Abstract

Light is considered the major resource driving planchitecture and vegetation
dynamic. Different species and even different ggmes of the same species can exhibit
contrasted strategies to capture and use lights@lsérategies in the context of light
competition could determine plant's capacity toagio monoculture or/and in mixtures.
Than, understand morphological responses to ki diould be particularly helpful for
that. The present study aimed to determine thecteftd blue less light on the
development and growth of two morphologically casted genotypes d¥ledicago
sativa, that exhibit contrasted growth habits, an erectedl other a prostrated
morphotype. During the experimental period, 60 ekwof each genotype were grown
under 380 umol i s® of photosynthetic activated radiation (PAR) andh 14
photoperiod. Two light conditions were simulatedgiowth cabinets: low blue light
level (B-) and neutral light (B+). The differendesthe response to blue light of several
morphological parameters (internodes and petialgtle leaf area) between the two
genotypes strongly suggest difference in the giyater light foraging with genotype
B4 (erect) presenting more trends to escape andtymn D3 (prostated) to tolerate

shade.

Key words: competition; crop mixtures; light qugjipasture canopy; shade-avoidance

1. Introduction

When plants are growing in a canopy, they expedemc heterogeneous light
environment in terms of light quantity and alsohtigjuality (Varlet-Grancheet al,
1993a; Ballaré et al.,, 1997, Holmes and Smith, 19¥érger et al., 2002). This is

mainly due to interactions of light with plant ongacharacterized by the capacity to
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absorb, transmit and reflect solar radiations witthe range of 350nm to 800nm
(Smith, 1982).

Both differences in the photon flux density (40®iith) and changes in light
guality (i.e. Blue, Red and Far red wavebands) éedmorphogenetic responses that
affect the capacity of plants to capture light @ien et al., 1999; Lotscher and
Nosberger, 1997; Gautier et al.,, 2000; Cookson @rahier, 2006). However, light
guality is considered as principal cue driving plarchitecture and vegetation dynamic
(Ballaré et al., 1997; Kasperbauer and Hunt, 1992).

Specifically, blue light in the range of 350-500 negulates important aspects of
plant development and growth (Varlet-Grancleéral., 1993b). In shade-avoidance
plants, the effects of blue light is well knowntt@ger a variety of photomorphogenic
responses such changes in stem and leaf lengttodhe increase in internodes lengths
and leaf elongation rate (Gautier and Varlet-Granch996; Ballaré and Casal, 2000).
Indeed, blue light can interfere on plant functidoge to the influence on gas exchange
through stomatal functioning (Zeiger et al., 1983ajbott et al., 2002; Barillot et al.,
2010). However, some studies suggest that ampléndecapacity of plants to respond
to blue light depends on the stage of developmedtspecies (Casal and Smith, 1988;
Drumm-Herrel and Mohr, 1991; Mitchell and Woodwat@88).

The enhancement of stem and leaf elongation ardaldecrease of blue light
within a plant canopy. The changes in blue ligle sensed mainly by two types of
receptors, cryptochromes and the phototropins gfiarand Briggs, 2001; Lin, 2002)
that allow plants to characterize their nearby emment and particularly the intensity
of light competition.

It is well known that light is a major factor of ropetition between individuals

in growing stands as grasslands, monocultures ortémcropping systems (Wedin and
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Tilman 1993; Ballaré et al., 1997; Lemaire et @005; Baldissera et al., 2014).
Depending on plant density, genetic heterogenedtyerf intra-specific) and the
constraints imposed by the operating mode in th&gdems (plants density or
diversity/cut/pasture), the lighting conditionsinélividual plants and light partitioning
between species vary significantly. Consequently,dhanges in mass of individuals as
well the proportion of each species and its couatrdm the overall leaf area index in the
in the stand are related to experienced light dod (Barilllot et al., 2011). Thus,
different species and even different genotypesi®@iime species can exhibit contrasted
strategies to capture and use light. These stestagithe context of light competition
could determine plant's capacity to grow in montwel or/and in mixture and the
morphological responses to blue light could beipaldrly helpful for that.

The present study aimed to determined the effecblogé less light on the
development and growth of two morphologically casted genotypes d¥ledicago
sativa, that exhibit contrasted growth habits, an erec@ed a prostrated morphotype

respectively.

2. Material and Methods

The experiments were performed in the laboratoryhat INRA Lusignan research
station France. Two morphologically contrasted g@mes of Medicago sativa were
used in this experiment: B4 and D3 an erected angrastrated morphotype,
respectively. 60 clones of each genotype were peepan October 2011. During
December 2011 clones were transferred from nurgegyeenhouse into 2L individual
plastic pots filled with sand. Clones were mairggim the greenhouse at 15°C during 2

months under additional light sources and were ngdt8 times a day. Plants were then
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transferred into two growth cabinets for three vegeekpre-treatment at 17°C night and
day. During this period clones were grown under 88l m? s* of photosynthetic
activated radiation (PAR) and 14h photoperiod mted by 6 metallic iodure lamps
(HQI 400W, Osram, France) at 80 % of relative hutpiknd were automatically
watered 8 times a day with a complete nutrienttamiucontaining 1.9 mol M KNOs,
0.55 mol n?® Ca(NQ),, 2.5 mol n® NH4NOs, 0.5 mol n¥® CaCb, 0.1 mol n* NaCl, 0.5
mol m* MgSQ,, 0.4 mol n® KH,PQOy, 0.3 K2HPO4, 25 1&mol mi® HBO;, 2 10° mol
m* MnSQ;, 2 10° mol m® ZnSQ, 0.5 106° mol m* CuSQ, 0.5 10° mol mi® H,Mo0O,
and 20 10 mol m® Fe-HEDTA. Finally, 40 clones of each genotype waskected on
the base of the total number of stems and theirgtile Clones were then cut at 8cm
from the collet (collar) and were randomly disttidsd under two light treatments in two
others growth cabinets (T°C=17°C, 14h photoperg@®o HR, full nutrient solution).
Plants were grown under these conditions untilldbginning of flowering (around 2
months) and during this period depending on theiretbpmental stage they received

from 80 to 520 ml per day of full nutrient solution

2.1 Light treatment

Two light conditions were simulated in the growtibmets: low blue light level (B-)
and neutral light (B+). The low blue light level Bnol m? s) was thus obtained with
a Lee Filter HT 015 (Lee Filter, Hampshire, Englaadsociated to 9 metallic iodure
lamps (HQI 400W, Osram, France) which supplied &R levels. The neutral light
was obtained by using the Lee 216 filter associébed metallic iodure lamps. This
filter provided a neutral shade as it identicatiwéred the energy from all wavelengths

of the incident light (around 25%). The distancéween plants and light sources +
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filters was adjusted in both growth cabinets ineortb provide photon flux with the
same photosynthetic efficiency in B+ (PAR= 407 wm&@/s; YPF= 379 umol/m2/s)

and B- (PAR= 438 pmol/m2/s ; YPF= 383 pumol/m2/eatments.

2.2 Morphological measurements

The measurements were done around two months tikebeginning of the light
treatments. On each clone a main vigorous growimapts(main axis) was identified
and it length measured with a ruler. The numbenades on this shoot as well the
number of associated leaves was reported. Forreaddrank of this shoot the length of
internodes and petioles were measured with a rQtgrer shoots were cut at 8 cm from
collet, their number reported and total leaf aresasnred (once leaves separated from
shoots), using a planimeter (LI-3100, LI-Cor, ih@jcoln, NE, USA).

For the end of regrowth (i.e. after first cut), itladbiomass was determined.
Plants were separated in above ground and rootpawents for total above ground and
roots biomass analysis. Roots were carefully remidvem the pot and washed. To
measure dry mass, all samples were dried in the fmret8h at 60°C.

From the measurements of the main axis it wereutatked specific leaf area
(SLA — cnf gh), specific stem weight (SSW ='gm?), leaf:stem ratio of the main axis
(leaves dry weight / stem dry weight). For the be@simeasurements from the regrowth

period it was calculated shoot:roots ratio (aboveigd dry weight / roots dry weight).

2.3 Satistical analyses
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Statistical analysis were performed using R soféwéR Development Core Team,
2014). For each node position on the mains axigsT (t.test procedure) was used to
compare internode and petiole lengths between trglatments for each genotype. The
effects of light treatment, genotype and their iat&ion on shoot number, total leaf
area, specific leaf area, leaves dry weight of naiis, stem dry weight, of the main
axis, specific stem weight, leaves:stem ratio,ltplant dry weight, above ground dry
weight and above ground:roots dry weight ratio wesgted by analysis of variance
(ANOVA, aov procedure), and Tukey (HSD.test packaggRICOLAE) method for

multiple mean comparison tests in post-ANOVA. Datere transformed when

necessary to reach the normality of residues, fmamsitions were performed using the

procedure Box Cox (package MASS).

3 Results

3.1 Internodes and petioles lengths

Irrespective of light condition, there were diffeces in morphological plant
development as described for internode and petagpearance probability and
evaluated for each genotype and light treatmermgufiei 1). All plants presented at least
three nodes, except for genotype D3 growing withoue light. 80% of the plants
showed seven nodes, and the biggest plants reddhealdes.
There was a significant (P < 0.04) increase afrimide lengths from the'2to

the 6" for genotype B4 under blue less (B-) light, e no significant (P > 0.29)
changes were observed for D3 genotype (Figure @).génotype B4, the length of

petioles was ranged from the maximum of 50 mm dhd& in B- and B+ treatments,
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respectively to around 7mm for both treatments. fgkaotype D3 exhibited lower
values, ranging for both light treatments from 7ten33mm.

For the petiole lengths there was minor effectgenotype B4 compared to the
responses on internode lengths (Figure 3) and ifisigmt difference between light
treatments occurred only in th&2P = 0.02) and thehode (P = 0.005). As occurred
for internodes length, B- light treatment did naivé effect on petioles lengths (P >

0.09) in genotype D3(Figure 3).

3.2 Number of shoots

The total number of shoots was not affected byltue light treatment, differences
were observed only for genotype (Table 1). The gg®D3 showed a higher average

number of shoots (6.45 shoots) compared to gen@yp®.33 shoots) (Table 2).

3.3 Plant |leaf area and specific leaf area

The ANOVA outputs showed a significant genotypelueblight treatment interaction
for the leaf area of main axis (Table 1). This iatéion was due to the increase in leaf
area for the genotype B4 in the absence of blue.libhis genotype exhibited 107 &m
of leaf area on the main axis under B- conditiotergas only 73 cfrvere measured
under B+ conditions. Genotype D3 did not changenmeis leaf area under B-
treatment (49 cA) and exhibited 64 cfron main shoot in the B+ treatment that was
similar to genotype B4 (Table 3). Leaf area of mams for D3 genotype was slightly

higher in B+ but was not significantly differenttx@en light treatments. Consequently,
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the specific leaf area was affected only by liglgatment (Table 1), showing an

increase under B- light conditions (Table 2).

3.4 Dry weight and its partition

The dry weight of leaves and stems were evaluatethé main axis in the first growth
period. The biomass of leaves from the main axis ago higher when exposed to the
treatment with blue light, and genotype B4 showigghér leaves dry weight compared
to genotype D3 (Table 2). For stems, ANOVA resshswed an interaction between
light treatment x genotype (Table 1). This intei@tiwas mainly due to the increase of
stem dry weight for plants of genotype B4 growindst.

Under B+ treatment the stem weight was similarbioth genotypes whereas it
was significantly different under B- treatment (Te&B).The differences in stem weight
can be explained by the specific stem weight (S stem height (Table 1).
Genotype B4 showed similar SSW (Table 3), but higtdr internodes lengths (Figure
2) in the treatment B-, producing longer stems. Benotype D3, there was no
difference in lengths (Figure 2), however the SSWswower for plants growing
without blue light.

For the regrowth period (i.e. after first cut)was analyzed the total plant
biomass and its partition between above groundr@oid biomass. Total dry weights of
plants were higher with the B+, and there was ri@r@ince between genotypes (Table
2).

For above ground and roots biomass the same pattéotal biomass occurred,
where it was affected only by light treatment, wath increase on dry weight for the

plants growing under blue light (B+).
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4. Discussion

The objective of our study was to analyze the e¢ffet blue less light on the
development and growth of two morphologically casted genotypes d¥ledicago
sativa. The differences in the response to blue lightdexeral morphological parameters
(internodes and petiole length, leaf area) betwbentwo genotypes strongly suggest
difference in the strategy for light foraging wigienotype B4 (erect) presenting more

trends to escape and genotype D3 (prostated)dratelshade (Givnish, 1988).

