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General Introduction

The increase of CQn the atmosphere contributes to a greater inaneéwwfethe greenhouse effect
and thus global warming. Carbon sequestration bgtplhas become a tool (e.g. carbon credits)
that seeks, in part, maintaining and / or redudimgse levels of atmospheric €QAlthough
plants respire between 30-80% of the assimilated (LOveys et al. 2002), the rate of climate
change could diminish over time if they respondrimyeasing the photosynthetic activity in this
new environment. Concomitantly with the rise in ieommental CQ, it has been forecasted
increased temperature and decreased rainfall forymegions of the world (Solomon et al.
2007). The predictive models of climate change iptetidecline between 25-40% of rainfall for
the growing season in the next 70 years for Soettr@l Chile (Fuenzalida et al. 2006, Solomon
et al. 2007). Within this geographic area, there several forest types, being the evergreen
temperate rain forest the one that covers the saraea (INFOR s / f). However, this type of
forest is one of the rarest in the world (WWF). thermore, a number of metabolic processes in
plants are dependent on environmental conditioresn@chi et al. 2001, Flexas & Medrano
2002, Campbell et al. 2007), which largely deteenits responsiveness. Having predictive
models is critical to address the effects of clenahange on ecosystems and their component
species (Diaz-Espejo et al. 2012). Therefore, iteésessary to understand how Gfapture and
fixation in plants is modulated by the interactiohenvironmental factors and to what extent
these environmental factors determine the sucdesstablishment and survival of plants in their
natural environment.

The availability of resources, specifically lightcawater, is crucial to plant establishment,
species distribution, and community composition diversity (Nicotra et al. 1999 Rozenbergar
et al. 2007, Engelbrecht et al. 2007). Light in theest is the most variable and heterogeneous
abiotic factor in time and space. Much of it isemtepted by the forest canopy (Larcher 1980,
Valladares 2006, Pugnaire & Valladares 2007). Tioeeelight is likely the major environmental
limiting factor of growth and survival of many fatespecies that can influence stand-level
regeneration patterns (Nicotra et al. 1999). Thdioca# and horizontal canopy structure in
temperate and tropical forests determines lighilawdity in the understory, modulating the
amount of direct, diffuse, and total incident ligftppers et al. 1996, Valladares 2005,
Valladares et al. 2012). Diffuse light has beenvshdo make a high contribution in temperate



rain forest (Valladares et al. 2012), even to psytthesis (Pearcy & Yang 1998). In turn, direct
light (sunfleck) is scarce but highly important forderstory plants in tropical forests, because its
contribution is about 10 to 80% of the total phgtdketic photon flux density (PPFD) (Chazdon
& Pearcy 1986, Pearcy et al. 1994). Nevertheléss high photon contribution may decrease the
photochemical efficiency of photosystem Il undeadsh (Tobita et al. 2010). Hence, shaded
plants are exposed to low potential carbon gainahiyh relative cost of PSII repairing when
photoinhibition occurs, reducing potentially thebzan gain (Tezara et al. 1998, Valladares &
Pearcy 2002).

Regeneration of forest tree species is regulatedcdnopy height, seeds, soil type,
microsites availabilities, light intensity, and thige of gap-light formation (Welden et al. 1991,
Eriksson & Ehrlén 1992, Canham et al. 1994, Hubbelal. 1999, Kobe 1999, Modry et al.
2004). Light availability increases with gap sizéafiham et al. 1990, Denslow et al. 1990,
Galhidy et al. 2006). The smaller gaps seem taripmitant especially for the occurrence of mid
and shade-tolerant species (Hubbell et al. 1999¢ohsequence, many studies are concentrated
on shade-tolerance understanding. In turn, opess site stressful environments, due to high
irradiance (i.e. high photoinhibition risk) and pwaative demand, being the latter especially
relevant for shallow rooted seedlings (Bullock 200®Regeneration dynamics of plant
communities could be driven by seed and sproutirorig.g. Clarke et al. 2013). Most of the
studies on the ecophysiology of regrowth in ecasyst have been conducted in subjects with
recurrent severe disturbances, where much of thevegjoound biomass is removed and
regenerated from the substance of reserves (itbologdrates) (e.g. Goorman et al. 2011). In
ecosystems under a low-severity disturbance regspeguting of woody plants occurs in
absence of major disturbances, suggesting othetifural meanings of sprouting (Jenik 1994,
Peterson & Jones 1997), different to that well kndwnctions (i.e. exploitation, colonization,
reproduction, and persistence; van Groenenda¢l 2996, del Tredici 2001). Clonal integration
(i.e. the production of spreading non-splitted spgpsensu van Groenendael et al. 1996) is very
important for plants invading stressful microhatsitée.g. see Pennings & Callaway 2000). The
flux of water, nutrients, and photosynthates arectiely transported between parent-genet
plants (Mao et al. 2009, and references thereaicjersing the chance of survival of non-splitting

sprouts under abiotic stressful conditions (Wiettlal. 2009). In the high productive rain forests,



competition induces biotic stress and strongly meitees species assemblage (Kraft et al. 2008).
In these ecosystems, woody plants show almospatid of sprouting and most of them increase
colonization rates and thus competitive ability &y 1987, Jenik 1994). Nevertheless, few
studies tried to show some physiological lightdedidifference responses between seedlings and
sprouts. For instance, photosynthesis capacitieaitila pubescenkhrh andB. pendulaRoth
stump sprouts showed a better response duringir§tegfowing season than seedlings, which
could be related with leaf structure (Kauppi e2801). In turnfFagus grandifoliadoes not show
photosynthetic differences between its sproutssampiings, even when leaf traits (leaf mass area,
LMA) differ between them (Farahat & Lechwicz 201B).addition, a higher relative growth rate
has been shown in sprouts compared with saplingagdfi et al. 2001, Mufioz & Gonzalez 2009,
Farahat & Lechwicz 2013). Despite the profuse retfiophenomenon in the temperate rain
forest (Gonzalez et al. 2002, Gutiérrez et al. 200tre are no studies focused to determine the
functional ecological role of this putative reprotive strategy in regenerative dynamics of these
systems. Specifically, architectural strategiesligint capture and photosynthetic activity have
not been studied in depth for temperate rain fosggcies. Thus, regeneration strategies and
physiology of mid-tolerant species in a second-ghotemperate rainforest have not been fully
studied and remain unclear.

Tolerance of plant species to more or less lighailalility is determined by both
plasticity level, and by the arrangement of crowaits (Valladares & Niinemets 2007). This
adjustment is crucial for light capture, carbonakgt and survival of individual plants especially
in low light regeneration sites (Givnish 1988, Rga& Yang 1996). Concomitantly with the
seasonal changes there may be a decline in sarwatcause both soil drainage capacity and
yearly oscillation of rainfall (Davidson et al. 19ilson et al. 2000, Chaves & Oliveira 2004,
Fisher et al. 2007). In spite of this, foliar dgpteent and plant growth occur throughout the
season. Stress combination responses to light ater \availability occur frequently in natural
environments. However, this combined stress effbate been only recently addressed (Guidi et
al. 2008, Niinemets 2010, Cavatte et al. 2012, nes# al. 2012). Physiological, biochemical,
and molecular plant responses to low light are comiynopposite to those described for drought
(Smith & Huston 1989, Valladares & Pearcy 2002)thiis sense, leaf orientation could influence
light interception (Falster & Westoby 2003), whigharies with direct and diffuse light. For



instance, leaves of pioneer tropical tree specieseworiented to increase diffuse light
interception. This makes sense when low light atailed leaves are saturated at low PPFDs
(Ackerly & Bazzaz 1995, Muraoka et al. 2003), whiclearly represents a photo-protection
mechanism (Ort 2001). Under limiting light condit&) plant responses are focused to maximize
light interception and capture by increasing thacemtration of chlorophyll and proteins in the
antennas (Demmig-Adams & Adams 1992, Marsuki e2@0.3), leaf area ratio (LAR) (Kitajima
1994, Broncano et al. 1998, Gardiner & Hodges 1%2fitison et al. 1998), but decreasing leaf
thickness (LMA) (Abrams & Kubiske 1990), root:shaatio, and growth rate (Markesteijn &
Poorter 2009). In fact, shade-tolerant species wsti@ade regularly have higher structural
investment (Givnish 1988), greater leaf area pantpmass (LAR), higher specific leaf area
(SLA), and a poor initial root investment than shadtolerant species (Kitajima 1994, Lusk
2002). Meanwhile, these traits are reversed insawves. Light interception efficiency (or STAR:
ratio of displayed to total leaf area, averaged ¢he entire sky hemisphere; Farque et al. 2001,
Delagrange et al. 2006) has been shown to incraaseg contrasting crown architectures of
understory plants (Valladares et al. 2002). STARaffected by crown shape and leaf
arrangement in the crown (Valladares & Niinemet87)Gand decreases with high irradiance and
self-shading increment (Falster & Westoby 2003, aDeinge et al. 2006). However, the
architectural traits have been mainly studied ideorto compare the effect of light on shade
tolerant or intolerant species under differenttighailabilities (see Pearcy et al. 2005), which is
currently well understood. However, water avail@pishould be integrated to the analysis,
because the architectural traits are dependingrowtly and leaf area displayed, which could
relate with carbon assimilation (Falster & West@Q3).

Commonly, biomass allocation, physiological, biaoieal and molecular responses lead
to improve carbon balance as adaptive respondeghtaand water stress (Valladares et al. 2000,
Gratani et al. 2006, Coste et al. 2010, Wyka eP@l1, Egea et al. 2011). Several studies have
analyzed water stress effects on photosynthetianpeters (Limousin et al. 2010, Misson et al.
2010). In other studies, the authors have scalefiaump leaf assimilation and water relations to
higher levels (i.e. whole-plant, canopy, ecosyst&ambal et al. 2003, Bucci et al. 2004,
Santiago & Mulkey 2005). For instance, photosynthattivity at leaf level decreases due to the

increment of limitations provoked by drought andtogeny (Flexas et al. 2002, Grassi &
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Magnani 2005). In this sense, the individual leaff@rmance should depend on its acclimation
level to the prevailing environmental conditionsheT impact of acclimation to stress on
photosynthetic limitations of different leaf colertieployed under different environmental
conditions along growth season has been partidligliesd. Limousin et al. (2010) found
comparing two leaf cohorts of different growing s&as that leaf and canopy acclimation to
progressive, long-term drought occurred througmgbka in leaf area index, leaf mass per area,
and leaf chemical composition, but not through riicdliions of physiological parameters. In
addition, Mulkey et al. (1995) found that fully exded leaves produced during the early rainy
season showed lower photosynthetic capacities@rgkel mean longevity compared with leaves
of the end of the rainy season. The limitation lianp growth imposed by low water availability
has been commonly attributed to reductions in ptambon balance (Flexas el al. 2005, 2006).
Since there is structural and biochemical accliamto varying environmental conditions during
the season, it is logic to expect that under dffiérconditions plants will generate leaf cohorts
with different morpho-physiological traits. It malso be expected that the successive leaf
cohorts will show differential responses to lightdawater stress. Thus, differences in
photosynthetic limitations are expected along thmva. There are no records on limitations
analysis that integrate metabolic differences iafophotosynthesis at whole plant level in
relation to the seasonal availability of light amdter during the deployment of foliage during the
growing season. Therefore, it is unknown how phgttgetic limitations contribute differentially
to leaf cohorts deployed at different times, orrékation to carbon gain when plants are facing

such environmental variables during growth and bgreent.

Approaching to the problem

Eucryphia cordifoliaCav. is an abundant species in the Chilean evangiemperate rain forest
along its geographical distribution, specifically the south-central Chile. It has the ability of
regrowth from root suckers in undisturbed ardascordifolia has shown a high frequency in
both primary and secondary forests (Lusk & Piped720Lusk et al. 2011). Its preference for
recruitment occurs in rather shady sites. Howeitetan be found at sites of increased light
availability (Escobar et al. 2006, Figueroa et 2010). It is an economically and socially
promising and highly valued species due to its Iggality for use in construction, furniture, and



as lumber by its caloric value. Moreover, the neofahe flowers allows the production of high
quality honeybee, for the national and internatiomarket. This species responds well to
cultivation showing a high relative growth rate ¢&isar et al. 2006). Nevertheless, plantations of
E. cordifolia are difficult to establish in the field becausetlod high mortality of seedlings and
saplings after transplanting to open sites (Gomzateal. 1997, Donoso 2008), possibly due to
drought events during the growth season combindu lwigh solar radiation. This weakness may
be exacerbated by the predicted drier growing seatftan at present. This prediction fits very
well with recorded data at 30 km of the study éltepual Airport weather station: 41° 25' S, 73°
05' 85" W; Meteorological Office of Childattp://www.meteochile.gob.gl/ where rainfall has

decreased at a rate of 5.8 mm Vesince 1861 until today (more than 30% decreasethedast
150 years). Low water availability could affect pbgynthesis, growth, and survival of seedlings.
Moreover, shade and semi-shade plants might beciefipesensitive to water stress, generating
unknown consequences on regeneration dynamicssofyfhe of forest. Therefore, in addition to
study the recruiting behavior &. cordifolia in the field, it is required to disclose the effeof
light and water availability on its responsiveness the architectural and physiological
acclimation during the continuous leaf displayirigng the growth season. The results of this
thesis work will provide the basic ecophysiologiceldderstanding to develop more effective

procedures for restoration and field regeneratidahie species.

The following hypotheses are proposed:

1. Niche differentiation between sprouts and saplegends the regeneration niche towards
non optimal conditions for sexual recruitment. Thasproposed because of the role of
resources gaps colonization of the sprouts andhiey susceptibility to mortality of
Eucryphia cordifoliaseedlings.

2. Sprouts and saplings show similar crown architetttraits growing under similar light
environments, independently of the biological agd subsidy of the parent plant. In
addition,E. cordifolia sprouts show higher photosynthetic capacities fagtings, which
allows the higher relative growth rates.

3. Leaf cohorts oEucryphia cordifoliadisplayed during gradual increase in water deifircit

both high and low light preserve their biochemioatabolism compared against well



watered. Thus, they show a lower non-stomatal antigher stomatal limitation
contributions at crown level, explaining the deseeaf daily crown assimilation.

4. Well watered and water stressiEd cordifolia plants under low light conditions have a
similar effect on plant architecture and daily croassimilation. However, daily crown
assimilation balance of water stressed plants wseldoor even negative compared with
well watered.