4.1 Effects of blue light on Elongation and Leaf area

The effect of light quality (Red:Far Red) on stelongation is well reported in the
literature, plants trying to escape shade tenchtoease stems to reach a better light
condition (Morgan and Smith, 1981; Morgan 1982,I€and Smith, 1987). Our results
demonstrate that the isolated effect of blue ligldo has an impact on the stem
elongation (Figure 2). In contrast, petiole elomgatwas slight affected by blue light
treatment on genotype B4 and genotype D3 was fedtatl at all (Figue 3). The effect
of light quality in petiole elongation is expectem be higher in plants that exhibit a
prostrated pattern of growth, however this was thet case in this work. For white
clover petiole elongation and inclination is affttby blue light (Gautier et al., 1997,
Christophe et al., 2006). Low blue light changagetinclination and helps to position
leaves in the upper layers of the canopy interfeimnlight capture. Gautier et al. (2001)
also showed that in the case of white clover, #dsponse of petioles was independent of

the plant position. For the estoloniferous spedtetentilla reptans, the response to
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shade occurred more in a vertical way, due to ticeease of petioles lengths, rather
than internodes lengths (Huber and Stuefer, 1997).

The increase in the leaf area of main stem occundyl for genotype B4 in the
absence of blue light (Table 3). Plant leaf areaaostem is dependent of the total
number of leaves and leaf size. According to Gaati@l. (1997), modifications in light
quality can leads to increases of leaf size. Howe¥aldissera et al. (2014) showed that
in alfalfa competing for light, there was a redantin final plant leaf area due to plant
density, and this reduction was referred to plavetbpment (i.e. branches appearance,
number of shoots), harder than the size of leaves.

Blue light did not affected total leaf area, buéiobed specific leaf area, that was
higher for both genotypes (Table 1). In generahnid growing in a reduced light
condition exhibit thinner leaves compared to higjtl condition, also various authors
showed that the response of SLA is highly correlatgh photosynthetic photon flux
density (Tucker et al., 1987; Dale, 1988; Niinensetd Kull, 1998; King, 2003, Petritan
et al., 2009), also the response of SLA can bestinkith the species tolerance to shade.
However, some investigations show that more shal@eaint species tend to show a
higher SLA with the decrease in light availabil{tyiinemets and Kull, 1997; Barthod
and Epron, 2005; Klooster et al., 2007). But othdid not confirm this pattern
(DeLucia et al., 1998; Stancioiu and O’Hara, 2006).

Due to the results found on total leaf area ofrtfan axis (Table 3), it could be
hypothesized that blue light may does not interfaréeaves appearance, but only on
leaf morphology as it has been shown for otherdgerapecies (Gautier and Varlet-

Grancher, 1996)

4.2 Effects of blue light on biomass partitioning between |eaves and stems
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The decrease in leaves dry weight (Table 2) comaibe with the results obtained by
Lin et al. (2001), for fifteen forage species irihg alfalfa, these authors also showed
an increase in total leaf area, decreases on lefiyegeight are directly correlated with
SLA (see section 4.1)

On the other hand, stem weight of the main axeshigdger for the genotype B4
for the treatment B- (Table 4), whereas the SSWhdidchanged, than the increase on
stem weight can be correlated with the increaseniarnodes lengths (Figure 2),
resulting in longer stems. In the case of genotyBe the stem weight of main axis
tended to be lower under B- treatment, mainly duthé lower SSW (Table 4), as there
were no changes in internodes lengths (Figure [2¢. Modulation of carbon allocation
to leaves and stems depends on species and ligtitioms (Samarakoon et al., 1990)
and often result in distinct leaf:stem ratios betwegenotypes. Finally in our
experiment, D3 genotype did not changed leaf:stermesponse to light treatments
whereas genotype B4 reduced its ratio under Binrewat. This higher leaf:stem ratio
can be positive response, because it trigger ardfetage quality (Lin et al., 2001).

This differences in biomass allocation to leaved atems also agrees with
distinct strategies between genotypes to captgrd, lthat was already commented in
the topic 4.1, and the results showed in our waorktiie blue light effect are similar
from those reported for changes in red:far-redrothie reduction of photosynthesis
photon fluxes density (Corré 1983; Keiller and 3mit989;Fortnum and Kasperbauer
1992, Kasperbauer and Hunt 1992 a,b). While gemo®p (erect habit of growth)
tended to elevate leaves by increase of stem heigttchanging biomass allocation to

stems, genotype D3 (prostrated habit of growth)intamed allocation to leaves and
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reduced for stems, than we could hypothesize thisoirelated with the plagiotropic

pattern of growth of this genotype.

4.3 Effects of blue light on total plant biomass and root-shoot ratio

Total biomass production was reduced by the ladkue light, also total above ground
and roots biomass followed the same pattern, ieguih no differences for the ratio
above ground:roots dry weight (Table 2). The reidacbn biomass can be an effect of
blue light on stomata opening (Smith, 1982; Fankkaand Chory, 1997; Kinoshita et
al., 2001; Talbott et al., 2002; Barillot et alQ1®). Blue light stimulated stomata
opening, when stomata are closed, it prevents g gassage to the interior of the
cells, resulting in a decrease of photosynthesasillBt et al. (2010) showed that under
a decrease level of blue light, there is a instaedas closure of stomata, and a gradual
reopening after 20 min, but leading to a new stestdie, never reaching the initial

State.

4. 4 summarizing

To sum up, morphological and growth processaffected on alfalfa by blue light,
however contrasting genotypes in their habit ofwghoshowed distinct responses to
light and distinct strategies to capture light. 3édindings should help in define
management strategies, mainly for consortiums. iBsdda et al. (2014) evaluated the
same erected morphotype, and showed that when mggowi a consortium with tall

fescue Festuca arundineacea), alfalfa tended to overlap the graminea species.
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Table 1 — F-ratios and statistical significanceAdfOVAs of plant traits in function of

blue light and contrasted genotypesviEdicago sativa.

Treatment Genotype Treatment x Genotype
Shoot number n.s. 11.47* n.s.
Leaf area of main axis n.s. 7.9%* 6.86*
Specific leaf area 30.77*** n.s. n.s.
Leaves dry weight of the 4.89* 4.91* n.s.
main axis
Stem dry weight of the n.s. 9.02** 7.65*
main axis
Leaf:stem ratio 10.68** 5.30* 8.12**
Specific stem weight 8.70** 15.26*** 5.17*
Total dry weight 23.37*** n.s. n.s.
Above ground weight 17.99%** n.s. n.s.
Roots dry weight 31.17%** n.s. n.s.
Above ground:roots ratio n.s n.s n.s

* P <0.05; *, P <0.01; ** P <0.001; n.s., hsignificant.

Table 2 — Plant traits in function of blue light-(Bss bluelight; B+ neutral blue light)

and contrasted genotypeshédicago sativa (B4 prostrate; D3 erect).

B- B+ B4

D3

Shoot number
Specific leaf area
(cn? g?)

Leaves dry
weight of the
main axis (g)
Total dry weight
(9)

Above ground dry 3687.5 (209.7) b
weight (g)

Root dry weight
(9)

Ratio Shoot:Root
dry weight (g)

5.7 (0.24) a 5.9 (0.26) a 5.3 (0.20) b
329.1(10.9)a  238.3(11.84)b  284.4(13.1)a

231.31Db 312.63 a 315.21 a

6402.8 (347.5) b 10297.8 (654.3) a 8860.7 (561.5) a

5715.2 (384.9) a 4996.2 (328.1) a

2691.8 (147.2) b 4421.4 (254.3)a 3801.7 (230.5) a

1.3 (0.04) a 1.31(0.03) a 1.3(0.03) a

6.4 (0.26) a
280.1 (14.6) a

22.51Db

7953.4 (673.5) a
4341.0 (361.1) a
3360.5 (272.6) a

1.3 (0.04) a

Means with the same letters for light treatment famdyenotype treatment are not significantly diéfet

according to the Tukey test (P . 0.05). standamt @f the mean in parenthesis.

Table 3 — Leaf area of main (éraxis in function of blue light (B- less blueligt3+
neutral blue light) and contrasted genotypesMefdicago sativa (B4 prostrate; D3

erect).

B4 D3

B- 107.36 (14.0) Aa
B+ 72.81 (10.1) Ba

249.08 (7.0) Ab
64.63 (7.0) Aa

Means with the same capital letters in the columoh@mall letters in the lines are not significantly
different according to the Tukey test (P . 0.089ndard error of the mean in parenthesis.
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Table 4 - Stem dry weight of the main axis (g) apecific stem weight (g. ch) in
function of blue light (B- less bluelight; B+ neatiblue light) and contrasted genotypes
of Medicago sativa (B4 prostrate; D3 erect).

Stem weight of main axis B4 D3
B- 310.5 (46.0) Aa 111.88 (21.7) Ab
B+ 210.61 (31.3) Ba 200.52 (32.5) Aa
Specific stem weight B4 D3
B- 0.844 (0.07) Aa 0.44 (0.05) Ab
B+ 0.881 (0.05) Aa 0.772 (0.08) Ba

Means with the same capital letters in the columth@mall letters in the lines are not significantly
different according to the Tukey test (P . 0.05).

Table 5 — Leaf:stem in function of blue light (Bss bluelight; B+ neutral blue light)
and contrasted genotypeshdédicago sativa (B4 prostrate; D3 erect).

B4 D3
B- 1.260 (0.10) Bb 1.671 (0.09) Aa
B+ 1.814 (0.12) Aa 1.757 (0.16) Aa

Means with the same capital letters in the columth@mall letters in the lines are not significantly
different according to the Tukey test (P . 0.05).
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o Background and Aims The growth of crops in a mixture is more variable and difficult to predict than that in pure
stands. Light partitioning and crop leaf area expansion play prominent roles in explaining this variability.
However, in many crops commonly grown in mixtures, including the forage species alfalfa, the sensitivity and rela-
tive importance of the physiological responses involved in the light modulation of leaf area expansion are still to be
established. This study was designed to assess the relative sensitivity of primary shoot development, branching and
individual leaf expansion in alfalfa in response to light availability.

® Methods Two experiments were carried out. The first studied isolated plants to assess the potential development of
different shoot types and growth periods. The second consisted of manipulating the intensity of competition for light
using a range of canopies in pure and mixed stands at two densities so as to evaluate the relative effects on shoot de-
velopment, leaf growth, and plant and shoot demography.

* Key Results Shoot development in the absence of light competition was deterministic (constant phyllochrons of
32.5 °Cd and 48-2 “Cd for primary axes and branches, branching probability of 1, constant delay of 1-75 phyllochron
before axillary bud burst) and identical irrespective of shoot type and growth/regrowth periods. During light compe-
tition experiments, changes in plant development explained most of the plant leaf area variations, with average leaf
size contributing to a lesser extent. Branch development and the number of shoots per plant were the leaf area com-
ponents most affected by light availability. Primary axis development and plant demography were only affected in
sitnations of severe light competition.

e Conclusions Plant leaf area components differed with regard to their sensitivity to light competition. The potential
shoot development model presented in this study could serve as a framework to integrate light responses in alfalfa
crop models.

Key words: Medicago sativa, leaf area, light competition, branching, shoot, development, leaf growth,

morphogenesis, model.

INTRODUCTION

Leaf area largely determines light interception and transpiration
inplants (Monteith, 1977). Anincrease incrop leafarea over time
depends on variables at different levels of organization: plant
density at the population level: the number of shoots per plant
and shoot development at the organism level: and ultimately n-
dividual leafl expansion at the organ level (Monteith and Elston,
1983; Ong and Baker, 1985; Varlet-Grancher and Gautier, 1995;
Lafarge, 1998). However, all these variables are seldom consid-
eredin crop models. Plant density (crops) and shoot/tiller density
( perennial forages such as grasses or alfalfa) are often taken as
fixed input parameters in the most detailed representations
based on an average plant/shoot leal area expansion (e.g.
CERES. Jones et al.. 1984: APSIM. Robertson et al., 2002). In
many cases, the potential leaf area index (LAI) of a crop is
even described directly as a function of time, encompassing
the effects of all these variables in the parameters of a growth
function (Gosse et al.. 1984; Goudriaan and Monteith, 1990;
Brisson et al., 2003). Combined with plant responses that modu-
late leal area expansion as a function of drought, temperature or
nitrogen (Jones et al., 1984; Brisson et al. 2008), these
approaches have yielded good estimates of light interception

and biomass production in many crops (Boote et al., 1996;
Hammer et al., 2002).

In crop mixtures, on the other hand, success has been more
limited and much work is stillrequired to predict the LAT dynam-
ics of different species when they interact (Malezieux et al.,
2009). Indeed, crop leal area expansion may differ markedly,
at both the plant and canopy levels, between pure and mixed
crops (Sinoquet and Cruz, 1993; Nassiri, 1998). One critical
pointisusually to explain the effects of competition on the popu-
lation dynamics of plants or shoots (Kiniry and Williams, 1995:
Brisson et al., 2004: Soussana and Oliveira Machado, 2000). In
particular, account needs to be taken of the effects of light, as this
factor is oftenignored with respect to leaf arca expansion in pure
crops (Jones ef al., 1984; Brisson ef al., 2008).

Light can affect morphogenesis and leal area expansion,
through trophic effects related to the photosynthetic photon
flux density (PPFD), and light quality effects (Ldtscher and
Nosberger, 1997; Tardieu et al., 1999; Gautier et al, 2000
Cookson et al., 2006). At the population level, competition for
light commonly induces a size structure of plant populations at
high densities (Obeid et al., 1967: Weiner and Thomas, 1986:
Gosse ef al., 1988) or in populations of subordinate species in
mixtures (Weiner, 1985; Louarn et al., 2012a). Sell-thinning

(© The Author 2013, Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.
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may occur under severe light competition and modily plant
density (Kays and Harper, 1974; Westoby and Howell, 1982),
preferentially affecting smaller plants in the population, in
which the carbon balance may become negative (Dewar, 1993;
Louarn et al., 2012b). At the plant level, total plant leaf area is
the consequence ol the organogenesis process, controlled by the
functioning of meristems and individual leal growth. The effects
of light competition on plant development, and on a reduction of
branching in particular, arc well established (Deregibus et al.,
1985; Kasperbauer and Karlen, 1986; Gautier et al., 1999).
However, they are difficult to predict and intimately related to
the distribution of light into the canopy and to the location of
plant meristems (Holmes and Smith, 1977; Ballaré et al., 1997;
Gautier et al., 2000; Evers et al., 2006; Stamm and Kumar,
2010). At the organ level, a reduction in PPFD causes no effect
on leal expansion during the rapid growth period, while the leal
is autotrophic, but considerably reduces the relative expansion
rate during carly leal’ development (Tardieu et al., 1999). On the
other hand, modifications to light quality can result in increased
leaf size (Varlet-Grancher and Gautier, 1995). In many crops com-
monly grown in mixtures, including the forage species altalfa
(Medicage sativa L.), the relative sensitivity of these plant
responses Lo light availability, as well as their relative importance
to LAI modulation, still need to be established.

Alfalfa— grass mixtures are among the most widespread forage
crops in many temperate areas (Fick et al., 1988; Basigalup,
2007). In such communities, alfalfa leal’ area expansion has
been shown to be the main attribute that explains light intercep-
tionby the legume component and its biomass production at both
the canopy and plant scales (Barillot ef al., 2011: Louarn ef al.,
2012a, b). Alfalfa leaf area components display systematic varia-
tons across regrowth cycles in response Lo temperature and
photoperiod (Brown et al.. 2005). Light responses are mostly in-
ferred from density experiments in pure stands, where a trade-off
between plant density and the number of shoots per plant is
usually reported (Cowett and Sprague, 1962, 1963; Mattera
et al., 2013), leading to relatively steady shoot density. In mix-
tures, however, the persistence of the legume is an issue, and
such substitutive relationships are not ensured (Jones and
Carter, 1989). Density-dependent mortality can lead to a per-
manent decline of the legume proportion in favour of the com-
panion species. In alfalfa, density-dependent mortality may be
related to the plant’s ability to maintain shoots with a consistent
leal area (Louarn et al., 2012b). The aspects of plant leal area
(PLA) regulation most affected by light competition may there-
fore be important traits that could be improved to promote
legume persistence in mixtures.

The main objective of this study was therefore to assess the
relative sensilivity of the morphogenetic processes of alfalfa
involved in PLA expansion (namely primary shoot devel-
opment, branching and leal expansion) in response to light
availability. The intensity of competition for light was mani-
pulated using a range of canopies in pure stands and in a
mixture with tall fescue (Festuea arundinacea Schreb.) at
two densities. Growth and regrowth phases were studied
during the vegetative period of development. Shoot develop-
ment in the various situations was analysed with respect to a
potential shoot development model established for plants in
the absence of competition (1solated plants under non-limiting
supplies of water and nutrients).
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MATERIALS AND METHODS
Plant materials and growing conditions

The experiments were performed outdoors between April and
August in 2009, 2010 and 2012 at the INRA Lusignan research
station in France. Alfalla (Medicago sativa L.) cultivar *Orca’
(large stems, erect cultivar) was used for all the studies. The
seeds were pre-germinated in the dark at 25 °C for 48 h before
being transplanted into pots. All the plants were then grown inin-
dividual 1L pots (5 x 52 ¢cm cylindrical pots at high density:
8 x 21 em cylindncal pots at low density) filled with a
medium that comprised sterile potting mix, sand and brown
soil (1:1:1, viv/v). The pots were ferti-irrigated three times a
day with a complete nutrient solution. The nitrogen concentra-
tion of the solution (8 mm) was non-limiting and prevented the
nodulation of alfalfa roots.

Experiment 1. In 2009 and 2012, a total of 20 isolated plants (i.c.
(025 mdistance between the pots in all directions) were grownto
assess the potential development of alfalfa shoots in the absence
of light competition. The plants were followed during the initial
growth phase fromseeds, and during the first regrowth phase (cut
back at the mid-bloom stage, to 5 cm above soil level).

Experiment 2. In 2009 and 2010, plants were grown in stands to
assess the impact of light competition on shoot and whole-plant
growth and development. The plants were cultivated at two dens-
ities: low density (LD: 15 ¢cm between plants, 50 plants m 7,
about 2 m” stand) and high density (HD: 5 ¢m between plants,
460 plants m™2" about 1 m? stand). In 2009, the plots consisted
of pure alfalfa stands whereas in 2010 they consisted of 50/50
mixtures of alfalfa (M. sativa *Orca’) and tall lescue (Festuca
arundinacea Schreb. *Noria’). Grass plants were also grown in
individual pots and ferti-irrigated. so that were competing with
alfalfa for light only. In all the stands, the pots were arranged
according to a hexagonal lattice, making all plants equidistant
within the stand (Harper, 1961: Bolfey and Veevers, 1977). In
addition, each individual in the mixed stands was surrounded
by three of its own species and three of the other species. The
plants in each stand were followed during the initial growth
phase from seeds, and during the first two regrowth phases (cut
at the mid-bloom stage, to 5 cm above soil level).

Meteorological measurements and thermal time calculations. Air
temperature (7)., PPFD and air humidity (RH) data were col-
lected every 30 s, and mean values were calculated and stored
every 3600 s in a Datalogger (CR10 Winng Panel: Campbell
Scientific Ltd, Shepshed, Leics., UK). Supplementary Data
Table SI presents the daily average, mean and maximum values
for temperature. PPFD and vapour pressure deficit (VPD)
observed during the different regrowth periods in expts 1 and 2.

Thermal time was calculated from the daily integration of air
temperatures minus the base temperature (74,):

I
= [ max[0; (T, — Ty,)]dr (1)
0
where TT is thermal time expressed in cumulative degree-days
(°Cd:; Bonhomme, 2000).

TT is expressed in degree-days, calculated as the sum of the
mean daly temperature minus the base temperature (Ty).
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During this study, the Ti, value used depended on the daily
average temperature and changed according to the relationships
proposed by Brown et al. (2005). Above 15 °C, Ty, equalled 5 °C.
In between 1 and 15 °C, T, increased linearly so that T, was 1 °C
at1°Cand5 °Cat15°C.

Nine PPFD sensors were distributed at ground level in each of

the studied stands. The ratio of the PPFD between their averaged
value and incoming light value enabled calculation of the canopy
light interception efficiency (LIE).

Plant measurements

Plant and shoot development. The number of shoots per plant was
countedat 5—7d intervals on 20 plants in expt 1 and on 50 and 30

plants at HD and LD, respectively. in expt 2. Several types of

shoots can be distinguished in alfalfa. During the initial growth
phase, a primary axis (PA) develops from the seed. and second-
ary shoots subsequently develop from the axillary buds of coty-
ledons and PA leaves (Fickeral., 1988). After cutting, two types
of shoots can be distinguished as a function of their origin;
namely type 2 shoots (T2 for primary axes emerging from
buds on the taproot crown) and type | shoots (T1 from axillary
buds on the stem bases remaining after the previous harvest)
during regrowth periods (Leach, 1968: Gosse et al., 1988). The
PA, T1 and T2 may present differences in their potential on-
togeny (Gosse et al., 1988). A disunction was therefore made
between them for our shoot measurements. In expt 1, the
numbers of visible leaves per shoot were recorded at 5—7 d inter-
vals for 20 plants on the PA during the initial growth phase, and
on two shoots per plant (one T1 and one T2) during regrowth
(Supplementary Data Fig. S1). Unfolded leaves were included
and counted according to the scoring scale proposed by Maitre
et al. (1985). The number of leaves was determined on the
main axis (primary leaves) and on cach branch (distinction
between secondary and tertiary axes) from the second node
onwards (corresponding to the first trifoliate leaf on the PA).
Branches were referred to as a function of their position on the
primary axis, branch B1 corresponding to the axil of the first tri-
foliate leaf. Inexpt 2, the same measurements were performed on
all the shoots of 20 plants at HD and on 10 plants at LD, the two
stages of development corresponding to the dates of magnetic
digitization of the plants (see the following section). The rate
of leal appearance was calculated for cach axis by linear regres-
sion between the time in “Cd and the number of visible leaves.

The phyllochron was calculated as the reciprocal of the rate of

leaf appearance (RLA ™). The thermal time of budburst of a sec-
ondary branch was calculated as the intercept of the line y =0
with the linear regression between branch leal number and

thermal time accumulated since emergence. A probability P; of

axillary bud burst was calculated for each of the ith node posi-
tions on the primary axis by dividing the number of branches ac-
tually observed at this position throughout the shoot population
studied by the total number of shoots.

Leaf size and plant leaf area. In expt 2, the topological relation-

ships between phytomers and the length of the central leaflet of

cach phytomer were recorded by 3D magnetic digitization
(3Space Fastrak, Polhemus Inc.. Colchester, VT, USA) on
samples of 20 plants at HD and 10 plants at LD. The pots were
moved indoors just before digitization and plants were measured
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using 3A software (Adam et al., 1999). Two measurement
periods were fixed every year, one in the course of the first
growth phase (PSG and MSG for the pure stand and mixed
stand, respectively), and one at the end of the second regrowth
(PSR and MSR for pure stand and mixed stand, respectively).
Lateral leaflets sizes (length and width) and central leaflet
width were recorded on a sub-sample of phytomers correspond-
ing to the primary leaves of the most developed shoot on each
plant. Allometric relationships were built specifically for each
plant using these data, considering (1) central leaflet length as
a predictor of lateral leaflet length and (2) leaflet length and
phytomer position along the stem as predictors of leaflet width.
This enabled an estimate of the length and width of the remain-
ing leaflets on each leaf. The precision of leaflet length and
width estimated by digitization were checked against manual
measurements with a ruler, and proved accurate with no bias
[y = 0:98x — 0-01: > = 0-94; n = 204: root mean Square error
(RMSE) = 0-23 cm].

The sub-sample of leaflets used for simultaneous length and
width determinations was scanned (Konica Minolta C352/
C300, Konica Minolta Sensing, Osaka, Japan) and their
surface measured was by image analysis (Imagel] software,
http:#rsbweb.nih.gov/ij/). An allometric relationship common
to all leaflets was found between the leaflet surface and the
produci_'nl' its length and width (surface = 0-732 x length x
width, 7~ = 0-99:n = 62; RMSE = 0-14 ¢m™). Thisrelationship
was applied to all the leaflets of the digitized plants. The total
surface of cach plant (PLA) was then calculated as the sum of
the surfaces of all its leaflets.