5. E. cordifolia leaves displayed towards the end of the growteseahow higher rates of
gas exchanges, contributing more to daily crowinakgion than the older leaf cohorts.
This may be due to the acclimation response torenfiental conditions to which they
were subjected during the leaf-plant growth anceétgyment.

The general objective of this thesis was deterraitia¢ effect of light and water availability
on regeneration, architecture and photosynthetifopeance at crown level oEucryphia
cordifolia Cav.
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ABSTRACT

Sprouting is a widespread trait of geographicatlagical and taxonomical scales that allows
resource exploitation, space colonization, vegetatreproduction and post-disturbance
persistence. It is considered that persistenckeeiarost frequent functional role of sprouting in
woody plants. Here we propose that niche diffeegiotn between sprouts and saplings extends
the regeneration niche to suboptimal conditionsskxual recruitment. To test this hypothesis,
we sampled root suckers (sprouts) and saplingshef lbng-lived tree specieEucryphia
cordifolia Cav. in an even-aged coastal temperate rain forest. Janpenness was measured
over each recruit as a proxy of regeneration niSagling survival was checked after two years.
The entire forest canopy openness range was usad astimation of niche availability. Light
and microclimatic conditions were recorded for eliént canopy openness. Sprouts and saplings
occupied a narrow range of the canopy opennesstoé¢iae closest extreme of the gradient (4.8-
14.1%). The distribution of saplings was explaibgdhe lower survival of small saplings under
more open canopies, as a consequence of the imteratfect of higher evaporative demand and
radiation load in more opened canopies. Althoughnithes of sexual and vegetative recruits
slightly overlap (31% of the interquartile range average), sprouts inhabit the more opened
sites. Therefore, sprouts extend the regenerationento suboptimal conditions for sapling
establishment. Our results contribute towards emiplg the high colonization ability oE.
cordifolia in this kind of forest, whose composition is sglyndriven by gap dynamics.

Highlights:
» Saplings and sprouts Bucryphia cordifoliashow niche selection
« Sapling survival is driven by the interactive ssre$ drought and high irradiance

* Niche differentiation between sprouts and saplixgends the regeneration niche

Keywords: Niche breadth, root suckers, gap colonization,isgpsurvival, interactive abiotic
stress



1. Introduction

Sprouting is a widespread, ancestral trait, appgarn a wide range of ecosystems and lineages
(Wells, 1969; del Tredici, 2001; Bond and Migdl@@03; Vesk and Westoby, 2004). The very
high frequency of sprouting at both ecological daagonomical scales reflects its functional
diversity (van Groenendael et al., 1996; del Tred601); it allows populations: (1) to exploit
resources when they are scarce or heterogeneoustiyouted in the space (exploitation
function);(2) to increase the competitive ability fast colonization of gaps in high productive
ecosystems (colonization function); (3) to increesgroduction in stressful environments or in
species with low sexual reproductive success (chmton function); and (4) to regenerate
vegetatively after disturbances of different senesi(i.e. resproutingensuClarke et al., 2013;
persistence function). It is considered that clogwth in herbaceous species mostly allows
gathering resources, space colonization and reptioth) whereas the primary benefit of
sprouting for woody species is recovering aftetulisances (Peterson and Jones, 1997). In fact,
resprouting is a cornerstone trait determining lisgge to disturbances in woody plant
communities (Keeley, 1986; Bond and Migdley, 2001).

In ecosystems under a low-severity disturbancemegsprouting of woody plants occurs
in the absence of major disturbances, suggestimgr dtinctional meanings of sprouting (Jenik,
1994; Peterson and Jones, 1997). For instancealawowth by spreading non-splitting sprouts
is frequent in stressful environments such as mavstlands or tree-lines (Pennings and
Callaway, 2000; Peltzer, 2002). The subsidy of watagars and nutrients from parent plants
increases the chance of survival of non-splittifgosts under abiotic stressful conditions
(Wiehle et al., 2009). In the high productive r&imests, competition induces biotic stress and
strongly determines species assemblage (Kraft.e2@0D8). In these ecosystems, woody plants
show almost all forms of sprouting and most of themrease colonization rates and thus
competitive ability (Grubb, 1987; Jenik, 1994).

Opportunities of colonization in rain forests mgiolccur after canopy openness, such as
tree-fall gap formations (Denslow, 1987). Commordggxual regeneration is in competitive
disadvantage against sprouts due to their lowenttyoates during early developmental stages
(Farahat and Lechowicz, 2013). This is exacerbmteps where microsite conditions are likely
to become unsuitable for seedling establishmenrg. ifiteraction between the sudden increment
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of high irradiance and subsequent evaporative ddnmiargaps might lead to some level of

drought (Tognetti et al., 1994; Flexas et al., 299%is is especially true for shade saplings,
which present several traits towards the maxinoratf light capture, which are antagonistic to

those described for water stress resistance, iggult an exacerbated water stress sensibility
(Valladares and Pearcy, 2002). In these casesutspveould extend the regeneration niche to
suboptimal conditions where the chance of sexuauignent is low.

The regenerative dynamics of the coastal tempeeateforest of south-central Chile is
strongly driven by the occurrence of individualetfall gaps, which increases environmental
heterogeneity, thus allowing the coexistence dedéit plant functional types (e.g. Armesto and
Fuentes, 1988; Gutiérrez et al., 2008). Specificatjaps are suitable for the seedling
establishment of shade-intolerant species, whosevaliis negligible in deep shaded microsites
because the low carbon gain induces carbon stanvéBivnish, 1988). For intermediate shade-
intolerant species, such as the long-lived treeisp&ucryphia cordifoliaCav., small gaps seem
to be adequate for sexual recruitment (Lusk et24lQ6; Gutiérrez et al., 2008). This species
produces high amounts of viable seeds from an eadyonwards, which can be dispersed over
long distances (Escobar et al., 2006). Althoughmgeation is usually greater in understory
conditions, it is not negligible in gaps (Figueeoad Lusk, 2001). Therefore, the spatial pattern of
sexual recruitment dE. cordifolia(i.e. at intermediate canopy openness) is not egiliaby seed
availability and germination but by seedling estbhent and survival. In fact, although
seedlings of this species have been recorded inatedgliafter gap formation, most of them fail
to survive after two years (Gonzélez et al., 20823ddition to sexual recruitment, this species
profusely sprouts from roots, even in the absemcksturbances; contrary to sexual recruits, root
suckers show very low mortality (Donoso et al., 3;98eblen, 1985; Gonzélez et al., 2002). The
coexistence of the two regeneration mechanisnis cordifoliaand gap dynamics of the coastal
temperate rain forest provides an excellent modevialuate the role of sprouting in extending
the niche regeneration to limiting conditions fexsal recruitment. To test this hypothesis, we
addressed the following questions: (1) does nigiecton exist in sprouts and saplingskof
cordifolia?; (2) which environmental condition constrains shievival ofE. cordifolia saplings?;

(3) does niche differentiation between sprouts saplings extend the niche regeneration? In

order to fulfill these aims, we considered the ganopenness as a proxy of ecological niche,
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since it involves the availability of key resourdi® light and water (Brown, 1993; Maherali et
al., 1997).

2. Material and methods

2.1. Study site

This study was conducted during the growing seasdrZ011 to 2013 in a 30 ha secondary
coastal temperate rain forest located in southrab@thile (Katalapi Park: 41°3" S, 72°4%"

W, elevation ca. 90 m a.s.l.). The forest structoeesponds to ca. 35 years old even-age forest
where the taller individuals reach up to 10 m,Wwith some old-growth remnant trees. The study
site presents several open areas previously usechfte activities. For the last 27 years, the
forest has been protected from anthropogenic é&besa (logging, cattle), allowing for
regeneration of both sun and shade species. Thefrageent tree species axothofagus nitida
(Phill.) KrasserNothofagus dombeyMirb.) Oerst,Laureliopsis philippianaLooser) Schodde,
Aextoxicum punctatufR. et P.Eucryphia cordifoliaCav.,Drimys winteryJ.R. et G. Forster, and
several Mirtaceae (Saldafa et al., 2005; Lusk ardu@ra, 2011; Coopman et al., 2011).

This area presents a maritime temperate climatity annual rainfall of ca.1900 mm
concentrated between April to November (ca. 77%uahmainfall; data from 1861 to 2001;
Tepual Airport weather station: 41° 25' S, 73° 85" W; Meteorological Office of Chile,
http://www.meteochile.gob.gland a mild dry season during December to Marnclhis period,

the mean air temperature reaches 15° C, the laauestlative humidity range between 45-55%
and a 15-day-long dry period frequently occurs imitbach summer. Climatic details for the

study area are shown in Coopman et al. (2010).

2.2. Forest canopy openness

The forest canopy openness gradient was deternonefl transects 100 m long on average
randomly distributed along the forest. To ensurat twe included the entire light gradient,
transects were started in open sites located a¢dbe of the forest and continued through the
closed forest. Hemispherical photography was usetsi@¢asure canopy openness (Chazdon and
Field, 1987) by using a Coolpix 4500 digital camegaipped with a FC-ES8 fisheye lens (Nikon,
Tokyo, JP). A photograph was captured at 5 m imlsralong each transect at 40-60 cm height,
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resulting in a total of 161 photographs. The cameaa hand leveled and oriented so that the top
of the image faced north. Photographs were takenoomogeneous overcast days. The resulting
photographs were analyzed for the percentage afpgaaopenness (hereafter CO) with the Gap
Light Analyzer 2.0 software (GLA; Frazer et al.989.

2.3. Canopy openness and microsite environment

To relate CO with microsite conditions we recorgéabtosynthetic photon flux density (PPFD),
air temperature (Ta) and relative humidity (RHyéterent CO ranging from 2 to 100% (see Fig.
1). In the open site (100% CO), we used a Li-148 dbgger connected to L1250, LI 1400-104
and LI 1400-106 sensors (Li-Cor Inc., NE., USA).r Foeasurements inside the forest, we
installed H21-002 HOBO meteorological stations eted to S-LIA-M003 and S-THA-MOxx
sensors (Onset, MA, USA). Data were recorded amatute intervals from 2007 until 2013
(except 2010 due to technical troubles). The apoveressure deficit (VPD) was determined

according to Murray (1967):

VPD = Pv — ((RH/100)*Pv),
where Pv is calculated as follows:
Pv =0.611 exp [17.27 Ta/(Ta + 237.3)].

2.4. Regeneration niche

More than 90% of the surface area of the forest wsgected looking for saplings. Regarding
sprouts, previous observations indicated that trdy appear close to mature trees. Therefore,
sprouts were recorded in15 plots of 20€established around mature trees, in such a way each
plot covered a wide range of canopy opennessf{om big gaps to closed foresgucryphia
cordifolia sprouts from the root collar and from roots (reatkers; e.g. Veblen, 1985). However,
for the aim of this study, we only sampled rootkass, because basal sprouts are generally
associated to severe damage (persistence fundgark, 1994). Sampled recruits were taller than
2 cm in height but shorter than 175 cm. We excludéter recruits (i.e. taller), because
environmental conditions at the establishment twmeuld have been different to current

conditions. Each plant was carefully inspected rodgnized as originating from sprout or seed.
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Specifically, recruits were identified as sprouthenm they showed a “T-inverse” at the
underground level, meanwhile saplings did not slhow subsidiary root connection or root scar
indicating past connections. A hemispherical phph over plant apex was recorded (see
section 2.2 for details). If recruits were clusteamd the canopy structure was homogeneous over
them, one photograph was taken directly above thepgof recruits. Because the sensitivity of
woody plants to environmental conditions changdh tie ontogeny (Coopman et al., 2008), the
height of both sprouts and saplings was measurkdaplings, except 50 (that were harvested in
a parallel study), were tagged to check surviva fwears later (March 2013). A sapling was
considered dead when the above-ground biomass atalty thecrosed or when no leaves or
axillaries buds were observed on the stem.

2.5. Statistical analyses

For each CO, we calculated daily (from 7:00 to 090 90% percentile of PPFD and VPD. We
used percentile instead maximum and minimum valtesavoid extreme (non-frequent)
conditions. Then, the percentiles were averagedeBwh summer period (i.e. December to
February) and independently correlated with COeAftisual inspection, linear regression was
tested for VPD, whereas logistic regression wasduse case of PPFD. Because most
measurements were concentrated in the closed emlieotanopy openness gradient, we log-
transformed this variable.

Niche selection was evaluated by comparing theilligion of the CO for each recruit
type with those of the forest by means of the Kagorov-Smirnov test. Because we were aware
that sampling design would bias the distributiortted forest CO towards the upper extreme of
the gradient, we repeated the analyses excludiogettCO values higher than 31.4% which
corresponded to the 75% quantile of the forestadiition, we conducted similar analyses
comparing independently the distribution of for€® with that of recruits of different height
classes defined on the quartile basis. Height etaggere established separately for sprouts and
saplings to ensure a large enough sample sizeabr recruit type and height class.

Changes of the sapling survival probability alohg tight availability gradient and plant height
were analyzed by means of Generalized Lineal M@@&M), assuming a binomial distribution

error and logit link function, and tested by an lgsia of deviance (McCullagh and Nelder,

14



1989). Because of the high skewness of the digtoibwof saplings towards the shaded extreme
of the gradient (Fig. 2), differences in survivalder low light availability would be difficult to
detect with raw data. Therefore, CO was divided optartiles, and differences in survival tested
among CO classes. Plant height classes were defimethe same way and included as
independent variable in the model. Because theysisabf survival was conducted with a subset
of the initial saplings (see section 2.4.), heiglasses slightly differed from those established in
the evaluation of niche selection (see Table 1FEgdre 3). The canopy openness and sapling
height distributions for this subset did not sigrahtly differ from those of the initial set of
saplings P = 0.828 and® = 0.398 respectively in the Kolmogorov-Smirnovt}es

Comparison of the mean CO between sprouts anéhgaphas performed by means of
permutational ANOVA (PERMANOVA; Anderson, 2001). i$hstatistical tool was chosen
because the response variable was not normal apdransformation corrected this issue.
PERMANOVA analysis was conducted based on 10,00thyations with the functioadonis
of the library vegan of the R program (Oksanen, 2011). This functionleiss sensitive to
differences in the dispersion between groups thhersister functions (Oksanen, 2011).