Plant mass distributions and size structure of the study populations.
Ateach harvest during expt 1 (30 plants in 2012) and expt 2 (100
plants at HD and 60 plants at LD), individual above-ground parts
of alfalfa plants were collected. dried (48h at 60°C) and
weighed. The dry mass distribution of plants in each situation
was used to assess the degree of inequality of resource partition-
mg among individuals in the population. In addition, 100 seeds
were weighed to estimate an initial value of size inequality. We
used the Gini coefficient (G), which is a measure of the relative
mean difference (i.e. the arithmetic average of differences
between all pairs of individuals; Sen, 1973; Weiner and
Solbrig, 1984), 1o perform this estimate:

n n

G= Z Z Ix; —x;1/(2n*%) (2)

i=1 j=1

The G values thus calculated were then multiplied by n/(n — 1) to
give unbiased values (G'). These G values ranged from 0 (all
individuals sharing resources equally) to 1 (all resources cap-
tured by a single individual ). As light was the only contested re-
source in these experiments, G' was used as an indicator of
competition intensity among plants in the different populations
studied.

Statistical analyses

Statistical analyses were performed using R software (R
Development Core Team., 2012). Analyses of variance
(ANOVA, aov procedure) were used to test for significant differ-
ences between means. Analyses of covariance (ANCOVA, Im
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procedure) were used to test for the effects of continuous and cat-
cgorical variables simultancously and to compare the slopes and
mtercepts of linear relationships. Data transformation (root
square transformation) was applied prior to ANCOVA analyses
for variables related through a quadratic relationship (e.g. total
number of leaves on branches as a function of time or primary
axis development). Two-sample Kolmogorov—Smirnov (KS)
tests (ks.test procedure) were used to compare the distributions
of shoot size between the density treatments. The null hypothesis
of identical distributions was rejected for P-values <0-05.

RESULTS
Potential development of an alfalfa shoot

Primary axis development. Primary axis development reached up
0 19-6 + 0-82 leavesinexpt 1 -2009 and25-2 4+ 2-06 inexpt 1 -
2012 during the initial growth phase. During the regrowth phase,
the number of expanded leaves at the time of the cut was 14-5 +
092 in T2 and 12-3 + 0-57 in T1. The appearance of leaves on
the different shoots during the growth and regrowth phases was
linear as a function of TT (Fig. 1). The ANCOVA analyses did
notdemonstrate any significant differences in the rate of develop-
ment regarding the different shoot types and growth periods
(P > 0-1053, PA in expt | and expt 2 for the growth phase: T2
and T1 m expt 1 for the regrowth phase). The phyllochron was
32-54 + 0-40 °Cd and did not change shortly after the beginning
of flowering.

Probability of branching, delay of budburst anddevelopment on sec-
ondary axes. Figure 2 shows the increase in the total number of
secondary leavesin relation to TT, demonstrating that branch de-
velopment had a marked effect on the total number of leaves ac-
cumulating on a shoot. For instance, the number of secondary
leaves was more than five times higher than that of primary
leaves at the bloom stage in both years on the shoots of isolated
plants. This total number of secondary leaves resulted from the
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Fic. 1. Numberof visible primary leaves as afunctionof thermal timeexpressed

in cumulative degree-days from first leaf appearance during the growth and re-

growth phases of expt 1. The regression was estimated for all data on the plot

(y=0-0301x + 109, n =433, /> = 0-94). PA, primary axis; T1. type 1 axis:
T2, type 2 axis.
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sum of all secondary axes developing at the axil of primary
leaves. To determine the number of secondary axes at a given
time, we examined the probability and time delay of branching
at cach position on the primary axis (Fig. 3). At all positions,
branching was systematic after a delay (branching probability
reached 1), in both the growth and regrowth cycles. The
ANCOVAs revealed that the rate of appearance of new branches
was the same as that of primary leafappearance (P << 0-0001 ) and
that there was a constant delay of 1-75 4+ 0-15 phyllochrons
between primary leal appearance and its axillary bud burst, irre-
spective of the position on the shoot (Fig. 3B). The results were
the same during both the growth and regrowth cyeles (not
shown).

Secondary axes thus appeared sequentially on the shoots, from
B 1. located in the node of the first trifoliate leaf, to Ba, on the nth
primary leaf. The appearance of leaves on secondary axes was
also linear as a function of TT (#* ranging from 0-85 to 0-90).
The rate of development was compared between branches at dif-
ferent positions during expt 11n 2009 and 2012 (Supplementary
Data Fig. 82). The rates of development of branches were always
lower than those of the PA (51-68 4+ 4-57 “Cd, ANCOVA, P <
0-0001). No significant differences between the phyllochron of
the different branches were found (ANCOVA, P = 0-06: on
average 482 + 3:38 °Cd), except for Bl, which developed
more rapidly than all the other branches (P < 0-02). No signifi-
cant effects of years were found (ANCOVA, P = 0-17).

Modelling of potential shoot development. The results presented
above suggest that the potential development of an alfalfa
shoot subjected to low competition for ight is fairly determinis-
tic (constant phyllochrons, branching probability of 1) and iden-
tical irrespective of the origin of its apical meristem ( from the
seed, T2 taproot bud or T1 axillary bud) and of the year (expt 1
in 2009 and 2012). For the two first branching orders, potential
development could be deduced from the phyllochron of the
primary axis, a time delay for secondary axis budburst and a
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single phyllochron for secondary axes. These variables could be
used to summarize spatial and temporal variations in leaf appear-
ance onashoot under non-limiting growing conditions. A simple
model of primary and secondary axis development is thus pro-
posed:

Ny =aTT + by (3)

TToua(?) = (i +dy — b1)/ay (4)

Ni(?) = a[TT — TTpga()if TT > TThua(), else 0 (5)
Nov= N+ Y Nu(i) (6)

i=1

where a, represents the phyllochron of the primary axis, a» the
phyllochron of secondary axes. by accounts for pre-formed
leaves at shoot emergence, d, represents the delay of budburst
of branches (expressed in number of new leaves which appeared
on the primary axis since bearing node appearance), TTyyali)
represents the time of budburst in °Cd of the ith secondary
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Tasre 1. Gini coefficient values for plants in pure stands and
mixed stands at high density (HD) and low density (LD) in expt 2

Seeds PSG MSG MSR PSR
LD 0-12 017 021 0-25 0-26
HD 0-12 021 023 0-34 0:52

PSG. primary stand growth: MSG, mixed stand growth: PSR, primary stand
regrowth; MSR, mixed stand regrowth.

branch, and Nyand Ny stand for the numbers of primary and sec-
ondary leaves, respectively. Such a model can predict over
(thermal) time the maximum number of primary and secondary
leaves, and their topological distribution. Figure 4 shows the
changes to the secondary leaf profile as a function of TT as pre-
dicted by this model, taking @, = 32 °Cd,a, = 48 "Cd and d}, =
1.75.

In the following, we used this potential shoot development
model, derived from independent experiments with limited
light competition, as a neutral benchmark Lo assess the develop-
mental effects induced by light competition in a series of compe-
tition experiments.

Impact of light competition on development and plant leaf
area expansion

Size structure and competition intensity in the differemt alfalfa popu-
lations studied. The competiion intensity was characterized
through estimates of light interception efficiencies at the whole-
stand scale (Supplementary DataFig. S3) and with unbiased Gini
coefficients (G') at the plant population scale (Table 1).
Irrespective of the treatment, canopy closure (LIE =0-95) was
faster during the regrowth than during the initial growth phase.
Canopy closure was also systematically faster at HD than at
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LD, and for pure stands with respect to mixtures. In mixtures,
however, LIE cannot mdicate the share of light intercepted by
each plant population. G was thus used to account for the
degree of inequality in resource capture within the different
populations studied. Isolated plants had a relatively low G’
value (e.g. G' = 0-10 in expt 1-2012) which was close to that
of the initial seed population (G' = 0-12). This confirmed that
competition for light in these populations resulted in a weak
impact of larger plants on the growth of smaller plants. The
range of G’ values observed for allalfa in the competition
studies (Table 1) covered competition intensities {rom situations
close tothose characterized forisolated plants (e.g. G = 0-17 for
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LD—PSG, no mortality) to populations with severe competition
experiencing self-thinning (e.g. G = 0-52 for HD—PSR, 13 %
of plant mortality during the last regrowth). As for LIE, the G’ co-
efficientincreasedin line with both density and time ( growth and
regrowth differences), indicating that these two factors tended to
increase competition intensity. The G’ coeflicient also increased
more markedly in pure stands than in mixed stands (0-32 = ()-31
at HD). Overall, contrasted situations relative 1o competition for
light were thus actually generated by the study treatments in
alfalfa populations. An approximate ranking observed for the
two densities was PSG << MSG << MSR << PSR.

Relative impacts on plant development and leaf growth. The impact
of light competition on the developmental and growth processes
controlling PLA was assessed (Fig. 5). Four situations were dis-
tinguished for whichall the plants experienced the same environ-
ment (sowing date, cutting date, air temperature, VPD, etc.)
except for their light interception (modulated by overall
density and neighbouring plants). In each situation, marked var-
1ations in individual PLA values were shown (variations ranging
from4- to 10-fold betweenindividual PLAs in the sample of digi-
tized plants). The part of PLA variations explained by plant de-
velopment (as reflected by the total number of leaves) and leaf
growth (as reflected by the average leallet area of fully expanded
leavesin the zone of maximum primary leaf size, between nodes
ranking 8 —10) was examined by means of ANCOVA and regres-
sion analysiss in each situation. The ANCOVA revealed that the
total number of leaves did indeed explain a significant part of
PLA variations in all the situations studied. Plants displaying a
larger number of leaves also had a higher PLA. A single relation-
ship between PLA and leaf number was found in three out of four
cases (MSG, MSR and PSR) which explained individual PLA
variations both within and between the density treatments. The
part of variance explained by plant development was high
(r2 > 0-44) and increased over time (> = 0-85 in the regrowth
cycles). In contrast, PLA variations were usually loosely asso-
ciated with maximum leaf size. No significant relationship was
found between PLA and maximum leaf size in the MSG, MSR
and PSR situations, either within or between density treatments
(ANCOVA, P = 0:08), indicating that plants with larger leaves
were not necessarily those with the largest total leal area, and
vice versa. For PSG, ANCOVA revealed an interaction
between density and maximum leal size, the relationship
between PLA and leaf size only being significant at LD.
Important plant to plant variations in maximum leaf size were
observed in all the situations and densities. A significant

TasLE 2. Average leaflet area in the zone of maximum primary
leaf size (node rankings 8—10) in the different populations and
growth phases of expt 2

Stands Density Growth Regrowth

Pure stand HD 4.07° 4.31°
LD 2.28% 433"

Mixed stand HD 1-60° 275"
LD 1.99b< 2.73"

Means with the same letter are not significantly different according to the
Duncan test (P = 0:05).
HD. high density; LD. low density.
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interaction effect on maximum leal size was found between
density treatments and the overall growing conditions that pre-
vailed during the period of study (ANOVA, P<0-001;
Table 2). Once again, the density effect was significant for
PSG only.

PLA variations as explained by shoot number and shoot develop-
ment. We further broke development down into shoot production

and shoot development (as reflected by the average number of

leaves per shoot) to understand how each component was
affected by light competition (Fig. 6). Irrespective of density,
PLA was tightly related to the shoot number in regrowth cycles
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(ANCOVA, P << 0-001 in MSR and PSR). Over 75 % of PLA
variance could be explained by shoot number during these
periods. In the initial growth phase, on the other hand, most
plants had very similar shoot numbers (2—4) and PLA was
either not significantly (PSG) or weakly (MSG) related to
shoot numbers. Furthermore, shoot development was signifi-
cantly related to PLA in all the situations studied. As compared
with shoot numbers, shoot development explained larger
parts of PLA variance during the initial growth phase, but con-
tributed to a lesser extent during later regrowth phases (except
for HD—-MSR).

Shoot developmental responses to light competition. At the shoot
level, potential shoot development and branching are strongly
dependent on primary axis development. Figure 7 presents the
relationships between primary axis development and the
number of leaves on secondary branches. As predicted by the po-
tential shoot development model. the total number of secondary
leaves increased with primary axis development according to a
power law superior to 1 (more than linearly) in all the situations
studied and under all density treatments. However, areduction in
the total number of secondary leaves for a given number of
primary leaves was seen on all shoots subjected to light compe-
tition when compared with potential shoot development. A sig-
nificant reduction in branch development was also observed
between the LD and HD treatments, in all siwations
(ANCOVA, P << 0-04). The profiles of secondary axis develop-
ment are presented in Fig. 8 at HD and LD for shoots having
reached a similar primary axis development. Except for LD—
PSG, significant departures from the potential shoot develop-
ment pattern were observed in all the situations studied. The
reductions in branch development as compared with the potential
pattern were usually small at the top of the canopy for the young-
estbranches (up to three leaves) and were maximum forthe oldest
branches. Branches in the various canopies studied apparently
ceased their development after a time which varied in line with
both the competition intensities (regrowth < growth cyeles;
pure << mixed stands).

Distribution of shoot size and organogenesis of primary axes. Not
all shoots within a plant or within a density treatment displayed
synchronous development. The final number of primary leaves
could thus vary, which in turn could affect some of the average
shoot characteristics mentioned above. Figure 9 presents the dis-
tribution of final shoot size (as reflected by the number of
emerged primary leaves) in the different situations and densities
studied. Final shoot size did vary in all the situations. However,
remarkably, shoot size distributions were not affected by density
in three of the four sitwations (PSG, MSG and MSR; KS tests
P-values >0.24), suggesting that factors other than light compe-
titon might have caused these developmental variations. In PSR,
however, significant differences were observed between the
primary development of shoots in the HD and LD populations
(KS tests, P-values <<0-001). At LD, the mode of the distribution
showed that the highest proportion of shoots were of a large size
(12—14 primary leaves). At HD, only a small proportion of the
shoots growing during the same period were able to reach this
stage of development, suggesting that many primary axes had
ceased or reduced their development as compared with LD.
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Fia. 7. Number of secondary leaves per shoot as a function of primary axis development in the four situations studied during expt. 2: (A) PSG, pure stand growth;

(B) PSR, pure stand regrowth; (C) MSG, mixed stand growth; and (D) MSR, mixed stand regrowth. High (HD) and low density (LD) are as indicated in the key in

(A). The solidline represents the relationship predicted by the potential shoot development model [eqns (3—6)]. ANCOVA results comparing HD and LD relationships

are presented in each panel: two dashed lines are plotted in the case of an interaction between the categorical independent variable (i.e. density) and the continuous
variable. P-values indicate the level of significance of the interactions (*P << 0.05; **P < 0.01; ***P <2 0.001; ns, not significant).

DISCUSSION

Potential shoot development was a deterministic function of thermal
time in the range of temperature and photoperiod tested

Our results suggest that the potential development of an alfalfa
shoot is deterministic when expressed as a function of thermal
time and identical irrespective of its apical meristem origin
(from the seed, from T2 taproot buds or T1 axillary buds) and
of the year (expt 1 and expt 2 on isolated plants). Our study
covered the whole vegetative period and extended to mid-bloom.
We showed that four characteristics could summarize the poten-
tal organogenesis of a whole shoot: primary axis phyllochron:
systematic branching of all axillary buds: delayed bud burst:
and a constant phyllochron for secondary branches. Similar pat-
tems ol whole-shoot development and branching have previously
been reported in several species with indeterminate growth
(Belaygue ef al., 1996; Seleznyova et al., 2002: Lebon et al.,
2004; Louarn et al., 2007 Moreau et al., 2007). The stability of
primary axis development (constant rate of leal appearance)
was also characteristic in these studies. In alfalfa, however, it
has remained a matter of debate. Various studies have reported
a linear relationship between Ny and TT during the vegetative
growth period (although there have been controversies regarding
the T, value used to caleulate TT: Wolfl and Blaser, 1971 ; Sharratt
etal.. 1989: Brown and Moot, 2004: Brown et al., 2005: Teixeira
etal., 2011). However, unlike our results, which showed similar

phyllochron values in the growth and regrowth phases [32 °Cd,
close to the phyllochrons reported by Brown ef al. (2005) or
Teixeira et al. (2011) in the field and Allirand ( 1998) or Pearson
and Hunt (1972) under controlled environments for isolated
plants], several studies have supported the idea of a primary
axis phyllochron that is significantly higher during the initial
growth phase (Robertson et al., 2002; Teixeira et al., 2011). Our
results demonstrated that no ontogeny-related difference could
explain the slower rate of leaf appearance in the field. In contrast
to field experiments, we controlled nitrogen nutrition using an
N-rich nutrient solution. We can thus hypothesize that a part of
the differences previously reported might be related to a degree
of nitrogen limitation during the imtial growth phase when
nodules hosting rhizobia, and allowing atmospheric nitrogen fix-
ation, were forming (Voisin ef al., 2003). Differences in phyllo-
chron related to the photoperiod have also been reported, in
particular between growth periods during increasing and decreas-
ing photoperiods (Brown et al., 2005, 2006). Our experiments
were all performed close to the summer solstice (the photoperiod
between 14 h and 16 h), with both growth and regrowth phases
starting when photoperiods were still increasing. No significant
photoperiodic effectis expected under such conditions, in contrast
Lo field conditions with autumn sowing (Brown et al., 2005). This
could also explain some discrepancies with the literature.

The development of branches had a great importance in con-
trolling the potential number of leaves of alfalfa shoots subjected
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Fia. 8. Numberofsecondary leaves at each node position on high (HD) and low density (LD) plants in the four situations studied during expt 2: (A) PSG, pure stand
growth: (B) PSR, pure stand regrowth: (C) MSG, mixed stand growth: and (D) MSR . mixed stand regrowth. Shoots were selected at agiven stage of development ineach
situation (shoots with 12— 14 primary leaves). The dotted line representsthe number of secondary leaves predicted by the potential shoot development model [eqns (3—
6)]. P-values indicate the results of the r-test fora comparison between LD and HD at each node position (*P < (1.05; **P << (0.01; ##*P << .00 1: ns, not significant).

to a low level of light competition. Under these conditions, every
leaf axil produced a branch after aconstant delay. Such a system-
atic branching had previously been reported on Medicago trun-
catula (Morcau ef al., 2007) or grapevine (Lebon et al., 2004;
Louarn et al., 2007) and assisted greaty in simplifying the for-
malism to model potential shoot development using a simple de-
terministic approach. The rate of development of branches was
also constant over time, but the phyllochron was lower than for
the primary axis, with a reduction of around 30 % for B1 and
50 % for other branches. Allirand (1998) and Moreau et al.
(2007) also reported a reduced rate of development of branches
when compared with the primary axis. These authors also demon-
strated changes in the phyllochron of branches as a function of
their position on the main stem. However, their study mainly
covered the reproductive growth period of M. truncatula. The de-
velopment of flowers along the primary axisis likely to be a factor
that reduces the phyllochron of branches in alfalfa as well (Brown
et al., 2005).

Plant development tunes leaf area expansion in alfalfa
competing for light

Competition for light tends to be the principal factor leading
to size inequalities and size structure in even-aged plant

populations of productive habitats (Weiner, 1985: Weiner and
Thomas, 1986: Schwinning and Weiner, 1998). Louarn et al.
(20124, b) showed that PLA was the most important variable in
alfalfa to explain light partitioning and individual plant product-
ivity in pure and mixed stands. However, little was known about
the relative importance of physiological processes governing
PLA to cope with changes in light competition intensity.
Tissue expansion and final mdividual leal size have been
shown to play key roles in the light response of many crops
(Dosio et al., 2003: Chenu et al., 2005). Lower levels of
PPFDs tend to decrease the leal expansion rate but to increase
the duration of leal expansion (Corré et al., 1983; Tardieu
et al., 1999; Chenu et al., 2005: Cookson and Granier, 2006).
In this study, differences between HD and LD populations in
the final size of leaves were observed only at the lowest levels
ol competition intensity studied (PSG. with G" <<0-21). More
shaded plants had larger leaves. In all other situations, no density
effect could be demonstrated. Marked variations in maximum
leaf size were observed between plants within a treatment, irre-
spective of density, dates or total PLA (2- to 3-fold variations).
The same range of variation was also found in isolated plants
(not shown). This variability could be related to the fact that
alfalfa cultivars are a population of genetically distinct plants,
thus contaiming significant genetic and phenotypic variability
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Fig. 9. Comparison between primary shoot size distributions at high (HD) and low density (LD) in the four situations studied during expt 2: (A) PSG. pure stand
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(Julier et al., 2000). Leal size varnability did not generally reflect
variations in total plant area. A significant relationship was only
found for LD—PSG, a situation where competition intensity was
very low and where most plants were close to their potential de-
velopment (i.e. did not differ in their total number of leaves).

Organogenesis, resulting from meristem activities, is the other
physiological process that plays a key role in regulating PLA. It
has beenshown to control PLA expansion inmany indeterminate
woody plants and herbaceous species (Pages er al., 1993;
Belaygue et al., 1996; Turc and Lecoeur, 1997; Seleznyova
etal.,2002) and to alfect PLA regulation in response (o environ-
mental constraints (Christophe et al., 20006; Lebon et al., 2006;
Pallas et al., 2011). Our results definitely confirmed a strong
role for plant development in regulation of the PLA ol alfalfa
in response to light availability, which was far stronger than
any effect on tissue expansion. The total number of leaves
accounted for variations in PLA both within and between
density treatments. It explained =85 % of PLA variance in all
situations after the first regrowth.

Developmental processes differ in their response
to competition intensity

The total number of leaves on a plant can be described as
resulting from several intertwined developmental processes:
the initiation of new shoots at the level of the crown: primary de-
velopment: and finally the degree of secondary branching for
each shoot. Our findings suggest that these developmental pro-
cesses were not affected to the same extent or could display dif-
ferences in the tming of their response when subjected 1o

different light competition intensities. The development of sec-
ondary axesappeared as the only variable that was affected in all
the stands studied. Significant reductions were systematically
observed as compared withisolated plants. The higher the inten-
sity of competition, the more marked was the reduction in branch
development. Only the branches at the base of the shoots were
affected. Because alfalfacv. Orcapresents an upward canopy de-
velopment, the zones where secondary development ceased cor-
responded to canopy heights with reduced light transmission
(Louarn et al., 20124) and correlatively modified light quality
(Escobar-Gutiérrez et al., 2009). The greater reduction observed
at HD, vs. LD, probably resulted from more rapid canopy closure
and carlier effects of local light quantity/quality on the organo-
genesis ol branches. Dilferences in the shape ol secondary
branch profiles between the pure and mixed stands for a given
growth period may also have been induced by different light dis-
tributions in these two situations. Similar light quantity and
quality effects on the branching of vegetative shoots have been
reported on various species (Ballaré er al., 1997; Smith and
Whitelam, 1997; Ballar¢ and Casal, 2000; Christophe et al.,
2006). In alfalfa, Brown et al. (2005) showed that shorter
branches at the bottom of the shoot resulted from an earher ces-
sation of their development and not from a delay in the outgrowth
ol axillary buds.

The regulation of branch organogenesis is critical with regard
to the PLA response to stress in species where the number of
branching shoots is fixed (e.g. determined by pruning rules:
Lebon et al., 2006: Pallas et al., 2008). In our study. however,
the part of PLA variance explained by average shoot develop-
ment remained limited (r2 ranging {rom 0-29 to 0-55, Fig. 7).
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This may have been due (1) to the fact that an important variation
of primary shoot development was observed within each treat-
ment and the effect of which was only imperfectly captured by
an average shoot (the relationship between primary and second-
ary development not being linear), and (2) to the variation in
shoot numbers per plant that might explain a significant propor-
tion of PLA variance. Changes in the shoot number did explain a
significant part of PLA variance in three out of four situations
(except for PSG, the lowest level of competition intensity), its
importance relative to shoot development increasing with time.
As previously reported (Fick ef al., 1988: Kephart et al., 1992),
increased densities resulted in a reduced number of shoots
per plant. However, the relationship between competition inten-
sity and average shoot number was not straightforward (e.g. very
similar G’ values between HD-MSG, LD-MSR and LD-
PSR produced markedly different average shoot numbers: 2.5,
6-1 and 20-3, respectively). The branching of the inital pri-
mary axis (and thus the number of buds initiated at the crown
level) is likely to limit the possibility ol achieving a large
number of shoots per plant during the carly stages. Conversely,
important plant to plant variations in shoot numbers reported at
a later stage may have derived from the cumulative effects of
branching on the number of buds, as well as from the elTects of
the light environment on the dynamics of shoot population
(Teixeira et al.. 2007).