To evaluate niche overlap between the two typesaiiits, the first and third quartiles of
CO for both sprouts and saplings were calculatéenT the 95% confidence intervals of the
quartiles were estimated by bootstrapping (n = A®,0They were considered significantly
different when the proportional overlap of the d¢dehce interval was less than 0.5 (Cumming,
2009). Finally, in order to evaluate if sproutsrgase niche breadth, we calculated the Levins’
index for saplings and saplings+sprouts accordin@adlwell and Futuyma (1971). This index
has been suitable for assessing niche breadtheirCth dimension in temperate rain forests
(Saldafia et al., 2005). The 95% confidence intereélthe Levins’ indexes were estimated by
bootstrapping (n = 10,000) and the proportionaklaypecalculated to test for differences between

saplings and saplings+sprouts.

3. Results

Canopy openness (CO) and photosynthetic photon demsity (PPFD) were related in a
threshold fashion, in such a way that PPFD abruptbreases from 10% CO (Fig. la).
Accordingly, vapor deficit pressure (VDP) was pivgity correlated with CO (Fig. 1b).
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Fig. 1. Changes in the 90 percentile of daily (frér@0 to 19:00 h) photosynthetic photon flux
density (PPFD) and vapor pressure deficit (VPDn@glthe canopy openness gradient for the
study area in summer (December to February). Disooous lines represent fitted models:
logistic for PPFD (R = 0.99) and linear for VPD (R= 0.35). Grey area indicates interquartile
range of canopy openness far cordifolia saplings. The estimated PPFD at 5% of canopy
openness (7.8mol m? s?) is quite similar to the light compensation pibEP) of E. cordifolia
saplings (5.31.2 umol m? s*). Notice the absence of VPD values at 10% of carapgenness

due to erroneous humidity data logging.

The Kolmogorov-Smirnov test indicates that neitBprouts nor saplings are randomly
distributed along the CO gradient of the study gRa0.001 in both cases; Table 1). Similar
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results were obtained when the higher CO value® w&cluded from the analyses (i.e. higher
than the 75% quantile of the forest 0®«0.001), indicating that such differences were dg

to the long tail of the distribution of forest C&nd thus to a possible bias in the sampling design.
However, whereas the distribution of CO for theetirwas mesokurtic (kurtosis = 0.23;=
0.280), the distribution of CO for sprouts and esgy for saplings was leptokurtic (kurtosis =
3.82, kurtosis = 16.85 respective 0.001 in both cases), indicating that most résrviere
concentrated around the corresponding mean valu€©o(Fig. 2). The fact that sprouts were
rare in very open sites supports our assumptiontitiey were not related to disturbances. When
comparisons were conducted independently for eaalght class, we found that the CO
distribution of sprouts significantly differed withat of the forest for all height classes except f
sprouts between 6 and 35 cm in height (Table 1).sBplings, we found significant differences

in the CO distributions for all height sapling das except for the tallest one (Table 1).

Table 1.P-values of the Kolmogorov-Smirnov tests comparigmapy openness distribution
between the forest and each recruit type (sprawdssaplings) oEucryphia cordifolia Analyses

were conducted pooling all height classes and iedégntly for each height class.

Sprouts Saplings

Height Height A P-value Height 0 P-value
class (cm) (cm)

All 6-164 297 <0.001 2-155 219 <0.001
Very small 6-35 74 0.488 2-9 55 0.012
Small 35-53 76 0.002 9-16 55 <0.001
Intermediate 53-87 73 0.035 16-30 58 0.028
Large 87-164 74 <0.001 30-155 51 0.089
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Fig. 2. Canopy openness distributionEofcordifolia sprouts, saplings and the forest in the study

area. Interquartile ranges of canopy openness Wé¢24.1, 4.8-9.2 and 4.9-31.4%, respectively.

Table 2. Analysis of deviance for the probabilifyE cordifolia sapling survival with canopy

openness (CO) and heights (H) classes.

Trait Df Deviance Residual Df Res!dual P-value
Deviance

All height classes

Null 168 232.14

CO 3 5.85 165 226.30 0.119

H 3 10.90 162 215.39 0.012

COxH 9 5.81 153 209.58 0.759

Overdispertion 1.38

75% smallest heights

Null 127 172.92

CO 3 9.03 124 163.89 0.029

Height 2 8.10 122 155.79 0.017

CO x Height 6 2.14 116 153.66 0.907

Overdispertion 1.36
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Survival probability increases with sapling heigbyt no differences were detected
among CO classes (Table2). However, when the tgllasts were excluded from the analysis,
differences between CO classes emerged, with gaplinvival higher in closed sites (Table 2,

Fig. 3); differences between height classes remdasignificant in this last analysis (Table 2).
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Fig. 3. Percent of survival d. cordifolia saplings for each canopy openness and heighteslass
Height classes were defined on the quartile b&sis.canopy openness classes, the value of the
upper limit of each class is indicated. Symbolsdate the mean survival for each height classes
regardless of the canopy openness. The sampléosieach combination of canopy openness and
height classes is indicated over the correspondarg Notice that height classes slightly differ

from the height classes shown in Table 1 (seeldettiie main text).
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Table 3. Results of the PERMANOVA analysis compgitine mean canopy openness between

E. cordifoliarecruit types (sprouts and saplings).

Explained variance

Df SS MS pseudoF P-value (%)
Recruit type 1 3555 3554.8 34.663 <0.001 6.2
Residuals 523 53637 102.6 93.8
Total 524 57191 1

The upper quartile of the CO of saplings (9.2%; tbtwapping confidence interval:
[5.2,11.3]) significantly overpassed the lower dimrfor sprouts (7.6%; bootstrapping
confidence interval: [7.0,13.4]). However, the naigartile ranges of the two recruits only
overlapped in a 31% on average (25% of the intetdgiaange of sprouts and 38% for saplings;
see ranges in the Figure 1 caption). AccordinggRMIANOVA analyses detected significant
differences in CO between sprouts and saplingsléTa Specifically, saplings were found, on
average, at more closed sites than sprouts. Coestguthe Levins’ index for saplings (B =
0.58; bootstrapping confidence interval: [0.52,0).68as significantly lower than the index for

saplings+sprouts (B = 0.70; bootstrapping confiéenterval: [0.66,0.73]).

4. Discussion

Sprouting as are productive strategy commonly acauistressful environments where seedling
establishment is negligible (van Groenendael etl8B6). However, sprouting under suboptimal
environmental conditions for sexual recruitment ldobe an advantage through regeneration
niche extension. This is the case of the long-lipgmheer tree specidsucryphia cordifolia
which has yearly sexual recruitment non-randomsjriiuted in the forest (Escobar et al., 2006
and this study). The range of canopy openness @OUpied byE. cordifolia saplings was
narrower than the entire CO gradient availablehia forest, and concentrated in the shadiest
portion (4.8-9.2% CO; Fig. 2), thus reflecting recbelection (Table 1). Sprouts also select for
the closed end of the CO gradient (7.6-14.1% C®JeTa, Fig. 2). Because CO ranges of sprouts
and saplings do not fully overlap, the regeneratiarthe is wider when both recruit types are

pooled together, instead of considering saplingsel This extended regeneration niche likely

20



explains whyE. cordifolia is frequently considered an emergent species (fasoet al., 2006)
despite the higher frequency of saplings in clostss.

The fact that both sprouts and saplings recruat t@ the closest extreme of CO gradient
could have different explanations. Shady habitdtssmrouts are likely due to the spatial
association with the parent plant and not to emwitental constraints, since juvenile non-
splitting sprouts are subsided by parent planto(@pet al., 2000; Wiehle et al., 2009). On the
contrary, saplings would maintain a higher depengeto environmental conditions. In this
sense, the scarcity of saplings recruiting at C®elothan 5% is likely determined by high
mortality at light intensities below their light mpensation point (LCP= 5.3+1j#mol m? s™;
Fig. Al supplementary data). Usually more than bélflaily CQ uptake is lost in respiratory
processes necessary for growth and maintenancel{iiret al.,, 2001; Flexas et al., 2006).
Consequently, these quite similar LCP and middagDPRvailability (7.3pmol m? s*: 90%
percentile of daily PPFD at 5% CO), mean that thdyebased carbon balance is severely
restricted, reaching frequently negative valuesadreement with our findings, a high mortality
of E. cordifoliaseedlings has also been reported by Lusk and @ 2002) at similar low light
intensity (12umol mi%s™).

At the other extreme of the CO gradient (i.e., enopen sites), both irradiance and
evaporative demand increases (Fig. 1). The pregariinfall regime induces low VPDs during
the beginning of the growing season. This allovesiBeg survival regardless of CO, despite their
small and shallow rooting systems, commonly deedopto the highly porous litter. In summer,
the interaction of increased VPD and the abrup a6 midday PPFDs from 10% CO would
generate water stress (Fig. 1A). During periodsinsufficient water supply, the otherwise
beneficial light conditions become excessive beeaak reduced carbon assimilation. This
imbalance leads to photoinhibition and photooxidgastress (Flexas et al., 1999). Consequently,
environmental conditions might become critical dgrithe short dry periods in summer (see
section 2.1) and likely explains the mortality ohal saplings at more open sites (Fig. 3).
Accordingly, survival of large saplings (29-155 amheight) were affected by CO (Table 1 and
2, Fig. 3), possible because their root systemsilaleeto supply water requirements even at more

open sites.
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Tree-fall gap formation is a key process drivirgg®tation dynamics and composition in
coastal temperate rain forests (Gutiérrez et Q082 The role of advance (i.e. pre-disturbance)
regeneration to refill gaps is well established r{§lew, 1987 and references therein). In this
regard, the extended regeneration nich&.o€ordifolia improves its competitive ability within
forest gaps. In fact, the fast gap colonizatiorEofcordifolia is not only due to its capacity to
reoccupy their own gaps (i.e. resprouting), whick quite frequent in temperate rain forests
(Gutiérrez et al., 2008), but also to growth stiatian of pre-disturbance sprouts in response to
gap formation (Gonzalez et al., 2002). In this sepse-disturbance sprouts might function as a
suppressed sapling bargeqsuGrime, 1979), able to grow and reach maturity wbenditions
become favorable (e.g. gaps), but become suboptonaéxual regeneration.

Here, we provide new knowledge on sprouting ecoltiggt also reveals important
implications for forest managemeriucryphia cordifoliais an economically promising tree
species, due to its fast growth, its highly ap@tsd wood, and the melliferous quality of its
flowers. The high mortality of saplings under theev@iling light and water availabilities of
opened canopies will be exacerbated in the stuely @ander the predicted 40% decline in summer
precipitation over the next 70 years (Fuenzalidalet 2006; Solomon et al., 2007). In this
scenario, current fail of sexual recruitment woudd exacerbated and forest regeneration
dominated by clonal growth, leading to a reduction the genetic diversity with the
aforementioned endogamous depression and susdgptibipathogens (Honnay and Bossuyt,
2005). Our results also highlight the relevancedigtinguish between vegetative and sexual
recruitment in relation to shade-tolerance and éoitg, which are cornerstone considerations in

regeneration dynamics studies and forest managdgivialtadares and Niinemets, 2008).

5. Conclusions

Eucryphia cordifolia saplings show niche selection, which is modulabgdthe differential
survival of small plants along forest environmergeddients. Sapling survival is mainly driven
by the interactive effect of water stress and higidiance. Sprouting allows regenerationEof

cordifolia under suboptimal conditions for sexual recruitmerpanding its niche regeneration.
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Appendix A. Supplementary material.

Photosynthetic light response curves:Measurements for seedlings were performed in
November 2012 in young but fully expanded leavesewstamped into the cuvette of an open
gas-exchange system with the Li-6400 led sourcéC{r Inc., Nebraska, USA). Block
temperature was kept at 18°C during all measuresr(eagistered leaf temperatures ranging 15-
19 °C) and vapor pressure deficit (VPD) at arouedk®a. Given the low photosynthetic rates of
these species and the small area (3) @hthe leaf cuvette, the flow rate was adjusteensure
that CQ differentials between the reference and the satip@As were > 4umol mol* air.
Photosynthetic light response curves were perforateal CQ concentration @,) of 400 umol
mol™?, and consisted in 10 different light intensitiestvibeen 0 and 100@mol m? s®. Desired
levels of PPFD were achieved using the Li-6400siegrce with a 90% red and a 10% blue light.
Mitochondrial respirationR,) rates were measured after darkening the plamt8Gamin. Leaf
absorptance off was determined with the Li-6400 LED light using spectroradiometer
(HR2000CG-UV-NIR; Ocean Optics Inc., Dunedin, USA$,described (Gago et al. 2013). Light
responses curve parameters were calculated withPti@osynthesis tool software (Li-Cor
Application Note #105).
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Fig. Al. Light response curve of saplings Bf cordifolia growing at field condition. Plant
canopy openness was ca. 5% CO. Light compensatidnsaturation points averaged (x SD)
were 5.3 (1.2) and 301.6 (71.2) pmof st, respectivelyn = 3.
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1. Introduction
The ability of regrowth is a trait found in a widange of ecosystems and lineages, suggesting
that it is an ancestral trait (Wells 1969, Del Ticec®001, Bond & Migdley 2003 Vesk &
Westoby 2004). The outbreak is considered a keyacher in the dynamics of communities
subjected to recurrent disturbances (e.g. Clarkealet2013). However, there are several
mechanisms underlying the outbreak of regrowth: g48xual regeneration mechanism (when
sexual regeneration is limiting), (2) vegetativelooization of space (when resources are
heterogeneously distributed in space), (3) incrkastwrage reserves (when resources are
limiting) and (4) regeneration of the biomass aftisturbance. While the first mechanism
involves vascular separation from the mother pldrg,remaining regrowth mechanisms require
genet remain connected (e.g. Groenendael et a6)199

Most of the studies on the ecophysiology of reglointecosystems have been conducted
in subjects with recurrent severe disturbances,revimeuch of the aboveground biomass is
removed and regenerated from the substance of vessefi.e. carbohydrates) stored in
underground organs protected from disturbance h&sd studies, it was determined that the
absorption capacity of the sprouts is substantiaifjher than the undisturbed adult plants (e.g.
Goorman et al. 2011). The differences in the raimmass / underground, appears to be the
mechanism underlying these differences, by an asgen hydraulic conductivity and therefore
stomatal conductance (Kruger & Reich 1993). Howeteiour knowledge, there are no similar
studies in volunteers not associated with sevesteidiances (i.e. the adult individual's biomass is
not completely eliminated). In these cases, thera change in the ratio biomass / ground, and
therefore, it is expected that there are changéseimbsorption. Although one study shows some
differences at the level of photosynthetic capabiyween root suckers vs. seedlingg-afus
grandifolia (Farahat & Lechowicz 2013), the results are canfusand preliminary.
Despite the profuse regrowth phenomenon in the ¢eate rain forest (Gonzélez et al. 2002,
Gutiérrez et al. 2008), there are no studies terdehe the ecological role of this putative
reproductive strategy in regenerative dynamicshesé¢ systems. The other related architectural
strategies for light capture and photosynthetiovagthave not been studied in depth either. The
temperate rainforest of Chile is mainly composedewérgreen speciegucryphia cordifolia
Cav., one species in this forest, lies betweenutdds 37-41° S. It is an evergreen shade semi
tolerant species (Lusk et al. 2008), which showaratteristics with respect to plasticity in
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leaves, self-shading, internodes which depend wit@mmental conditions. It usually grows near
the edge of the forest, but it can also grow in shade and full sun (Escobar et al. 2006).
Seedling establishment in full sun is limited kyhli and humidity (Escanddn et al. 2013, Chapter
). This species shows a remarkable capacity fgrongth, especially in spaces generated after
small perturbations (Gonzélez et al. 2002, Gut&et al. 2008), although regrowth has been
observed in undisturbed places. The ability to megate from seed occurs preferentially in areas
with lower canopy opening the volunteers (Escanetoal. 2013, Chapter I). However, there are
few studies which compare photosynthetic architattattributes and between volunteers and
young individuals. The aim of this work is to stuttye morpho-architectural features and
underlying carbon assimilation associated to regimowegetative colonization of space. Thus, to
assess whether the sprouts originated in the absdrsevere disturbance show assimilation rates
higher than undisturbed plants, as it has beenrtegpdor sprouts arising after the complete
removal of aboveground biomass, we compare thederés between root sprouts and seedlings
of E. cordifolia of similar size and age. The restricted rangegefsaand sizes used in this study

minimizes the effect of ontogeny.

2. Material and methods

2.1 Study site

This study was conducted towards the end of grosghson in Katalapi Park (41°81 S,
72°482" W, elevation ca. 90 m a.s.l.), within of ca. 3@nrgeold even-age temperate rainforest.
The park has been protected from anthropogeniasittes for the last ca. 20 years and therefore,
sexual regeneration of sun and shade tree spacfesguent. The plant growth activity is of 8.3
month (di Castri & Hajek, 1976). This area presentsaritime temperate climate, with annual
rainfall of ca. 1900 mm concentrated between ApriNovember (Escandon et al. 2013, Chapter
[) and a mild dry season during December to Mahshthis period, the mean air temperature
reach 15° C, the lowest air relative humidity ratgdween 45-55% and a 15-days-long dry
period frequently occurs within each summer. Thetpéynthetic photon flux density (PPFD)
can reach a maximum of 2200 at 35% of canopy oEn(@0). Climatic details for the study
area are shown in Coopman et al. (2010) and Escaedél. (2013, Chapter 1). A plot of 50 x

50m was delimited, in which one was able to foumsts and saplings.
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Fig 1. Left: Katalapi Park, yellow line represemfithe limits. Red circle indicate the site where

the study was conducted. Right: Study site withmforest.

2.2 Plant material

Sprouts and saplings were found and labeled carneipg. Height, growth of the season, and
relative chlorophyll content (SPAD) were measur&pecifically, SPAD measures were
conducted over three leaves of each individualt@ad averaged. Age estimation was conducted
according to growth scars. Finally, a maximum ofspBouts and 26 saplings were considered for

following analyses.

2.3 Light environment characterization

A hemispherical photograph was taken under diffliget and homogenous sky conditions
(cloudy days) to minimize variations due to expesand contrast (Valladares 2005, Valladares
et al. 2012). An individual photo above the apeswansidered. For that, a Nikon Coolpix 4500
digital camera (Nikon Corporation, Japan) equippeith a Nikon FC-E8 (182°) fish eye was
used. This camera was manually leveled and compéssted considering that the top of the
picture corresponds with the magnetic north. Tree@ssing of colored image files to determine
light characteristics corresponding to each phots wione with Gap Light Analyzer (GLA)
software (Frazer et al. 1999). It is well knowntttiee hemispherical photography is adequate and
accurate, especially in heterogeneous canopieggapsl abundances (Machado & Reich 1999,
Bellow & Nair 2003). The outputs were obtained froamopy structure and transmitted gap light

calculations (Frazer et al. 1999). The photo-dateeviractions of gaps from 160 sky sectors (36
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azimuth and 9 zenith regions) used to calculatartbielent radiation from all directions by the
standard algorithm of overcast sky (Steven & Uns$lwad980). The amounts of total, direct and
diffuse incident irradiance on a tilted or horiza@insurface when there is blockage of light from

the overlying forest canopy or topography were waked for each sprout and sapling.

2.4 Instantaneous measurements and daily crowmattin of gas exchange
Photosynthetic activity was measured with an IRGA400 (LiCor, Inc., Lincoln, NE, USA)
during the morning (9.00 to 13.00), where the maximgas exchange activity is reached in this
species (Morales et al., manuscript in preparatiBhptosynthetic light response curves (A-Q)
were performed over a one year-old leaf fully exqezhat 10 different light intensities between 0
and 1000umol m? s, [CO,] of 400 mol mot', and relative humidity of 65% + 5. To stimulate
the photosynthetic activity, plants were subjedte@ red (85%), blue (10%), orange (2%), and
yellow (3%) light supply with a led lamp. Dark résgion (Ry) was measured after 60 minutes of
leaf obscured in the same leaf where A-Q was recbréfor this latter, light condition was 0
umol m?s?, and the cuvette environmental conditions weresdrae that for A-Q. Leaf optical
properties (transmittance, reflectance and absocp)awere measured with the light source of
IRGA cuvette using a spectroradiometer (HR2000CGNIR; Ocean Optics Inc., Dunedin,
USA), following Gago et al. (2013). Given the lowgiosynthetic rates of these species and the
small area (2 cf) of the leaf cuvette, the flow rate was adjusteensure that CQdifferentials
between the reference and the sample IRGAs wergrrod mol™ air. Light compensation (LCP)
and saturation (LSP) points were calculated with Bhotosynthesis tool software (Li-Cor
Application Note #105).

In order to approach from leaf to daily crown askitron (DCA) and respiration (DCRd)
level, A-Q of sprouts and saplings was fitted usiQyrveExpert Professional V1.5
(http://www.curveexpert.net/USA). The resulting equation was used for deteatmns of

assimilation ratesA() at sunny and cloudy midday photon flux densitgraged (PPFDm; 11.00

— 13.00 h). PPFDm was determined from data of 5%anbpy openness (CO, the closer for CO

of sprouts and saplings, 4.4% and 6.7%, respeygjivegistered with HOBO micro stations at the

field for both sunny and cloudy days of summer seg$or climatic details, see Escandon et al.

2013, Chapter I). To achieve that, data of midd@§% CO was used to identified sunny and

cloudy days corresponding to PPFDm higher than 10861 m? s* and lower than 300 umol'm
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2 51, respectively. The resultingy was multiplied by leaf area @nof the plants (for this latter

see section 2.6), and 12 hours (in seconds). Rty cdawn respiration (DCRd), we considered
the sum ofRy and respiration in the lighR(), which were calculated by 12 hours following a
similar protocol used for DCAR was calculated as 0.5 tim&; (Gallé et al. 2011). Carbon

balance for both sunny and cloudy days was estarayesimple subtraction between DCA and
DCRd.

Fig. 2. E. cordifolia plant photosynthetically stimulated with a led [afsee above) at the field
before the gas exchange measurement. ObscureditBadluminum paper foRy measurement
(right).

Fig. 3.A-Q curves measured in the field with IRGA Li-6400.
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2.5 Plant architecture capture

Each plant was leaf-north marked, excavated remowaeefully from the field in a living soil of
sufficient width and depth to include the root syst Sprouts and saplings were put immediately
in containers and watered at field capacity. Afkes, plants were carried quickly to a field closed
laboratory and digitized in order to keep the asstural trait, especially for sprouts. Plant crown
architecture was obtained from 3D FASTRACK® (Pollusm Colchester, VT, USA) and
FLORADIG (CSIRO Entomology, Brisbane, Australiafte@re. The digitazing system involves
a magnetic signal receptor and pointer, which ald@ record spatial coordinates ¥, z) of a
whole-plant within three meters of a magnetic hgimés diameter. The digitation was conducted
on 29 sprouts and 26 saplings. In addition, basdl apical stem and peciolus diameter were
measured and used for plant architecture modelfnigaf file was created in a flat surface over

cartesian coordinates considering at least 25 poihthe leaf border. Virtual plants (Fig. 4) were

created from R software (R Development Core TeaffOp(package YplantQMC (Duursma &
Cieslak 2012), which one uses the same “plant” ‘e’ files that YPLANT (Pearcy & Yang
1996).

Sprout  Sapling

Fig. 4. Digitizing process (left). Resulting spramid) and sapling (right) plant after virtual
construction with Yplant-QMC. Black scale at righf0cm.
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2.6 Biomass allocation

After digitations, leaves were removed and scanneatder to obtain leaf area. Leaf area was
determined from each leaf-group of images usingsthitware ImageJ 1.47q software. Roots
were cleaned and washed before drying. Leaves,sstend roots were separated and kept in
paper bags and dried in a forced air oven for A& dat 60° C. Specific leaf area (SLA), Leaf
mass area (LMA), leaf area ratio (LAR), and leastem mass (LSM) were determined. SLA was
calculated dividing leaf area by leaf dry mass. LMAs calculated dividing leaf dry mass by leaf
area. LAR is the relation of leaf area and totalnplweight. LSM is the ratio between leaf and

stem dry mass.

2.7 Statistical analyses

In order to reach the statistical precepts, lightimnment (total, direct and diffuse light), leaf
area, leaf area ratio (LAR), specific leaf areaAjLdaily crown assimilation (DCA-sunny and
cloudy), and carbon balance (for sunny and cloudysyl were Log-transformed, while the
chlorophyll concentration was quadratic-transform@de-way ANOVA (Duncan tef® < 0.05)
was conducted over all the variables measureddardo determine differences between recruit
type respects. From virtual plants, STAR, SS, meahangle weighted by leaf area, and crown
density (AL/AC) were analyzed. From leaf opticabjperties transmittance, reflectance, and
absorptance were calculated and analyzed subje@edopy openness and daily crown
respiration (DCRd) were not normalized and finaligre assessed for differences with Kruskal-
Wallis test P < 0.05). Because of the age estimated (mean 3 $fsprouts (2.9 + 0.7) and
saplings (2.8 = 0.7) were not statistically difieré® = 0.88), they were not used as co-variables.
Statistical analyses were carried out with STATIGAY (StatSoft).

3. Results

3.1 Light availability

Saplings received significantly more diffuse antltdight than sprouts. There was no difference
for direct light irradiance between them (TableDiffuse light for saplings was almost two folds
than for sprouts. There were no differences wispeet to direct light irradiance, despite the

higher canopy openness of saplings than sprouts.
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Table 1. Light availability measured on sprouts aaglings ofE. cordifolia Canopy openness,
total, direct, and diffuse lightP-values of ANOVAs and Kruskal-Wallis (*) are shown

comparing each variable between sprouts and saplvigan + S.D. are showed. Sproats 42;

saplingsn = 30.

Sprouts Saplings P-value
Canopy openness (%)* 44295 6.7+ 3.26 0.001
Total light (mol photons fhday") 2.05 +2.04 2.87+1.55 0.006
Direct light(mol photons fAday?) 0.99 +1.23 0.93+0.80 0.47
Diffuse light (mol photons ihday™) 1.06 +0.85 1.94+ 1.06 <0.001

3.2 Architectural traits and biomass distribution

Mean leaf angle weighted by leaf areq énd leaf area did not show statistical differenffeg

5A and B). However, saplings showed in averagev@ia and higher leaf area than sprouts. The
components of crown architecture, crown density /L), self-shading (SS) and the index of
light interception efficiency (STAR) differed ststically between both sprouts and saplings (Fig.
5C, D, E, respectively). AL/AC and SS were higheR2ir% and 19% for sprouts than saplings.
Meanwhile, the STAR was lower in 4.6% for sproutsnpared with saplings. The explained
variance was a range of 13.7 to 23.7% for thesethariables (see insert table, Fig. 5F).

The biomass distribution of sprouts and saplingsrdit show differences between total
aerial biomass, but it did differ in their distriimn. Leaf area ratio was not significantly diffate
between recruits. On the other hand, sprouts dddchigher biomass to leaves (30.8%, stem
related; LSM) than saplings. Specific leaf areaAplwas lower in sprouts than saplings in
14.6%. Both LMA (total and expanded leaf cohortyavieigher in 13% for sprouts than saplings
(Table 2).
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Fig. 5. Architectural traits oE. cordifolia recruit types (sprouts and saplings) growing eldfi
condition.P-values of each variable are shown. Explained mads are in the right inferior table.
Weighted mean leaf angle (A), leaf area (B), craensity (AL/AC) (C), self shading (SS) (D),
light interception efficiency (STAR) (E), and exjlad variance (F) are shown. Mean + S.E. are

showed. Sprouts = 29; saplings = 26.
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Table 2. Leaf area ratio (LAR), leaf to stem masS\{), specific leaf area (SLA), leaf mass area

(LMA), and chlorophyll density of sprouts and sagk ofE. cordifolia P-values of ANOVAs

are showed comparing each variable between spesutssaplings. Mean + S.D. are showed.

Sproutsn = 29; saplings = 26.

Sprouts Saplings P-value
LAR (only aerial biomass; chy™) 91.94 +24.75 93.66+29.13 0.85
LSM (g g% 1.72 +0.80 1.19+ 0.54 0.02
SLA (cn? gt 142.9 +3.6 167.4+5.8 <0.001
LMA (all cohorts; g rif) 67.04 +£12.46 58.20+ 10.63 0.007
LMA (expanded cohorts; g 'R 71.35+10.14 61.55+10.97 0.001
Chlorophyll density (SPAD units) 36.1F% 6.03 46.21+ 4.48 <0.001

P> 0.05 comparing recruit types
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Fig. 6. Leaf transmittance, reflectance, and aliaoge ofE. cordifoliarecruit types (sprouts and

saplings) growing at field condition. Note that r@dk is showed in the axis. Mean = S.E. are

showed. Sprouts = 12; saplingsn = 11. No differences between sprouts and saplingse w

found.