Finally, primary axis development was also involved in the
plant response to light competition, but only at the highest com-
petition intensities recorded. At HD—PSR, most of the shoots
had a very limited final size (4—6 leaves), suggesting that
many primary axes ceased to develop during regrowth. Pos-
sibly the smaller primary axes might stop developing in the
shade of taller ones, in line with phenomena already discussed
in the case of branches. The delayed response ol primary axes
to competition mtensity could in part be explained by differences
in the growth behaviour of primary and secondary axes ( primary
axes grow vertically, at a higher elongation rate than branches)
and local light conditions at the apex (Louarn er al., 2012b).
Similarly. the difference in the fate of primary axes of T1 and
T2 reported in dense stands (Gosse et al., 1988) could simply
result from shorter nodes and reduced growth of T1 stems (not
shown), even if they present the same potential of development
under favourable light conditions.

To sum up, developmental processes controlled plant and crop
leaf area expansion in alfalfa and differed in their response to
light competition intensity. These findings should help in
defining relevant traits (such as rapid plant/shoot branching)
that could be favoured in the definition of mixtures to prev-
ent legume density-dependent mortality and mixture failure.
Moreover, as a result of light competition, alfalfa leaf area dy-
namics and light interception efficiencies varied greatly among
the treatments studied. The deterministic pattern of shoot de-
velopment identified should aid in the development of more
versatile models of leal arca expansion. In particular, 1t may
be possible 10 overcome the limitations of fixed patterns of
crop leal area dynamics (Gosse et al., 1984; Goudriaan and
Monteith, 1990) to deal with the question of light partitioning
in heterogencous intercropping systems by introducing for-
malisms that account specifically for the light effects on the
key developmental variables involved in the response to light
availability.
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SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxford-
journals.org and consist of the following. Table S1: environmen-
tal conditions experienced for the different growth periods
studied during the two experiments. Figure S1: diagrams of the
arrangement of the main axis, secondary and tertiary axes on a
seedling plant (initial growth cycle) and the types of main axes
emerging cither from the taproot or from the axil of a leaf just
below the cutting height of a mature plant during a regrowth
cycle. Figure S2: number of leaves on branches as a function of
thermal time accumulation expressed in cumulative degree-days
from shoot emergence during the growth phases of expt 1. Figure
S3:dynamics of canopy lightinterception efficiency measured in
the different pure and mixed stands studied.
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Table S1. Environmental conditions experienced tfoe different growth periods
studied during the two experiments. Tm, PPFD and Wefer to daily average
temperature (°C), daily average photon flux dengityiole PAR.rif) and daily average
vapour pressure deficit (kPa), respectively. Valimeparenthesis are for minimum and

maximum values over the period.

Year Growth period m PPFD VPD
Exp1l 2009 1 (Growth) 14.5 (7.2 - 23.6) 1018 1.3(0.9-2)
2 (Regrowth) 18.9 (14.3-25.1) 1064 14 (1.1-1.9)
2012 1 (Growth) 16.0 (9.9-22.7) 934 1.4 (0.7-2)
2 (Regrowth) 18.4 (15.4 - 26.5) 981 15(1.1-21)
Exp 2 2009 1 (Growth) 14.5 (7.2 - 23.6) 1018 1.3(0.9-2)
2 (Regrowth) 18.9 (14.3-25.1) 1064 14 (1.1-1.9)
2010 1 (Growth) 15.1 (7.8-225) 919 1.4 (0.8-1.8)

2 (Regrowth) 210  (13.1-26.5) 1136 1.7 (1.1-2.2)




119

a) Main Axis
N
Secondary Branch *
B2 Secondary Branch
B1
Tertiary branch £ Tertiary branch
B2 -1 B1-2
b
) T1 T2
T2 '
% i
\ ! ]
I i
' ’
e Ve of cutting

Fig. S1. Diagrams of a) the arrangement of the ragis, secondary and tertiary axes on

a seedling plant (initial growth cycle) and b) ttypes of main axes emerging either
from the taproot (T2) or from the axil of a leakf below the cutting height (T1) of a
mature plant during a regrowth cycle. Redrawn fidoreau et al. (2007) and Gosse et

al.(1988).
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6. CONSIDERACOES FINAIS

Os resultados observados nos diferentes trabalessndolvidos demonstram
que existe grande espécie dependéncia em funcaefdiles da luz, havendo até
distintas respostas em funcéo de diferentes garsdtlp uma mesma espécie, como € 0
caso da alfafa. Tal fator dificulta a predicdo damportamento das espécies e,
consequentemente, o0 manejo em funcdo de alterat@daz. Contudo, é possivel
apontar alguns mecanismos de alteracao das plgutgsodem ser utilizados como alvo
da pesquisa e deste modo facilitar a avaliacdoodgportamento de cada espécie em
relacéo a luz.

Um dos mecanismos de resposta das plantas comunobstervado nos
resultados aqui apresentados, e que ja haviaepbotado inUmeras vezes na literatura,
€ a elongacédo do colmo em funcéo das alteracogsamidade e/ou qualidade da luz.

Nos trabalhos realizados com alfafa, os resultaolosdos resultaram em
importantes informagdes, as quais ajudam na ca@@sirde modelos de interceptacdo da
luz pelo dossel vegetal e, portanto, a predicdordducao. Tais resultados também tém
enorme importancia para o manejo da alfafa em colws@om gramineas. Por
exemplo,...

No caso das espécies tropicais &valiadas sobre o efeito de arvorés,
catharinensisB. brizantha H. altissimae Cynodoncpp. demonstraram claramente que
as alturas atingidas aos 95% de interceptacédo tsaisdo maiores do que aquelas
obtidas a pleno sol. Para as espéblesnaximuse P. notaturnao ocorreram variacdes
importantes. Demonstrando assim a variabilidadeeotaga acima para diferentes
espécies, ainda as dificuldades de utilizar oroitde altura como estratégia de manejo
nesses sistemas.

Neste sentido, poderia se sugerir que a pesquazxawa busca de facilitar o
uso diretamente da medicdo da interceptacéo lumiramsno controle da entrada de
animais em pastejo e ndo do uso da altura.

Outro aspecto importante do manejo a ser abordadimténsidade de corte. No
trabalho com as espécies arborizadas, foi utilizada intensidade de 50% de corte da
altura em que a pastagem atingia 95% de intercpiagninosa, contudo este corte foi
realizado mecanicamente. E necessario deste mb@op a&omportamento animal nos

estudos de intensidade de manejo de espécies massintegrados com arvores.
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Ainda, é necesséario entender como o efeito da somés arvores vai interferir no
comportamento animal. Sugere-se que, principalmeste lugares com altas
intensidades de radiacdo, os animais iriam pastegs nos lugares com maior sombra
ao longo do dia, isso poderia resultar em diferemgaestrutura do dossel da pastagem
ao longo do gradiente de sombra.

Nas metodologias propostas para avaliacfes dasiespmm sistema integrado
com arvores, existe grande importancia em separdiferentes fatores que interferem
no crescimento e no desenvolvimento das plantasteNsstudo, tentou-se objetivar o
efeito do sombreamento. Contudo, ndo é possivel tazompleta separacao dos efeitos
de agua, por exemplo. Inicialmente era pretendidagacdo das areas com arvores e a
pleno sol, mas nao foi possivel realizar em funclo custos e logistica dos
experimentos.

Por fim, informacdes a respeito do manejo de espéfdrrageiras nos mais
variados tipos de consércio sdo de extrema impteampois auxiliam a técnicos e
produtores na tomada de decisGes e também saondetrtes para aumentar a adesao

destes tipos de sistemas.
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Manuscript Submission

Submission of a manuscriptimplies: that the work described has not been published before;
thatitis not under consideration for publication anywhere else; thatits publication has been
approved by all co-authors, if any, as well as by the responsible authorities — tacitly or explicitly
— at the institute where the work has been carried out. The publisher will not be held legally
responsible should there be any claims for compensation.

Pernissions

Authors wishing to include figures, tables, or text passages that have already been published
elsewhere are required to obtain permission from the copyright owner(s) for both the printand
online format and to include evidence that such permission has been granted when
submitting their papers. Any material received without such evidence will be assumed to
originate from the authors.

Online Submission

Authors should submit their manuscripts online. Electronic submission substantially reduces
the editorial processing and reviewing times and shortens overall publication times. Please
follow the hyperlink “Submit online” on the right and upload all of your manuscript files
following the instructions given on the screen.

TITLE PAGE
Title Page
The title page should include:

« The name(s) of the author(s)
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+ Aconcise and informative title
« The affiliation(s) and address(es) of the author(s)

¢« The e-mail address, telephone and faxnumbers of the corresponding author

Abstract

Please provide an abstract of 150 to 250 words. The abstract should not contain any
undefined abbreviations or unspecified references.

Keywords
Please provide 4 to 6 keywords which can be used for indexing purposes.

TEXT

Text Formatting

Manuscripts should be submitted in Word.

- Use a normal, plain font (e.g., 10-point Times Roman) for text.

- Use italics for emphasis.

- Use the automatic page numbering function to number the pages.
- Do notuse field functions.

- Use tab stops or other commands for indents, not the space bar.

- Use the table function, not spreadsheets, to make tables.

- Use the equation editor or MathType for equations.

- Save your file in docx format (Waord 2007 or higher) or doc format (older Word
versions).
Manuscripts with mathematical content can also be submitted in LaTeX.

LaTeXmacro package (zip, 182 kB)

Headings

Please use no more than three levels of displayed headings.

Abbreviations

Abbreviations should be defined at first mention and used consistently thereafter.

Footnotes

Footnotes can be used to give additional information, which mayinclude the citation ofa
reference included in the reference list. They should not consist solely of a reference citation,
and they should never include the bibliographic details of a reference. They should also not
contain anyfigures or tables.

Footnotes to the text are numbered consecutively; those to tables should be indicated by
superscript lower-case letters (or asterisks for significance values and other statistical data).
Footnotes to the title or the authors of the article are not given reference symbols.

Always use footnotes instead of endnotes.
Acknowledgments

Acknowledgments of people, grants, funds, etc. should be placed in a separate section
before the reference list. The names of funding organizations should be written in full.

SCIENTIFIC STYLE
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Please always use internationally accepted signs and symbols for units (Sl units).

SCIENTIFIC STYLE

Genus and species names should be in italics.

REFERENCES

Citation

Cite references in the text by name and year in parentheses. Some examples:

-

Negotiation research spans manydisciplines (Thompson 1990).
This result was later contradicted by Becker and Seligman (19986).

This effect has been widely studied (Abbott 1991; Barakat et al. 1995; Kelso and
Smith 1998; Medvec etal. 1999).

Reference list

The list of references should only include works that are cited in the text and that have been
published or accepted for publication. Personal communications and unpublished works
should only be mentioned in the text. Do not use footnotes or endnotes as a substitute for a
reference list.

Reference list entries should be alphabetized by the last names of the first author of each
work.

- Journal article

Gamelin FX, Baquet G, Berthoin S, Thevenet D, Nourry C, Nottin S, Bosquet L
(2009) Effect of high intensity intermittent training on heart rate variability in
prepubescent children. Eur J Appl Physiol 105:731-738. doi: 10.1007/s00421-008-
0955-8

Ideally, the names of all authors should be provided, but the usage of “etal” in long
author lists will also be accepted:

Smith J, Jones M Jr, Houghton L et al (1999) Future of health insurance. N Engl J
Med 965:325-329

# Aricle by DOI

Slifka MK, Whitton JL (2000) Clinical implications of dysregulated cytokine
production. J Mol Med. doi:10.1007/s001090000086

- Book

South J, Blass B (2001) The future of modern genomics. Blackwell, London

- Book chapter

Brown B, Aaron M (2001) The politics of nature. In: Smith J (ed) The rise of modern
genomics, 3rd edn. Wiley, New York, pp 230-257

- Online document

Cartwright J (2007) Big stars have weather too. IOP Publishing PhysicsWeb.
http:/iphysicsweb.org/articles/news/11/6/16/1. Accessed 26 June 2007

# Dissertation

Trent JW (1975) Experimental acute renal failure. Dissertation, University of
California

Always use the standard abbreviation of a journal’s name according to the ISSN List of Title
Word Abbreviations, see

ISSN.org LTWA
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For authors using EndNote, Springer provides an output style that supports the formatting of
in-text citations and reference list.