3.3 Photosynthetic apparatus functioning

Chlorophyll density was significant lower in spreut21.7%) than saplings (Table 2). This
difference did not influence the leaf optical prajes (Fig. 6), where not significant differences
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were found for transmittance, reflectance, and igdtance P values are: 0.91; 0.068; and 0.32,
respectively). In spite of that, saplings showedigher absorptance and lower reflectance than
sprouts, while the reflectance remained almosttemgFig. 6).

—e— Saplings
—o— Sprouts

A, (umol CO, m?s™)
[+

6 260 460 660 8(I)0 1 oloo

PPFD (pmol m? s™)
Fig. 7. Light response curve Bt cordifolia recruit types (sprouts and saplings) growing eitfi
conditions. Plant canopy openness was 4.3% + Wd%a&® + 0.6% CO (mean * S.E.) for sprouts

and saplings, respectively. Dotted liné\igzero. For both recruit types,= 3.

Net assimilation of C®in response to light intensity showed a lower nmaxn in sprouts
than saplings in 42.5% (Fig. 7). The analysis eflight response curve determined that sprouts
had a significant lower LCP (49%) and LSP (55.6B&)ntsaplings.

The scaling up from leaf to daily crown assimilatid®dCA), using the light response of
both sprouts and saplings, and the PPPFm averagexiiny and cloudy days during summer
time, showed not differences between recruits f@ABsunny neither for his carbon balance
(Table 3). Regardless, sprouts had a lower DCA-gamd carbon balance (ca. 28.6%) than
saplings. Nevertheless, cloudy days showed a gignif negative impact on saplings DCA and
carbon balance. The DCA /DCRd ratio between sprants saplings showed almost the same
relation of CQ assimilated to C@respired for sunny days. Meanwhile, this ratio was two
folds higher for sprouts than for saplings in clpuaidys.
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Fig. 8. Light compensation (A) and saturation (B)mps of E. cordifolia recruit types (sprouts

and saplings) growing at field condition. Mean E Sare showed?-values are showed.= 3.

Table 3. Daily crown assimilation (DCA) and resfiva (DCRd), carbon balance (Cbal), and
absolute ratio DCA/DCRd estimation for sunny andudly days. Means = S.E. are showed.
DCRd was subjected to Kruskal-Wallis teBt € 0.05) for comparisons (*). Sprouts= 29;

saplingsn = 26.

Sprouts Saplings P-value
DCA-sunny (mmol C@plant" day") 1.69 +0.2 2.37+0.36 0.13
DCA-cloudy (mmol CQ plant* day™) 1.02 £0.12 0.72+0.11 0.038
DCRd (mmol CQ plant* day*)* -0.1 £0.01 -0.13+0.02 0.18
Cbal-sunny (mmol C@plant’ day™) 1.53 +0.19 2.24+0.34 0.13
Cbal-cloudy (mmol C@plant* day) 0.92 +0.11 0.59+0.09 0.01
DCA-sunny/DCRd ratio 18.41 18.36
DCA-cloudy/DCRd ratio 10.63 5.54
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4. Discussion
Previous studies have shown a faster growth andoliige space b¥. cordifolia sprouts ten
years after ofChusquea quiladieback, concomitantly with a high mortality ofptiags in the
coastal temperate rain forest of southern Chilg (dufioz & Gonzalez, 2009). However, in this
latter forest regenerative study, light environmeatchitectural traits and photosynthetic
apparatus functioning details of sprousssaplings were not considered, as in many othegs (e
Donoso et al. 1985, Gonzalez et al. 2002). Besitlbéas been demonstrated that sprouts inhabit
preferentially in sites with higher light availabjl than saplings. Nevertheless, they also share
some light recruitment sites within the secondaiy forest (Escandon et al. 2013, Chapter 1). In
this study, sprouts and saplings were found in gé@njlar canopy openness (CO), which showed
a 2.2% of difference between the both recruit tydéss difference was enough to differentiate
the amount of daily total and diffuse light irradé@ between them. But, it was not the case with
direct light irradiance (Table 1). Therefore, Itdemonstrated that the increment of the CO in
understory did not necessarily entail an increnielirect light irradiance. The small magnitude
of change of CO in the understory showed a higloatribution to diffuse light availability,
which influences directly the difference of totajht irradiance for plants in the understory.
Under shade, diffuse light is considered an impariaput of photosynthetic flux density,
because it is coming from the all blue hemisphee @enetrates the canopy uniformly from all
directions (Parent & Messier 1996). Thus, the laghtl availability could drive accordingly
architectural, morphological, and photosynthetts$rin tree species (Pearcy & Valladares 2004,
Pearcy et al. 2005, Valladares et al. 2012). Howeawese light availability conditions did not
determine some of the architectural traits for gdFig. 5) neither morpho-anatomical ones
(Table 2). Crown density (AL/AC) was higher in spt® than saplings, involving a higher self-
shading (SS) and, consequently, lower light intatioa efficiency (STAR). This latter
architectural response to low light availability apposite to that expected for plants growing
under this light condition, and especially for gkamf the same species, supposing a global
pattern in response to light regardless the planegis. Even, taking into account just saplings
randomly distributed in Katalapi Park under CO lowlan 20%, neither STAR nor SS were
affected by COr(= -0.03,P > 0.05;r = 0.05,P > 0.05, respectively; Fig. Al). This, in part
determines a low plasticity of this both architeaturaits to light availability considering the
change of PPFD at CO higher than 10% (Escandoh 2053, Chapter 1). Compared to sprouts,
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saplings showed a better response under diminisfigidavailability. This is why saplings had a
lower AL/AC and SS, and a higher STAR than sprowtsich agrees with most literature reports
for temperate forest (Flaster & Westoby 2003, Delage et al. 2006). Thus, our results suggest
that sprouts differ in the strategy for light irdeption and, may be, for light capture. This could
be explained by 1) the parental subsidy receivesoguts and/or 2) a different functional role of
the sprouts related with his parent plant (Farahdtechowicz 2013, Escandén et al. 2013,
Chapter I).

Light is considered the most important determinainvariation in leaf traits (i.e. SLA,
LMA, LAR) (Poorter 1999). Our results show that l§ags SLA was higher and LMA was lower
than in sprouts. Some reports suggest that a char§jeA allows a change in STAR in the same
direction, which is an important trait for lightt@rception irnE. cordifoliasaplings showed herein
(Schieving & Poorter 1999, Lusk et al. 2011, alee &ig. Al). Consistently, the lower SLA of
sprouts decreases their STAR. Moreover, the highé under shaded environments allows an
improvement of the probability for light intercemti at the same weight of biomass. Then, a
likely increment in light capture and carbon fixaticould be possible. The rate of change of
morphological traits (i.e. SLA and LMF) would afteelative growth rate (RGR) in the same
way of the rate of change of morphological traitshe other components that determine RGR
are kept constant (Poorter & Nagel 2000). It hasnbeported thdE. cordifolia saplings do not
have enhanced light interception efficiency undede during early stages of the ontogenetic
development (Lusk et al. 2011). Leaf mass area (LMAs higher in sprouts than saplings,
which agrees with values reported by Farahat amtidweicz (2013), who compared root sprouts
and seedlings dfagus grandifolia Moreover, LMA of sprouts was lower than high-ligt and
higher than shaded plants Bf cordifolia grown in a nursery (e.g. Morales et al., manusaenp
preparation). This is also contrary to that foundhe field for several shade-and mid tolerant
species of the temperate rain forest (Lusk 2008sidering the inverse of specific leaf area as
LMA). These morphological differences could be aseguence of the higher investment in leaf
mass than for stem mass (Table 2), independentligeohigher investment of saplings in stems.
Leaf chlorophyll density was significant lower f@prouts than saplings under low light
availability, which have a remarkable differencghathat shown in other studies (Givnish 1988,
Farahat & Lechowicz 2013). This suggests that gprteaf nitrogen investment was likely for
enzymatic components than for the increment ot logipture. In this sense, the previous analyses
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suggest that architecture and leaf morphology odigs had sunny plants characteristics and that
could be driven by some subsidy from the parenitpla

The photosynthetic capacity in response to lighs welatively lower for sprouts than
saplings. This difference is widely reported foadbd compared to sunny plants (Givnish 1988)
and also for temperate rain forest species (Lugk2p0This lower photosynthetic capacity of
sprouts could be attributed to the lower light sation point (LSP) than in saplings.
Concomitantly with this, sprouts showed a lowehtigompensation point (LCP) than saplings.
Therefore, sprouts had a lower light requirementéaching their maximum assimilation rate of
CO, and to compensate their leaf respiration, compaoedaplings. Nevertheless, the lower
chlorophyll density and photosynthetic capacity estsed in sprouts likely means that the
nitrogen investment is not allocated to enzymatacimnery neither to chlorophyll. Hence, the
photosynthetic apparatus of sprouts had an indepenésponse to light. Sprouts also had an
architectural and morphological poor response dhtliavailability, suggesting a lower cost of
maintenance than in saplings. In this case, spraots saplings oE. cordifolia showed a
significantly different photosynthetic responselight than the sproutss seedlings studied by
Farahat & Lechowicz (2013). However, Kauppi et (@001) reported that stump sprouts of
Betula pubescensnd B. pendulashowed a better photosynthetic capacity during ftirst
growing season than seedlings. They attribute thidéerences to the differences observed in
mesophyll structure and the nitrogen and chlordplogntent. Here, the differentiated
photosynthetic capacity could be determinant fabea balance, especially in saplings that,
indeed, do not have a parental subsidy. Our esomaif daily carbon assimilation (DCA),
respiration (DCRd), carbon balance (Cbal), and e between DCA/DCRd suggest that
saplings could be more negatively affected duriegday days than sprouts (Table 3). This could
be explained by the slightly higher maintenance cbsaplings (Table 1). This estimation just
considered summer time. The carbon balance ofrggphlong the rest of the year is unknown.
Winter assimilation and respiration rates of Gfere measured. As results, mean assimilation
rates at PPDF 400 umol s* was negative for seedlings growing at canopy ogssi{CO)
lower than 6%, and slightly positive for >6% COdFA2). Meanwhile, the mean respiration
rates at <6% CO were higher than the respiratienved under light condition, and for saplings
at >6% CO lower than saplings at <6% CO (Fig. ABwever, the sapling carbon balances at
>6% CO could be slightly positive (Fig. A2 and FA). Perhaps, saplings &f cordifoliawill
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have a negative carbon balance during the yeamlynbecause the decreasing proportion of
sunny days and the increment of cloudy ones. Howyé@vieas been suggested that saplings had a
high mortality due to the environmental conditioggecifically related to the PPFD incident and
water demand (vapour pressure deficit; Escandoal.e013, Chapter I). However, carbon
balance and climatic environmental conditions cdiddelated and together perhaps explain the
high mortality reported for saplings Bf cordifolia

With this study we provide new knowledge about diterences between sprouts and
saplings ofE. cordifolia in terms of light interception, leaf morphologyndaphotosynthetic
apparatus functioning. This is the first time tlaeé leaf optical properties components are
showed for both sprouts and saplings of one terpern forest species. The results here
exposed also allow us to say that field works \itlcordifoliadeserve an especial consideration

about the origin of plan material used for analysfeshade-tolerance and forest dynamics.

5. Conclusions

Despite that saplings inhabit sites with slightlgrhlight availability than sprouts (this Chapter),
they showed architectural, morphological, and bémeital traits that potentially increase light
interception efficiency at leaf level, and, therefocould drive a higher daily crown assimilation
for sunny days. This fits with the maximum ratecafbon assimilation, light compensation, and
saturation points, with the cost of maintenance.

Sprouts definitely are different from saplingst his assumption is difficult to observe
with the naked eye under field conditions. Alse thfferences showed herein that minimize the
strategy of light capture and the non significaadluction in carbon assimilation and carbon
balance should be explained with a different kihémalysis. These methods should analyze the
degree of parental subsidy, or the direction offtb flux between sprouts and parent. The use
of these procedures is essential to determineuhetibnal role of sprouts within the temperate

rain forest.
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Appendix B. Supplementary material.

Table B1. Spearman correlations of architecturaitgrfor sprouts (A) and saplings (B) Bf
cordifolia. Coefficients are showed in columns. Probabilities showed in rows, above the
diagonal values = 1.00.

A

Sprouts STAR ALAC SS Leaf area
STAR 1 8.50E-05 1.30E-07 0.12
ALAC -0.74 1 8.90E-05 0.47
SS -1 0.74 1 0.09
Leaf area -0.29 -0.14 0.32 1

B

Saplings STAR ALAC SS Leaf area
STAR 1 6.50E-06 0 0.01
ALAC -0.76 1 9.30E-05 0.74
SS -0.99 0.78 1 0.01
Leaf area -0.48 0.07 0.51 1

51



=
m

=
wn

=
I

STAR & 55 (™ m)
(o)
i

=
b

01y

0.0

ng

0o

STAR &SS(m my

nn

04 r

06
2y = STAR =)
. o Self-Shading 1 . Llos
s . + %, . g F=-000 |ls__.__.¢:’.r . . ¥=-0.4ns
. . * 1 . Ty =04
[
T+ 0.3
[
o o o - a @ o 102
o v o — a = % r= 026 ns
e e, a T r=0.05 nsk 2 o c = IR
o a
1 N 1 N 1 N N N N 1 1 N 1 N |:||:|
4 o] m 12 14 16 18 20 20 30 40 =0 B0
Canopy openness (%) Height (crm)
0k
()l ]
r= 049
» L] 19
™ - * %
'r= TE] L] LY 104

10

20 30
Mumber of leaves (un)

40

- 0.0
80 100 120 140 160 180 200 220 240 260

sLa emt gy

i

STAR & S5 {m m

STAR & S5 (mr m™)

Fig. B1: STAR (filled circles) and Self-shading dtn (SS) (empty circles) dt. cordifolia

saplings correlations with CO (A), height (B), nuentof leaves (C) and SLA (D). Pearson’s

correlation significance is as follows: **0.00R<0.01; *0.01¥<0.05; ns>0.05.