EndNote style (zip, 3 kB)

TABLES

¢ All tables are to be numbered using Arabic numerals.
- Tables should always be cited in text in consecutive numerical order.

# For each table, please supply a table caption (litle) explaining the components of
the table.

& |dentify any previously published material by giving the original source in the form
of a reference at the end of the table caption.

¢ Footnotes to tables should be indicated by superscript lower-case letters (or
asterisks for significance values and other statistical data) and included beneath
the table body.

ARTWORK AND ILLUSTRATIONS GUIDELINES

For the best quality final product, itis highly recommended that you submit all of your artwork —
photographs, line drawings, etc. — in an electronic format. Your art will then be produced to the
highest standards with the greatest accuracyto detail. The published work will directly reflect
the quality of the artwork provided.

Electronic Figure Submission

+ Supply all figures electronically.
Indicate what graphics program was used to create the artwork.

# For vector graphics, the preferred format is EPS; for halftones, please use TIFF
format. MS Office files are also acceptable.

- Vector graphics containing fonts must have the fonts embedded in the files.

= Name your figure files with "Fig" and the figure number, e.g., Fig1.eps.

Line Art
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- Definition: Black and white graphic with no shading.

- Do notuse faintlines and/or lettering and check that all lines and lettering within
the figures are legible atfinal size.

- All lines should be atleast0.1 mm (0.3 pt) wide.

# Scanned line drawings and line drawings in bitmap format should have a
minimum resolution of 1200 dpi.

- Vector graphics containing fonts must have the fonts embedded in the files.

Halftone Art

+ Definition: Photographs, drawings, or paintings with fine shading,
etc.

+ Ifany magnification is used in the photographs, indicate this by
using scale bars within the figures themselves.

+ Halftones should have a minimum resolution of 300 dpi.

Combination Art
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* Definition: a combination of halftone and line art, e.g., halftones containing line
drawing, extensive lettering, color diagrams, etc.

¢ Combination artwork should have a minimum resolution of 600 dpi.

Color Art

+ Colorartis free of charge for online publication.

e [fblack and white will be shown in the print version, make sure thatthe main
information will still be visible. Many colors are not distinguishable from one
another when converted to black and white. Asimple way to check this is to make a
xerographic copy to see if the necessary distinctions between the different colors
are still apparent.

» |fthe figures will be printed in black and white, do not refer to color in the captions.

¢ Colorillustrations should be submitted as RGB (8 bits per channel).

Figure Lettering

- To add lettering, itis best to use Helvetica or Arial (sans serif fonts).
- Keep lettering consistently sized throughout your final-sized artwork, usually about
2-3mm (8-12 pt).
# Variance of type size within an illustration should be minimal, e.g., do not use 8-pt
type on an axis and 20-pt type for the axis label.
# Avoid effects such as shading, outline letiers, etc.

- Do notinclude tiles or captions within your illustrations.

Figure Numbering

» All figures are to be numbered using Arabic numerals.
¢ Figures should always be cited in textin consecutive numerical order.
» Figure parts should be denoted by lowercase letters (a, b, ¢, etc.).

e |fan appendixappears in your article and it contains one or more figures, continue
the consecutive numbering of the main text. Do not number the appendixfigures,



"A1, A2, A3, etc." Figures in online appendices (Electronic Supplementary Material)
should, however, be numbered separately.

Figure Captions

= Each figure should have a concise caption describing accurately what the figure
depicts. Include the captions in the text file of the manuscript, not in the figure file.

- Figure captions begin with the term Fig. in bold type, followed by the figure number,
also in bold type.

No punctuation is to be included after the number, nor is any punctuation to be
placed at the end of the caption.

& |dentify all elements found in the figure in the figure caption; and use boxes,
circles, etc., as coordinate points in graphs.

& |dentify previously published material by giving the original source in the form of a
reference citation at the end of the figure caption.

Figure Placement and Size

¢ When preparing your figures, size figures to fitin the column width.

e For mostjournals the figures should be 39 mm, 84 mm, 129 mm, or 174 mm wide
and not higher than 234 mm.

¢ For books and book-sized journals, the figures should be 80 mm or 122 mm wide
and not higher than 198 mm.

Permissions

If you include figures that have already been published elsewhere, you must obtain
permission from the copyright owner(s) for both the print and online format. Please be aware
that some publishers do not grant electronic rights for free and that Springer will not be able to
refund any costs that may have occurred to receive these permissions. In such cases,
material from other sources should be used.

Accessibility

In order to give people of all abilities and disabilities access to the content of your figures,
please make sure that

¢ All figures have descriptive captions (blind users could then use a text-to-speech
software or a text-to-Braille hardware)

e Patterns are used instead of or in addition to colors for conveying information
(color-blind users would then be able to distinguish the visual elements)

* Anyfigure lettering has a contrast ratio of atleast4.5:1

ELECTRONIC SUPPLEMENTARY MATERIAL

Springer accepts electronic multimedia files (animations, movies, audio, etc.) and other
supplementary files to be published online along with an article or a book chapter. This feature can
add dimension to the author's article, as certain information cannot be printed or is more convenientin
electronic form.

Submission

* Supplyall supplementary material in standard file formats.

* Please include in each file the following information: article title, journal name, author
names; affiliation and e-mail address of the corresponding author.

+« To accommodate user downloads, please keep in mind that larger-sized files may require
very long download times and that some users may experience other problems during
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downloading.

Audio, Video, and Animations

+ Always use MPEG-1 (.mpg) format.

Text and Presentations

e Submit your material in PDF format; .doc or .ppt files are not suitable for long-term viability.

* Acollection of figures may also be combined in a PDF file.

Spreadsheets
+ Spreadsheets should be converted to PDF if no interaction with the data is intended.

¢ [fthe readers should be encouraged to make their own calculations, spreadsheets should
be submitted as .xs files (MS Excel).

Specialized Formats

¢ Specialized format such as pdb (chemical), .wrl (VRML), .nb (Mathematica notebook), and
texcan also be supplied.

Collecting Multiple Files

* |tis possible to collect multiple files in a .zip or .gzfile.

Numbering
* If supplying any supplementary material, the text must make specific mention of the
material as a citation, similar to that of figures and tables.

¢ Referto the supplementary files as “Online Resource”, e.g., "... as shown in the animation

"o

(Online Resource 3)", “... additional data are given in Online Resource 4”.

+« Name the files consecutively, e.g. “ESM_3.mpg”, “ESM_4.pdf".
Captions

* For each supplementary material, please supply a concise caption describing the content
of the file.

Processing of supplementary files

+ Electronic supplementary material will be published as received from the author without
any conversion, editing, or reformatting.

Accessibility
In order to give people of all abilities and disabilities access to the content of your supplementary files,
please make sure that

* The manuscript contains a descriptive caption for each supplementary material

* \Video files do not contain anything that flashes more than three times per second (so that
users prone to seizures caused by such effects are not put at risk)

DOES SPRINGER PROVIDE ENGLISH LANGUAGE SUPPORT?

Manuscripts that are accepted for publication will be checked by our copyeditors for spelling and
formal style. This may not be sufficient if English is not your native language and substantial editing
would be required. In that case, you maywant to have your manuscript edited by a native speaker prior
to submission. Aclear and concise language will help editors and reviewers concentrate on the
scientific content of your paper and thus smooth the peer review process.

The following editing service provides language editing for scientific articles in all areas Springer
publishes in.

134



135

Use of an editing senvice is neither a requirement nor a guarantee of acceptance for publication.

Please contact the editing service directly to make arrangements for editing and payment.
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AFTER ACCEPTANCE

Upon acceptance of your article you will receive a link to the special Author Query Application
at Springer's web page where you can sign the Copyright Transfer Statement online and
indicate whether you wish to order OpenChoice, offprints, or printing of figures in color.

Once the Author Query Application has been completed, your article will be processed and
you will receive the proofs.

Open Choice

In addition to the normal publication process (whereby an article is submitted to the journal
and access to that article is granted to customers who have purchased a subscription),
Springer provides an alternative publishing option: Springer Open Choice. A Springer Open
Choice article receives all the benefits of a regular subscription-based article, butin addition
is made available publicly through Springer's online platform SpringerLink.

Springer Open Choice

Copyright transfer

Authors will be asked to transfer copyright of the article to the Publisher (or grant the Publisher
exclusive publication and dissemination rights). This will ensure the widest possible
protection and dissemination of information under copyright laws.

Open Choice articles do not require transfer of copyright as the copyright remains with the
author. In opting for open access, the author(s) agree to publish the article under the Creative
Commons Aftribution License.

Offprints

Offprints can be ordered by the corresponding author.
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Color illustrations

Online publication of color illustrations is free of charge. For color in the print version, authors
will be expected to make a contribution towards the extra costs.

Proofreading

The purpose of the proofis to check for typesetting or conversion errors and the
completeness and accuracy of the text, tables and figures. Substantial changes in content,
e.g., new results, corrected values, title and authorship, are not allowed without the approval
of the Editor.

After online publication, further changes can only be made in the form of an Erratum, which
will be hyperlinked to the article.
Online First

The article will be published online after receipt of the corrected proofs. This is the official first
publication citable with the DOI. After release of the printed version, the paper can also be
cited by issue and page numbers.

© Springer faz parte do Springer Science+Business Media
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Instructions to Authos

Articles for Agronomy Journal (AJ) must be original reports of research not simultaneously submitted to or previously published
in any other scientific or technical journal and must make a significant contribution to the advancement of knowledge or toward a
better understanding of existing agronomic concepts. The study reported should be applicable to a sizable geographic area or
an area of ecological or economic significance and of potential interest to a significant number of scientists.

Original research articles are grouped by subject matter into the following categories: Agronomic Application of Genetic
Resources; Crop Ecology & Physiology; Crop Economics, Production & Management; Climatology & Water Management;
Biometry, Modeling & Statistics; Soil Fertility & Crop Nutrition; Organic Agriculture & Agroecology; Soil Tillage, Conservation &
Management; Agronomy, Soils & Environmental Quality; Urban Agriculture; Biofuels; and Pest Interactions in Agronomic
Systems.

This "Instructions to Authors" is a summary of style and preparation guidelines. For a complete document on style, consult
ourPublications Handbook and Style Manual.

Membership is not a requirement for publishing in AJ. Consult the ASA—-CSSA-SSSA style manual and recent issues of AJ for
guidance. For questions not answered in the style manual, consult the Managing Editor.

Scope

After critical review and approval by the editorial board, AJ publishes articles reporting research findings in soil-plant
relationships; crop science; soil science; biometry; crop, soil, pasture, and range management; crop, forage, and pasture
production and utilization; turfgrass; agroclimatology; agronomic models; integrated pest management; integrated agricultural
systems; and various aspects of entomology, weed science, animal science, plant pathology, and agricultural economics as
applied to production agriculture.

Notes are published about apparatus, observations, and experimental techniques. Observations usually are limited to studies
and reports of unrepeatable phenomena or other unique circumstances. Review and interpretation papers are also published,
subject to standard review. Contributions to the Forum section deal with current agronomic issues and questions in brief,
thought-provoking form. Such papers are reviewed by the Editor in consultation with the editorial board.

Statistical Methods

Report enough details of your experimental design so that the results can be judged for validity and so that previous
experiments may serve as a basis for the design of future experiments.

Means separation procedures are frequently misused. Such misuse may result in incorrect scientific conclusions. Pairwise
multiple comparison tests (LSD) should be used only when the treatment structure is not well understood (e.g., studies to
compare cultivars).

Authors should be aware of the limitations of multiple comparison tests when little information exists on the structure of the
treatments (Carmer and Walker, 1985; Chew, 1980; Little, 1978; Nelson and Rawlings, 1983; Petersen, 1977; see also Chew,
1976; Miller, 1981). When treatments have a logical structure, orthogonal contrasts among treatments should be used.

Validation of Field Results

Experiments that are sensitive to environmental interactions, such as crop performance, usually should be repeated over time or
space or both.

Symposia Series

Manuscripts resulting from symposia having appropriate subject matter will be considered for publication as a compilation in a
single issue of AJ. Sets of manuscripts considered may originate from ASA, CSSA, or SSSA sponsored symposia or from
appropriate subject matter symposia sponsored by other organizations.

Symposia organizers desiring to publish a compilation of manuscripts in AJ must solicit the Editor with the following prospectus
materials: (i) title, location, and date of the symposium; (ii) the organization affiliated with the symposium; (iii) names, addresses,
telephone numbers, and email addresses of the solicitors; (iv) a short abstract (~250 words) outlining the overall purpose of the
symposium and reasons justifying why the manuscripts should be published as a compilation; and (v) titles and abstracts,
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written according to the Publications Handbook and Style Manual, for each paper to be considered for publication. Prospectus
materials may be submitted to the Editor during any time of the year. Symposia papers are subject to the usual page and
production charges for the journal.

Style

» Use a comma before the final item in a list of three or more items. For example: “Cores were inside plastic liners, capped, and
stored on ice...”

« Define all abbreviations at first mention in the abstract or text and again in the tables and figures. Once an abbreviation is used,
it should be used throughout the entire article, except at the beginning of a sentence.

* The Latin binomial or trinomial and authority must be shown for all plants, insects, pathogens, and animals at first listing.

« Both the common and chemical name of pesticides must be given when first mentioned. For example: “Atrazine (2-chloro-4-
ethylamino-6-isopropylamino-1,3,5-triazine) was included...”

« Identify soils at the series and family level, or at least the Great Group, at first mention. For soils outside the United States,
give both the local identification and the U.S. equivalent. Up-to-date

U.S. soil descriptions may be checked online (http://soils.usda.gov/technical/classification/osd/index.html).

* Sl units must be used in all manuscripts. Non-SI units may be added in parentheses.

« Spell out numbers one through nine, except when used with units. For decimal quantities <1, place a zero before the decimal
point. Use commas for the decimal separator. The comma is not

necessary for four-digit numbers (e.g., 73,722, but 7372).

* Use the 24-h time system, with four digits for hours and minutes (e.g., 1430 h for 2:30 p.m.). Report dates with the day first,
then the month, and the year last. Abbreviate months with more

than four letters (e.g., 14 May 2005, 7 June 2007, 10 Aug. 2000, or 26 Sept. 2007).

Manuscript Preparation
Submissions

Manuscript Central: Complete manuscripts should be submitted as Microsoft Word files at Manuscript Central. New users will
be asked to register at this site and will receive a User Name and Password.

Format: MS Word files may be submitted. File sizes are restricted to 15 MB. All sections of the manuscript should be double-
spaced. Use the page-numbering and line-numbering functions in your original file to allow discussion of particular sections of
the manuscript. TeX files are not accepted for review or production of accepted manuscripts.

Plagiarism: Authors, be aware that your papers may be screened for plagiarism. Our software product evaluates papers to find
significant duplication. If there appears to be major repetition from other sources, we will forward those papers to the AJ Editor
for further evaluation and action if warranted, and you may be informed as well.

Peer Review: All manuscripts submitted undergo peer review. Agronomy Journal has a double-blind review in that the
reviewers do not know the author names and the authors do not know the reviewer names. Therefore, authors should prepare
the manuscript with no author information (e.g., no byline, addresses/affiliations, acknowledgments, etc.; these items are
entered into the Manuscript Central metadata at submission and are hidden from reviewers. They will be added to a manuscript
at acceptance—see Final Accepted Manuscripts).

Take care to label tables and figures with reference to the paper’s title, not author names. Reviewers will be able to download
any files that you upload to the system, but will not have access to the protected metadata that you enter into text boxes upon
submission. Any identification in headers or footers should be similarly anonymous.

As a last consideration, authorship may be unintentionally revealed through such software features as document summaries. If
this is a concern, consult your local software experts. When authors submit, they will be asked to enter author and contact
information into the system database, and the Editor and Headquarters Staff will have access to this information so that they
can contact the authors about the outcome of the review and will use this information for processing accepted files.

See the Editors and Reviewers information page and the Policy for Appeal of Manuscript Review for additional information on
review policy.

Reviewers: Authors using Manuscript Central will be prompted to provide a list of potential reviewers. These reviewers must not
have a conflict of interest involving the authors or paper, and the editorial board has the right to not use any reviewers
suggested by authors.

Internal Reviews: If internal reviews are required at your research institution, these reviews must be completed prior to
submission to the journal. If a manuscript is altered on the basis of an internal review after acceptance, publication will be
delayed and the manuscript may be returned to the editorial board for an additional review.

Revision of Manuscripts: Authors have four weeks to review and return their manuscript following reviewer and associate
editor comments. Manuscripts may be released if revisions are not received, and the paper will have to be submitted as a new
manuscript.

Supplemental Material: Supplemental material may be included with articles at the discretion of the journal editor and
production editor. Authors are encouraged to submit material that contributes to the content and quality of the article. The
material must must be submitted along with the original manuscript for peer review. The production editor may limit the quantity
of supplemental material posted per issue. Extra images, video, or large tables are examples of appropriate supplemental
material. A supplement may consist of one or multiple files; pdf is recommended. If submitting videos please use the

format .FLV (Flash Video) with 640 x 480 or 720 x 480 (widescreen) as the resolution. If you do not have this format available to
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you please contact the Managing Editor. The following are not allowed: executables (.exe) of any kind, java script, TeX, or
PowerPoint. Additional figure and/or table charges will be applied for the supplemental material.

Manuscripts

Format: Manuscripts submitted for review should be MS Word files. File sizes are restricted to 15 MB. All sections of the
manuscript should be double-spaced. Use the page-numbering and line-numbering functions in your original file to allow
discussion of particular sections of the manuscript. When your paper is accepted you will need to submit a set of final files for
production. See Final Accepted Manuscript below for formatting requirements for those files.

Title: A short title, not exceeding 12 words, is required. It must accurately describe the manuscript contents.

Author-Paper Documentation: The submitting author should have sent each living co-author a draft copy of the manuscript
and have obtained the co-author’s assent to co-authorship of it. In a footnote on the title page, include all authors' names and
complete mailing addresses. Use an asterisk in the author byline to identify the corresponding author. Professional titles are not
listed. Other information, such as grant funding, may be included here or placed in an acknowledgment. From time to time,
author names are either added or deleted from a given manuscript between the time of submission and publication. In situations
such as this the ethical and responsible manner of handling this type of change is for the lead author to advise the author being
added or deleted of the addition or deletion and to notify, in writing, the Editor and Managing Editor of the journal.
Abbreviations: Include an "Abbreviations" footnote, which is an alphabetical list of abbreviations used in the article. Elemental
abbreviations and variables from equations should not be included. Example: Abbreviations: LAI, leaf area index; PAR,
photosynthetically available radiation; RUE, radiation use efficiency.

Abstract: An informative, self-explanatory abstract, not exceeding 250 words (150 words for notes), must be included. It should
state specifically why and how the study was made, what the results were, and why they are important.

Tables: Each table must be on a separate page and numbered consecutively. Do not duplicate matter presented in figures. Use
the following symbols for footnotes in the order shown: 1, 1, §, T, #, 1, ..., etc. The symbols *, **, and *** are used to show
statistical significance at 0.05, 0.01, and 0.001 levels, respectively, and are not used for other footnotes.

Figures: Authors are responsible for obtaining all permissions for use of figures from other publishers; supply these releases at
the time the accepted manuscript is forwarded for production. Authors are also responsible for obtaining permission from
individuals whose images are included in photographs. Please note that ASA-CSSA-SSSA reserves the right to publish and
republish any images you submit. Type figure captions in the word-processing file following the references. Authors can publish
color photos, figures, and maps. Label all figure parts. Prepare graphs and charts that will read well both on screen and as a
PDF file printed from an office-quality printer. The final journal will include a PDF version of each article that closely resembles a
printed journal; thus, make the figure type large enough to be legible after reduction to a final width of 8.5 cm (1 column) or 18
cm (2 columns). Authors can test a figure's legibility by reducing it to this size on a copy machine. Use open style or block letters
and heavy lines that don't disappear with reduction. Any legend for graph lines or symbols should appear in the figure itself
rather than in the captions.

References: The author-year system is required; numbered references are not allowed. Single-authored articles should
precede multiple-author articles for which the individual is senior author. Two or more articles by the same author(s) are listed
chronologically; two or more in the same year are indicated by the letters a, b, c, etc. The reference list can include theses,
dissertations, abstract publications, and accessible online material. Material such as personal communications or privileged data
should be cited in the text in parentheses. For chapters from books, include author(s), year, chapter title, editor(s), book title,
publisher's name and location, and pages. For proceedings references, include author(s), year, article title, editor(s),
proceedings' title, location, date, publisher's name and location, and pages. Authors should make sure that all references cited
in the text, tables, and figure captions are listed in the reference section and vice versa. Authors should also be sure that
spellings of names and dates of the references listed match the citations.

Nomenclature: Both the accepted common name and the chemical name of pesticides must be given upon first mention in the
manuscript. Use chemical symbols for elements and ions, except at the beginning of a sentence or in a title or heading. The
Latin binomial or trinomial and authority must be included with the common name for all plants, insects, pathogens, and animals
at first mention. When referring to soils, give at least the subgroup in accord with the U.S. system of soil taxonomy. Ideally, both
the series and complete family name should be given.

Sl Units: The International System of Units (SI) must be used. Corresponding English or metric units may be included in
parentheses after the Sl value.

Official Sources

Spelling: Webster's New Collegiate Dictionary.

Soil: For soil series names see the "Official Soil Series Descriptions" websitefrom the USDA-NRCS
(http://soils.usda.gov/technical/classification/osd/index.html). Amendments to the U.S. system of soil taxonomy (Soil Survey
Staff, 1975) have been issued in the National Soil Survey Handbook (NRCS, 1982-1996) and in Keys to Soil Taxonomy (Soil
Survey Staff, 1996). Updated versions of these and other resources are available at http://soils.usda.gov/. The Glossary of Soil
Science Terms (SSSA, 2001) is available online (https://www.soils.org/publications/soils-glossary). It contains definitions of
more than 1800 terms, a procedural guide for tillage terminology, an outline of the U.S. soil classification system, and the
designations for soil horizons and layers.

Scientific Names of Plants: A Checklist of Names for 3000 vascular plants of Economic Importance (USDA Agric. Handb. 505,
see also the USDA Germplasm Resources Information Network database, http://www.ars-grin.gov/npgs/searcharin.html).
Chemical Names of Pesticides: Farm Chemicals Handbook (Meister Publishing, revised yearly).

Fungal Nomenclature: Fungi on Plants and Plant Products in the United States (APS Press).
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Journal Abbreviations: Chemical Abstracts Service Source Index (American Chemical Society, revised yearly).

Manuscript Publication Fees

Membership in ASA is not a requirement for publication in Agronomy Journal. Page charges are as follows: No charge for pages
1to 7. Pages 8+ $100/page members, $200/page honmembers. No charge for tables and figures. Authors may purchase
reprints and PDF files. Reprint orders and publication charges are invoiced after the author returns corrected galley proofs.

Open Access Option

Authors may choose to make their paper open access for an additional fee of $800, above the usual publication fee. Authors
may purchase reprints and PDF files. Reprint orders and publication charges are invoiced after the complete issue goes online.

Final Accepted Manuscript

Sending the Final Manuscript: When your paper is accepted, the following are needed for production:

Word File for Editing (MS Word). TeX files are not accepted because they are not compatible with our copyediting and layout
system. Use keyboard formatting if possible (i.e., bold, super-/subscripts, simple variables, Greek font, etc.) and use MathType
or the Word equation editor for display equations. Submit tables in a word-processing format, not as graphics. *Notice for Word
2007 users: If you have equations, they must be composed using the Microsoft Equation 3.0 editor found under INSERT
OBJECT, or with another MathML format such as MathType. Do not use INSERT EQUATION, which creates images (when
converted) that cannot be used for typesetting. Regrettably, we will need to return any files created with Word 2007 that contain
equations created with INSERT EQUATION to the authors for resetting.

Figure Files. Files accepted are pdf, TIF, or EPS. Be sure to check the quality of the file before you send it. A single pdf file with
all figures is acceptable. If sending TIF or EPS files, please send one for each figure, joining multi-panel figures into one image.
EPS files often do not work if the fonts have not been converted to graphics. Name files with the manuscript number, figure
number, and file type extension. Artwork files should adhere to the following resolution settings: 300 dpi for line art; 150 for
photos. Color should be RGB rather than CMYK. Do not include figure legends or other extraneous text in a graphic file. Please
do not submit graphics as PowerPoint or Excel.
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