52



Gas exchange measurementdleasurements for seedlings were performed in Jodyl 2n both
leaf cohorts (LC) younger (LC1; fully expanded) asider (LC2) leaves were clamped into the
cuvette of an open gas-exchange system with th@4Q0 led source (Li-Cor Inc., Nebraska,
USA). Given the low photosynthetic rates of thesectes and the small area (23 mf the leaf
cuvette, the flow rate was adjusted to ensure@@tdifferentials between the reference and the

sample IRGAs were > gmol mol” air.

Maximum assimilation Ax) and dark respirationR{) rates were performed at a €0
concentration@,) of 400umol mol*. Ay consisted in 4 to six measures per seedling aj#af
m? s’. The Li-6400 led source with a 90% red and a 10@& tight. Ry were measured after

darkening the plants for at least 30 min on theeskraf wheredy was measured.
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Fig. B2: Net assimilation rate of two leaf coho(t<) of E. cordifolia seedlings at different
canopy openness (CO). LC1 is the older and PC2¢hest leaf cohort. Average between LCs

for the three different ranges of CO are showdkdficircles).n=19.
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Chapter IlI

Crown photosynthetic limitations of Eucryphia cordifolia Cav. plants displayed under
different light and water availabilities
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1. Introduction

Plants depend on the availability of heterogengessurces during their development and life
cycle in natural environments. The availability water in the soil is affected by both soil
drainage capacity and yearly oscillation of raih{&lavidson et al. 1998, Wilson et al. 2000,
Chaves & Oliveira 2004, Fisher et al. 2007). Conitantly with the seasonal decline in soil
water during the plant growing season, foliar dgplent and plant growth occur throughout the
season. Thus, these two events occur simultaneobslyhermore, the spatial and temporal
heterogeneity of light limits growth and developrmeaused by either excess or deficiency. As a
result of the integration of environmental factgotants are a product of their environmental
history. Therefore, the development and architettamrangement of the crown is modified from
the optimum if environmental conditions have chahggnificantly (Pearcy & Yang 1996,
Valladares & Niinemets 2007). Hence, architectagether with the biochemical processes of
the plants are modulated as to maximize profitsramimize losses (Givnish 1988, Valladares &
Niinemets 2008).

Photosynthesis is a critical process for plant gnowhe rate of photosynthetic carbon
fixation in a plant may be limited by metabolicalguboptimal abiotic factors such as
temperature, and availability of water and ligher@ghorowicz et al. 1981, Sharkey & Loreto
1993, Bernacchi et al. 2002, Flexas & Medrano 2008 processes that determine carbon gain
(An) (i.e. stomatal conductancgs), substomatal COconcentration;), electron transport rate
(Jmay, @among others) reduce their rates at the leadl lduring stress water. However, they may
partially or totally recovered when water availdiilncreases at ground level (Souza et al. 2004
Gallé et al. 2009). It has been observed, howetat, the maximum speed of carboxylation
(Vemay Was not affected during water stress (Gallé eR@09). In addition, the variation of the
relative growth rate at whole plant level tree spegrown under contrasting light environments
has been explained mainly by the photosynthetie aad the proportion of plant leaves than by
any other variable alone (Walters et al . 1993k Ttreased sensitivity of enzymatic allometric
variables in juvenild®’icea asperatavas caused by water stress at low light availghiNang et
al. 2008). Therefore, growth and establishmentlangs at high light and shade may be limited
primarily by the available water.

The limitation of photosynthetic activity has begidely studied under different levels of
water availability at the leaf level. These limitets have been quantified through the limitation
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by gs, mesophyll conductanceg,), and biochemical limitations (Grassi & Magnani08). The
first of these is generally the earliest producthef stomatal closure induced by drought, causing
the major limitation of the diffusion of CGrom the atmosphere to the interior of the lamina.
The second is directly related to the internalstasice to C@diffusion from the substomatal
cavity to the site of carboxylation in the chloragts (Flexas et al. 2008). Finally, biochemical
constraints have been described as the decredbke mapacity of carboxylatioV{mnay and the
regeneration of RuBP (Grassi & Magnani 2005, Gatéal. 2009, Flexas et al. 2009).
Specifically, it has been shown that water defadfects CQ diffusion components while light
regulates the synthesis of ATP for the regenerattdnRuBP, affecting photosynthesis
biochemical component (Flexas & Medrano, 2002; &eat al. 2002, Grassi & Magnani 2005,
Gallé et al. 2009, Flexas et al. 2009). Therefsus, plants show metabolic rates and differential
photosynthetic limitations to maximize carbon gainhe crown level.

Since it is complex integrating several stressacslavels of analysis on plants during an
experiment, several studies have applied short-tactors of stress disregarding leaf acclimation
and climbed from a leaf level to higher levels (eng canopy, ecosystem; Bucci et al. 2004,
Santiago & Mulkey 2005). Unfortunately, this typesgoaling is far from what actually occurs at
the crown level. Until now, neither the photosynitiénduction time, nor the analysis and
quantification limitations of photosynthesis haveeb considered (e.g. Lusk et al. 2011).
Moreover, it has been shown that 8@ gs, Vemax @nd Jmax decrease with leaf age, which also
vary along the profile of the crown according te #ngle of incidence of light (Wilson et al.
2000 Xu & Baldocchi 2003 Kikuzawa & Lechowicz 2004lard et al. 2008, Monti et al. 2009,
Whitehead et al. 2011). Therefore, the coexist@ideaves of different ages, morpho-anatomy,
and structures (given the continued deploymentoblde during the growing season) would
mean that different portions of the crown differelty assimilate more or less carbon according
to their partial or complete acclimation to lightda/ or drought, and thus affecting the carbon
balance from the crown. The present study shows ti@nvlimitations of photosynthesis are
modulated at the crown level and what is the cbation of different foliar cohorts deployed

under different light and water availability.
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2. Materials and methods

2.1 Plant material and growth conditions

One-year-olcE. cordifolia plants were grown from seeds collected at a Vadicoastal forest
under high light and water availability. Two monthefore bud sprouting, plants (mean £ SD
height = 19.7 + 0.3 cm) were placed in 5.8 | potthwerlite:peat moss (4:1 v/v) and 3 g/l of
Basacote 3M (COMPO, Minster, Germany). Pots wermtaiaed orientated to the magnetic
north direction. To achieve this, the magnetic mavas fixed with a reference point inside the
nurse, and was marked on the pots using a compagslight treatments combined with two
water availabilities were applied one month befawnd sprouting, and were maintained 180 days
along the growing season (Oct-Mar 2012). Light ttremts were full and 7% of sunlight
(hereafter high light: HL and low light: LL) readhdelow polyethylene greenhouse covering
(52% PAR transmittance at plant canopy). Light atienuated with three layers of neutral shade
meshes. During the second week after budbreak miB&dDs of 5 sunny days (mean + SD)
were 1108 + 63 and 46 + 5 umol“s* reaching integrated quantum fluxes (IQF) of 26.4.2
and 1.2 + 0.2 mol thday” for HL and LL, respectively. These values wereskd because they
correspond ca. to percentile 10 and 90Eof cordifolia regeneration evaluated in a 30 ha
secondary coastal evergreen temperate rain faveated in South Central Chile (Katalapi Park:
41°318" S, 72°4R" W) (Escanddn et al. 2013, Chapter 1). Within eligifit treatment a block of
80 plants was well watered (WW) and other block sagjected to moderate water stress (WS).
Moderate water stress was defined as 65% decreage respect to WW plants (Flexas &
Medrano 2002)gs was determined daily within the period of its mmaxim (9:00-13:00 h) in 7
plants per treatment using an IRGA (LI-6400XR, lorGnc., NE, USA). Evapotranspiration was
determined by weighing the pots daily at 18:00 hWWlants were daily irrigated to field
capacity. Hence, water stress intensity was cdattalaily as a function ajs and the restitution

of evapotranspirated water to maintginin the range of 70-80 mmol.® m?s™. In order to
expand the individual level of water managemeng, ghof the remaining plants were daily
measured with a SC-1 porometer (Decagon Devices Washington, USA). The relation
between bothgs was fitted by a polynomial regression (curve findenction, Curve Expert
Professional software (v.1.2.0, http://www.curveentmet/,USA allowing individual irrigation

control using LI-6400XRys estimated values.
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Air temperature, relative humidity, and PFFD weeearded every 10 s at HL and LL
with meteorological stations (H21-002 HOBO, conedcto S-LIA-M003 and S-THA-MOxx
sensors, Onset, MA, USA). IQF was determined asstime of PPFD during the photoperiod.
With the aim of improving the description of theepailing environmental conditions during
photosynthetic functioning, daily average valuesiotemperature, relative humidity and vapour
pressure deficit (VPD) were calculated within thetoperiod at PPFDs higher than 100 pmol m
’s', resulting at the end of the growing season i22C. (+0.6), 63.2% (+3.1), and 1.1 kPa (+0.1)
for HL plants, and 19.4° C (20.5), 68.9% (+2.7)dd@n8 kPa (+0.1) for LL plants, respectively
(See also Morales 2013).

E. cordifoliais an evergreen tree species, which displays se#veugh all the growth
season. This implies that leaves synthesis oct¢utfarent times during the growing season and
most likely under different environmental conditsorin order to evaluate differences between
leaf display, cohorts, and crown level, measuremermdre performed in the one year-old leaf
cohort (LC1) and in the subsequent two newer leabds of the same growth season (LC2 and
LC3, the oldest one). All determinations were si@itmmediately after each cohort reached full
elongation (See below). The growing period duriagteleaf displays occurred were 20-65 and
49-91for LC2 and LC3 expressed as days after ba&ebrAdditionally, the above procedure
avoids differential ontogenetic effects betweerattreents, such as foliar senescence and self-
shading.

2.2 Plant architecture capture

Measurement protocols required for YPLANT softwanel the equations of the basic simulation
model detailed by (Pearcy & Yang 1996) were folldwlant crown architecture &f cordifolia
plants was mapped and then reconstructed with aTRA®K digitizer connected to TX4
magnetic field source (Polhemus, Vermont, USA) dnden by the Floradig program developed
by Hanan and Wang (2004). The digitazing systenolues a magnetic signal receptor and
pointer, which allows to record spatial coordinatesy, z) of a whole-plant within three meters
of a magnetic hemispher diameter. Hence, we creatddee-dimensional plant model which
reflects the spatial locations of leaves, peti@dad stems. Diameters of the stem, branch, and
petiole segments were measured with a 0.01 mmatligdliper (Mitutoyo, Tokio, JP). The

standardized leaf shape was obtained by scanningpRfis, at a uniform distance on the leaf
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perimeter of a totally expanded leaf. The sizeaxfhedigitalized leaf was then scaled using the
same standardized shape according to each leahlevigtual plants (Fig. 4) were created from
R software (R Development Core Team 2010), packgdentQMC (Duursma & Cieslak 2012),
which one uses the same “plant” and “leaf” fileatt PLANT (Pearcy & Yang 1996). Light
capture efficiency averaged over the entire skyisehere (STAR), crown density (AL/AC)
(expressed as leaf area divided by the area thegt e crown), mean leaf angle weighted by
leaf area, were obtained accordingly to Duursia. €2012).

Crown capture was conducted over 14 plants of gaetiment (see above) in three times
during leaf display determined by days after budkr@®, 58 and 87 days). Therefore, three leaf
cohorts displayed were captured. During the digitizoroccess, each numbered node-leaf was

asigned to a corresponding leaf-cohort along thelevbrown for future prospects.

2.3 Architectural and daily crown assimilation méohe

The corresponding leaf-cohort was achieved througiasoftware functions. Thus, each leaf
were correctly asigned to a determined cohort. @h@v us to separate the whole-crown for the
architectural and daily crown assimilation modejlinArchitectural traits and daily crown
assimilation modelling requieres the same inpuss tKPLANT (Pearcy & Yang 1996). This is,
leaf and plant file (.I and .p), climatic variableseraged of each digitizing time, geographic
location, .CAN file for daily PPFD data obtainedrr hemispherical photograph, WINPHOT for
proccessing data (Tropenbos Foundation, Wagenigée, Netherlands, ter Steege 1997)
(Chazdon & Field, 1987), and photosynthetic paransebbtained from COconcentration leaf
responseA-GC curves, see appendix).

Daily crown assimilation was obtained with Farquher al. (1980) model of
photosynthesis for £plants, as described by Medlyn et al. (2002), tsdivith a few choices of
Ball-Berry type stomatal conductance models (Mediyal. 2011). To use this model, there are
four required parameter¥;max Jnax R4, @and the slope of the conductance model (see Mesily
al. 2011); many others optional parameters coulgdbeln Yplant-QMC package, the Farquhar et
al. (1980) model was taken directly from MAESTRA dm information in

http://bio.mg.edu.au/maestra/manual. htm
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2.4 Crown quantitative photosyntetic limitations

Quantitative photosynthetic limitations at leafdewere scaled to crown level accordingly with
leaf area of virtual plants. To do this, leaf-cdsowere taken separetely and grouped by their
corresponding photosynthetic parameters obtaineth #A-C curves. Farquhar et al. (1980)
model of photosynthesis and Wilson et al. (20@Qj)a¢ions were used to achieve the quantitative
analysis of stomataly) and non-stomatalNS) limitations. Briefly, The rate of change of
assimilation is estimated in function of the stamh@bnductance to Cgso) and the derivate of
the variation of maximum velicity of carboxilatioate {/:may. FOr each treatment, the relative
sensitivity to stomatal conductance to @) was determined. Finally, relative (%) and abs®lut
(mmol CQ plant® day?) limitations can be obtained for bofh andNS respect to the WWHL

plants (control).

2.5 Biomass, shoot elongation and mortality measergs

Biomass was measured at the end of the experimass of leaves, stems, and roots of the three
different cohorts were separated, dried and quadfifusing analytical weighing scales. Shoot
elongation was measured using a measuring tapéde@méawer stem growth. Mortality was
measured by dichotomy. Cumulative mortality wasorded by range of days between 50 and
200.

2.6 Statistical analyses

Normality and homogeneity of variance were evaldiditg Shapiro-Wilk P < 0.05) and Levene
(P < 0.05) tests. For continuous variables, differsnoetween light and water availability were
compared by 2-way ANOVAs and the post hoc Duncah{i< 0.05). Leaf area, crown volume,
and crown density (AL/AC) did not achieve normalkifyer transformations. Therefore, Kruskal-
Wallis test was conducte® & 0.05).

3. Results
3.1 Stomatal conductance kinetics
Well watered plants showed a higher stomatal caiathee ¢<) than water stressed ones. The fit
curve of thegs kinetic of all plants showed values ca.200 meDHM? s* at the beginning of
growth season (Fig. 1). 30 days after of budbreMSHL plant reached the desireg.

61



Meanwhile in WSLL plants took ca. 55 days to achidéve same value. In LL conditions, WW
plants showed a reducgdcompared with WWHL. As a general result, theinetic along the
growth season of the displayed leaf cohorts of Wehts showed a natural decay towards the
end of the season. Temporally, this decay occtssunder LL than HL conditions (Fig. 1A, B).

HL LL
- E o Ws
& 200 | %
: "
O E | | % ,7 ﬁ
o 200 f i et
= i i ;
S _
§, 100 - g / .
[ "
U’ 1 o0
0 I i I N I i . 1 L 1 L P T St 1 N 1
0 20 40 60 80 100 120 20 40 60 80 100 120

Time (days after budbreak)

Fig. 1.gs (mol O m? s?) measured before budbreak (LC1, diamond bars),snbsequent one
generated after budbreak (LC2, diagonal lines barg) 30 days after this latter (LC3, gridded
bars) ofE. cordifolia plants grown under different light and water aadailities. Light treatments
were full and 7% of sunlight reaching integrate@mum fluxes of 26.6 + 4.2 and 1.2 = 0.2 mol
m? day’. Water treatments were well watered (WW) and matgewater stress (WS) defined as
0 and 65% decrease @3 with respect to the control. Mean values + S.[E. sdlrown. Data were
fitted by: WWHL (Polynomial regression in the fomhy = a+bx+c+dx® (R* = 0.61)); WSHL
(Polynomial regressions in the form of y = (a+bigix+dX+exix*+gc+hx ), (RZ = 0.73));
WWLL (Rational model y = (a+bx)/(1+cx+dx (R* = 0.82)); WSLL (Rational model y =
(a+bx)/(1+cx+dR), (R? = 0.86)), P< 0.001 for all).
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Fig. 2. Virtual crown level acclimation d. cordifolia plants subjected to different light (left

coloured bars) and water availabilities (right ecoh) during ontogeny. Mean + SE height are
showed below each plant image. Comparisons betvigah and water availabilities were

analyzed with Kruskal-Wallis tesP(< 0.05). Red arrows indicate the proximity of tleaf

cohort (LC) respect to plant height. Each segmétitescale showed at the left = 20 cm.
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3.2 Crown level

3.2.1 Crown architecture and daily G@ssimilation

Plant height did not show significant differencéadays after budbrealP (= 0.12). 58 days
after budbreak HL plants were significant tallesrth_L ones P = 0.02). HL Plants did not show
differences between WW and W® € 0.43). Similar results were obtained for LL wate
treatments® = 0.11). 87 days after, there were differencesvbéen WWHL and LL treatments
(P < 0.0001). Differences were also found between \AtWl WS for HL P = 0.022) and LL
plants P = 0.013). During this time, the total reductiorhigight was 32, 56 and 60% for WSHL,
WWLL and WSLL relative to WWHL, respectively.

In terms of the architectural traits, higher diffieces were observed towards the end of
the growing season during the ontogenetic trajgdteig. 3). With respect to leaf area, the effect
of water stress in high light conditions reduce®9€6, but did not show statistical differences
against WWHL plants. Plants grown under LL condisiavere reduced significantly to ca. 94%.
However, under LL there was no difference attriblegdo a WS effect (Fig. 3A). 58 days after of
budbreak, crown density (AL/AC) was significantBduced (39%) by WS in HL compared with
WW. Under LL, AL/AC was significantly reduced 47 cad4% for WWLL and WSLL. This
trend was maintained 87 days after budbreak. AL&AGwed differences between all treatments.

Crown volume decreased 50% by the effect of WSlamtp grown under HL respect of
well watered ones. However, 87 days after budbséakved a tendency to increase (Fig. 3C). By
other hand, crown volume under LL conditions shoaedduction of ca. 95%, and was constant
during the ontogeny for LL plants.

Plants of all treatments did not show significaiffiedences in light interception efficiency
(STAR) before the budbreal & 0.069) (Fig. 3D). STAR was highly reduced in WWhlants.
Compared to this latter, WSHL plants showed an genetic decrease of the reduction in STAR.
However, they showed a trend to decrease STAR aitbgeny trajectory towards the end of
growth season. Under LL, plants showed an almasstent STAR R-values > 0.05) (Fig. 3D).
87 days after budbreak HL plants showed significkiférences P < 0.0001).

Daily crown assimilation (DCA) was significantly fiéirentiated towards the end of
growth season. WS in HL conditions provoked a 67%eduction in DCA. Under LL conditions
the reduction of DCA was practically 100% duringagenetic trajectory (Fig. 4A). Therefore,
crown assimilation was limited severely (see below)
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Fig. 3. Leaf area (A), crown density (AL/AC) (B)ioavn volume (C), and STAR (D) during

ontogeny oft. cordifolia plants subjected to different light and water khiiities. Mean = SE
are showed. Different letters indicate statistdiferences. Variables A, B and C were compared
between treatments within each time with Kruskalli?/gest P < 0.05). STAR was compared
with Duncan testR < 0.05).

The aerial biomass 87 after budbreak was 3 folgkédrithan the root biomass within all
treatments. Thus, WSHL, WWLL and WSLL showed rettuns of total biomass (shoot+root) of
37, 81, and 87%, respectively. Root:shoot ratio lwar for LL than for HL plants. Regardless
these differences, a common ratio of 0.38 was fdandall treatments with a high correlation
(see Fig. A7).

65



50

Y-

% a mmm Sshoot B

5 50| —/ Root

o === Plant 1 40

O 40 a o)
—_ All P £0.0001 comparing <
] between treatments 130

€ 30! ab %
£ g
< 20 ab 120
c . @
% 10r be 10

‘6 a bc . c

> 0r b c

= . . . . .

aQ 0 20 40 60 80 100 WWHL WSHL WWLL WSLL

Time (days after budbreak) Treatment

Fig. 4. Daily crown assimilation (DCA) plan-1 dayfA) during ontogeny and plant biomass 87
days after budbreak d. cordifolia plants subjected to different light and water Ehilities.
Mean + SE are showed for both DCA and plant biomBsHerent letters indicate statistical
differences with Duncan test for DCR (< 0.05). Dry weight of plant biomass was compared

with Kruskal-Wallis test.

3.3.Crown differentiation by leaf cohorts

3.3.1 Crown density (AL/AC)

In order to evaluate the contribution of leaf cabdiC1, LC2 and LC3), we separated AL/AC,
due to that is one of the architectural variablest tmainly explain the variation on STAR
(Duursma et al. 2012), which could modulate the D&Arown level. Obviously, STAR does
not was determined deferentially by leaf cohorecduse to take out some leaves affects the
crown STAR. LC1 showed a trend of reduction in AC/Aluring the ontogeny, independently of
the light and water availabilities (Fig. 5). Whelards had two leaf cohorts (LC1 and LC2), the
contribution of LC2 to AL/AC was higher than LC1der HL, but decreased by WS (Fig. 5A,
B). Under LL conditions (Fig. 5C, D), the LC2 cabtrtion was lower than LC1. 87 days after
budbreak, HL plants showed a LC3 contribution samilo LC2. Meanwhile under LL LC3
contribution to AL/AC was lower than LC2, and thlswer than LC1 for both WW and WS
(Fig. 5C, D).
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Fig. 5. Crown density contribution by leaf cohomirihg ontogeny ofE. cordifolia plants
subjected to different light and water availakeiti The contribution of AL/AC leaf cohort was
compared between treatments by time. AL/AC was idensd the trait that most explain STAR

accordingly to Duursma et al. (2012).

3.3.2 Daily crown assimilation

Higher statistical differences were observed betwdke and LL treatments (Fig. 6). Despite the
high reduction in DCA by WS effect in HL, plants imained a positive carbon balance. The
contribution to DCA of LC2 and LC3 was higher thdrat of LC1. This latter showed an
ontogenetic decrease (Fig. 6B). Under LL condgjahe contribution of LC1 was negative 58
days after budbreak for both WW and WS. This mehas respiration was higher than carbon
gain. However, at the same time LC2 was positived®ys after budbreak, LC1 showed a slight
increment on DCA, closer to a neutral carbon baah€2 and LC3 were slightly positive (Fig.
6C, D).
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Fig. 6. Leaf cohort contribution on daily crown ias$ation (DCA) during ontogeny oE.
cordifolia plants subjected to different light and water Ehalities. The horizontal dotted line

denotes values equal to zero for HL (A and B) abd@ and D) on DCA.

3.3.3 Crown photosynthesis limitations and leafarbhontributions

Photosynthetic limitations were determined for ededf cohort at 0, 58, and 87 days after
budbreak (DAB). Accordingly, plants grown under WWldonditions were considered as the
control. LC1 at 0 DAB showed no limitations for WEHb8 days after budbreak WSHL plants
does not showed limitations (Fig. 7, mid, LC1). Hwer, limitations appeared after 87 days of
budbreak (Fig. 7, base, LC1). Relative stomataltdition (S) was relatively higher in WSLL
than WWLL. WWLL plants showed a higher contributiohnon-stomatal limitationNS) (Fig.

7, top). The total relative limitation (i.e5+NS) in LL plants was ca. 100%. Under LL
conditions, both WW and WS plants showed the saatieeqm as LC1 at 0 DAB. However, the

68



total relative limitation was higher than 100%, icating a negative carbon balance (Fig. 7, mid
LC1). During this ontogenetic time, LC2 of WSHL pta showed exclusivel§. (ca. 30%). LC2
showed a similar contribution on limitations tha@1, with a slight increment i in WSLL
plants, and a total ca. 100%. At 87 DAB, WSHL péasthowed botls andNg, with a highel§.
contribution respect the total. In these plants2l&hd LC3 were exclusively limited b§i,
showed an increased relative contribution ca. @6 7%8%, respectively. For LL plants, LC2 and
LC3 similarly to that shown before, had a highemtabution ofN§ (WWLL) andS_ (WSLL).

In summaryS was relatively important in crown limitation of tea stressed plants. Meanwhile,

for WWLL, NS was more important.
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Fig. 7. Relative stomatalS() and non-stomatalNS) limitations of photosynthesis (%)

contributed by leaf-cohorts during the ontogenyeotordifolia plants subjected to different light

and water availabilities. The pyramidal organizataf the top, mid and base showed 0, 58, and
87 days after budbreak, respectively. 0 had LC1h&8 LC1 and LC2; 87 had LC1, LC2, and
LC3. Photosynthetic limitations were calculatediagaWWHL plants. Total relative limitation

is the sum of5 +NS.
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Fig. 8. Shoot elongation (main stem) after budbrdakng ontogeny oE. cordifolia plants
subjected to different light and water availalekti Mean + SE are shown.

Shoot elongation, was considered as the elongatidhe newer portion of main stem
(Fig. 8A). This elongation was ca. 3 folds dimirgdhby the effect of WS in HL and for both
WW and WS under LL conditions. Therefore, the rafeelongation was regulated by the
availability of light and water. Mortality was quifred from 50-60 DAB to over 101 DAB. Only
in water deficit treatments mortality occurred, wheinder HL reached a steady state around
15%. However, under LL plant mortality increaseddyrally until ca. 35% (Fig. 8B).

4. Discussion

We handled plants for crown display in a way simiia what occurs in natural conditions,
specifically with respect to light and water avhildy. The integration of environmental
conditions could determine development and crovehiggcture arrangement (Fig. 2). There is
agreement that crown modifications converge togml use of resources in order to maximize
gains and minimize losses (Givnish 1988, Pearcyaagy 1996, Valladares & Niinemets 2007,
Valladares & Niinemets 2008). Leaf water status mooed through stomatal conductance
determined differences on plant leaf area disptayimhis could modulate several other
interrelated crown traits (e.g. AL/AC, crown volunaad STAR, Fig. 3) and the ontogenetic leaf
display, branching, shoot elongation, carbon gait laalance (Fig. 2, 4 and 8), and leaf rolling

(Fleck et al. 2003). Based in our results, the éigiotal leaf area observed in control plants
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(WWHL) produced an increment in crown volume andsiy (AL/AC), which modulates the
decrease of the light interception efficiency Ind&XTAR), which is concomitant with the
increment of self-shading (SS) because of the merg of leaf overlap, for this species and
many others (Fig. 3, see Chapter Il, e.g. Farqua.€2001, Lusk et al. 2011). WSHL reduces
enormously the total leaf area towards the endrowth season. Consequently, it provokes a
reduction in crown volume and AL/AC, likely influeimg the lower daily crown assimilation
(Fig. 3 and 4A). Moreover, water stress generatddaease of ontogenetic reduction in STAR
(i.e. compared with WWHL), thus, affecting a stwrel photoprotective mechanism under
excessive light (see Valladares & Niinemets 200d agierences therein). The aforementioned
means a higher STAR in WS than WW plants in HL dtowl, which could be one of the first
reports of water stress effect on STAR and plaohitecture traits. In turn, shading of plants
mostly reduces leaf area increasing the STAR, wiscin agreement with previous reports
(Delagrange et al. 2006). The lower leaf area diggd by LL plants could be explained mainly
by the effect of light scarcity than by water aghility, allowing maximizing the STAR during
the ontogenetic development for both WW and WS tplaifhe lower capability of CO
assimilation due to the lower light availabilitytdemined a lower investment in plants structures
(e.g. leaves and stem). In this sense, it has Sleaned that shaded seedlings had a reduced total
leaf area and leaf number, but the individual k@l was increased. Therefore, STAR of shaded
plants was higher than sunny ones, perhaps betiaeid®rizontal leaves orientation (Farque et
al. 2001). In general, the resources availabiligdoiation found in STAR at HL and LL agrees
with previous literature reports (Falster & WestoP@03, Delagrange et al. 2006; also see
Valladares & Niinemets 2007). STAR can be modulabgdsize and leaf angle under HL
conditions (Falster & Westoby 2003). The incremargelf-shading could reduce incident PPFD,
carbon assimilation, daily light interception anskianilation. Despite the high STAR in LL
conditions, carbon assimilation was critically redd during the ontogenetic leaf display across
the growing season (Fig. 3D and 4A). However, im study, the reductions in daily carbon
assimilation (DCA) on WSHL plants were a conseqeent water stress and its effect on
stomatal conductance (Fig. 1), concomitantly witbme of the architectural traits
aforementioned. Under LL condition, DCA was reduaaght by the decrease of the metabolic-
light dependent machinery, possibly investing miréncrease light capture (i.e. light harvest
complex) than light processing (i.e. reaction cex)teTherefore, the first constrain of water
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deficit in HL plants was the reduction of stomatahductance (Fig. 1), which occurred at the
beginning of the growth season limiting the carlassimilation. In this way HL plants showed a
higher SS (considered as the inverse of STAR; sd¢eTA1-B, Chapter Il) which likely gave a
higher level of structural photoprotection tharsiraded plants (Valladares et 2005, Valiente-
Banuet et al. 2010). Highest values of self-shadgmgations with plant ontogeny coincided with
values reported for other species (Farque et &12Dusk et al. 2011). However, this pattern
does not always occur, or even could be slightersed, at least fdg. cordifolia (e.g. in LL
plants, Fig. 3; see Fig. A1-B, Chapter Il, and Lwkal. 2011). It has been showed that the
increment in SS decreases carbon assimilation ssgdeby area and by day (Falster & Westoby
2003). Other studies had shown an apparent lacintefspecific plasticity in efficiency in
capturing light, which is probably related to a dvade between architectural features and
functional limitations of the plant (Pearcy et 2004, Pearcy et aP005). The specific variation
in leaf display inE. cordifolia plants grown at LL conditions reflects the earfyeet of
photosynthetic rates and carbon balance as wél @fect on structural investment for survival
of leaves.

Independently of the crown architecture modulatiomen by the availability of light and
water, and also by leaf display and plant growthinduthe ontogeny, it is important to recognize
that these latter are influenced by carbon assiimiiaThe simultaneous occurrence of high light
and water deficit could be biochemically criticaledto the impossibility to drive more light
energy at leaf level and the impairment of the,@@ernal metabolic processes, as assimilation,
fixation, and uses of carbon. In this sense, wvedl known that the first constrain occurs at
stomatal aperture level (e.g. Flexas & Medrano 2082cordingly, our results showed that
stomatal conductances decreased faster with WS in HL than in LL plaffgy. 1). Also, it
suggests a natural decay @f during the ontogenetic trajectory, specially destmted by
WWHL plantsgs kinetics (Fig 1, HL). The maintaining of a lowgyin water stressed than well
watered plants during ontogenetic leaf display pkexd a decrease in daily crown assimilation
for plants under HL and LL conditions, which wap@&sally expressed at the end of the growing
season (Fig. 4A). In fact, the reduction of theeptinl DCA caused by water stress in HL
condition was over 67%. It reached 100% for LL pdanThese DCA reductions drove the
differences on carbon gain and balance at crowal,leand possibly the differences on shoot
elongation kinetics, plant dry weight, and mortalifFig. 4A, B and Fig. 8A, B). Quero et al.
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(2006) observed that the impact of water deficintaximum photosynthetic capacity was higher
in Quercusspecies cultivated in HL, which is in agreementhwour results. Meanwhile, the
influence of shade on photosynthetic rates was rpovaounced when water was not limiting.
Our results showed that light response curves opliaints were reduced ca. 50% in relation with
WWHL plants. The lower light availability (see masts & methods) was extreme. Thus, LL
plants showed the lowest DCA. Perhaps, the LL DGauld¢d be more affected by the
photosynthetic induction time (Fig. A6). In factCL needed more time to reach its maximum
assimilation rate than LC3, where in this lattee flaster induction occurred in WSLL. This
photosynthetic induction pattern was not showedMS8HL leaf cohorts.

Nevertheless, during the growing season plants lajisg several leaf cohorts
simultaneously with environmental changes and wateilability determined bgs (Fig. 1 and
Fig. 2). The contribution of leaf cohorts (LC) t&CB was achieved. Remarkably, differences in
leaf cohort contributions on DCA were observed leetww HL and LL plants (Fig. 6). In HL
plants, WS showed a reduced DCA towards the engfr@fith season especially on LC2 and
LC3, which could be mainly explained by the storh&taitation (S) and the reduced crown
architecture components (see above; Fig. 8 and B)g. However, LC1 also showed
photosynthetic limitations explained by bd&hand non-stomataNS ). Based on these results,
we could infer that LC2 and LC3 showed some kinglofsiological acclimation, specifically on
the maximum electron fluxJgay and the maximum velocity of carboxylation ra¥@.(a) which
could be directly related with the amount of adg&ehRubisco (Table A1 and Fig. 7). It has been
previously described the plasticity of leaves fodne different periods during the growing
season when water stress was applied at mild ambbrai@ intensity. These studies show that
NS was relatively more important (Galmés et al. 200&llé et al. 2009, Limousin et al. 2010,
Misson et al. 2010, Gallé et al. 2011). Despitedlght reduction inV¢maxin WSHL LC3 (see
Table Al), the resulting analysis determined anerogptibleNS. Therefore, onlyS was
observed in plants under WSHL treatments in LC12 la@&d LC3 of WSHL plants showed a
similar contribution to DCA (Fig. 6B), but lowerah the potential maximum where the LC3
showed the higher contribution in WWHL plants (Féd\). LC2 showed a 2 fold increment$
from 57 to 87 days after budbreak (DAB). Meanwhi@l showed an ontogenetic reduction in
CO, assimilation during the growth season, which isagreement with other study (e.g.
Kikuzawa & Lechowicz 2006). The leaf cohort ontogean reduction of AL/AC (LC1 and LC2)
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due to WS could show the reductions in leaf are@nduthe plant growth and development,
which, apparently, did not influence the decreasassimilation contribution of leaf cohorts (Fig.
5 and Fig. 6). Leaf cohorts of LL plants showed@ADcontribution closer to zero, but positive
carbon balance (Fig. 6C and D). Specifically, L&bwed daily respiration and also a slightly
higher AL/AC, compared to the other leaf cohortslemthe same light condition (Fig. 5C and
D). Possibly, LC1 under LL may have shown a bdtiag-term acclimation (87 DAB) to light
than to water stress, which could be determinantrd@wvn carbon balance. LC2 and LC3 showed
positive carbon balance, being higher for LC2 fothoWW and WS in LL plants. This lower
contribution of LC3 to DCA could be explained bytlower contribution to AL/AC (Fig. 5 and
6). LL plants showed a constant absolute (ca. 10pB6tosynthetic limitation, with a higher
contribution of NS in WW and mainlyS on water stressed plants. This pattern occurred
independently of the leaf display and ontogenetwetbpment (Fig. 7). However, the DCA
modeling of LC1 at 58 DAB showed more than 100%pbbtosynthetic limitation, which
occurred concomitantly with the resulting negat@eebon balance (Fig. 6 and 7). In general, the
decreasing assimilation of LC1, the oldest leages|d be explained because the photosynthetic
parameters, such @8, gs, Vemax @ndJmax decrease with the leaf age, even with incidegtitli
angle (Wilson et al. 2000, Xu & Baldocchi 2003, dawa & Lechowicz 2006, Allard et al.
2008, Monti et al. 2009, Whitehead et al. 2011)nifirly, it has been described that leaves
displayed in successive growing seasons show agmsige acclimation to long-term drought
suffered changes in leaf area index, leaf massugear, and leaf chemical composition, instead of
modifications of physiological parameters (Limoustral. 2010). Also, similarly to our results, it
has been reported that leaves of different layalgested to water stress were differentially
photosynthetically limited, where the basal leaskewed a proportional co-limitation between
S andNS, meanwhile the uppers ones were moSthimited (Cano et al. 2013). Therefore, our
results confirm the assumption that under low lighailability, a deficiency of other resources
such as water, would have a lower impact on plagidyCanham et al. 1996), but a higher
impact on plant survival. The decreasing of DCA ir and LL plants were not explained by
photoinhibition, because there was no effect meak(Fig. A7). In fact, the effect of water stress
in HL is in part similar to that found under lowghit, but mortality was found exclusively in

plants subjected to water stress (Fig. 8B). Thssilteputs in evidence that water stress could be
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mostly critical on survival under LL than HL condits (Abrams & Mostoller 1995, Valladares
& Pearcy 2002), regardless of leaf area looseg#fydenescence.

With this study, we provide new knowledge on amttiiral traits of plants subjected to
simultaneous light and water availabilities. Weogbsovide an approach to the determination of
daily crown assimilation and limitation of photoslyasis. Our results allow us to deduce that
regeneration of species in the understory coulddmatively affected by the predicted decrease
in rainfall for South-Central Chile, also evidendgadhe last 100 years. Further decreases would
affect it even more. This is highly important besaunost species in the Chilean temperate forest
are originated in the understory.

Nevertheless, several questions remain unanswé@dinstance, the effect on daily
carbon assimilation in plants growing under wateess of: leaf shape during leaf display
(regardless that not differences were found adersperate rain forests tree species; e.g. Lusk et
al. 2012), photosynthetic induction times, leaf pemature, and night respiration (Lusk et al.
2011). Therefore, it is necessary to integrate marebles in order to achieve a more accurate
plant performance under different environmentaldioons. Only thus, improved predictions on

the physiological consequences for plant developraed growth will be reached.

5. Conclusions

It was demonstrated that limitations of photosysiheaffect differentially plants growing under
different light and water availabilities. In addmi, E. cordifolia plants were susceptible to long-
term water stress. Despite mortality occurs, WSHdn{s showed an apparent acclimation of
Vemax reflected by the absence M§ . However, there was an apparent decreas&.@kwith the

ontogeny, specifically in the oldest leaf cohor€Q).
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Appendix C. Supplementary material

Instantaneous gas exchange measurement§&as exchange measurements were performed
during the morning (9.00 - 13.00) on fully expandsulcal leaves. We used a Li-Cor 6400
IRGA-XT with an integrated fluorescence module @Qar 6400-40, Li-Cor Inc., Nebraska,
USA). The atmosphere inside the tank was mainta&edom temperature and humidity (16 to
25 ° C range and 49-63% RH), and block temperaiig® °C. The flow was adjusted to 300 ml
min™. Photosynthetic response curves to ligh{Q) were made to [C& environment C,) of
400 mol mot* PPFD varying from 2000-0 mol frs* (10 and 90% of blue light and red) in 13
levels. The light saturation point (LSP) was cadtedl with Photosyn Assitant 1.1 software
(Dundee Scientific, Dundee, UK). From these cunwese obtained photosynthetic parameters
required for modeling. Photosynthetic response esfdCQ] (An-Ci) were performed to LSP
PPFD of each treatment plus 20%. Changes inJCansisted of 13 levels, from 50 to 2000 ppm
of CO, according to the protocol used by Galmes et @lL12 Leakage to and from the cell were
obtained according Flexas et al. (2007) for,@Bsimilation corrections. Cuticular conductance
(gc) was measured in excised leaves to coi@endgs (Flexas et al. 2002). Sinée cordifolia
leaves are hipostomatige was measured by sealing the abaxial face witbosi# grease and a
polyethylene film to prevent stomatal gas exchaggeias determined under the same conditions
asA\-Ci curves. Mitochondrial respiratioiR() was quantified after darkening the whole plamt fo
120 minutes. The non-photorespiratory gRy) in light was calculated &, * 0.5 (Niinemets et
al. 2005, Gallé et al. 2011). From the model ofgbaar et al. (1980) settings f8k-C; curves,
speed carboxylatiorV{may and maximum electron fluxl{a,) apparent were calculated. Rubisco
kinetic parameters in response to temperature wensidered (Bernacchi et al. 2001). Leaf
reflectance and transmittance was quantified wiipectroradiometer EPP-HR (StellarNet Inc.,
FL, USA) according to Gago et al. (2013).
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Fig. C1. Response of net photosynthegig) (to light intensity Q) measured in the older leaf

cohort (LC1) and in a subsequent newer ones (L@2.&8) of E. cordifolia plants grown under

different light and water availabilities. Light &&nents were full and 7% of sunlight reaching

integrated quantum fluxes of 26.6 + 4.2 and 1.22trfol m? day*. Water treatments were well

watered (WW; A, B) and moderate water stress (W3 )defined as 0 and 65% decreasegsin

with respect to the control. Values are average&dE+of six to seven replicates depending on

treatment.
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Fig. C2. Response of net photosynthesig) to sub-stomatal COconcentrations®) measured
in the older leaf cohort (LC1) and in a subsequewer ones (LC2 and LC3) &. cordifolia
plants grown under different light and water aualltes. Light treatments were full and 7% of
sunlight reaching integrated quantum fluxes of 26.4.2 and 1.2 + 0.2 mol fday*. Water
treatments were well watered (WW) and moderate mgtiress (WS) defined as 0 and 65%
decrease in gwith respect to the control. Values are averagé&E+of six to seven replicates

depending on treatment. Legends are equal thaigirAE.
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Fig. C3. Mitochondrial respirationR{) measured in the older leaf cohort (LC1) and in a
subsequent newer ones (LC2 and LC3Eofcordifolia plants grown under different light and
water availabilities. Light treatments were fulldaii% of sunlight reaching integrated quantum
fluxes of 26.6 + 4.2 and 1.2 + 0.2 mol’rday*. Water treatments were well watered (WW) and
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Leaf temperature measurement:.Leaf temperature at crown level was registeredngu4i8 h.
was registered using wire thermocouples type T5(0im of diameter) each 10 s with a
measurement time of 110 ms (60 Hz rejection) thinoBgrsonal DAQ/56, USB data acquisition
system (IOTECH, Cleveland, OH, USA) connected tiesktop personal computer for recording.
A total of 40 thermocouple wires were attachedh middle portion of each leaf on the abaxial
leaf surface with aluminum foil tape (Grantz & Véung1999). In order to not affect the leaf
angle and architecture, thus to keep intact the§TéAwoody structure was used to maintain the
thermocouple wire on the air (Fig. C4). Finally,saable to contrast both leaf and air temperature
(Fig. C5).

Thermocouple

Woody structure
and thermocouple
sopport.

Fig. C4. Leaf temperature measurement using thevaples onE. cordifolia leaves. Magnetic

north is indicated.
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Photosynthetic inductions:Photosynthetic induction curves were performedrduthe morning
on the three leaves cohorts displayed during tba/igg season in plants of the four treatments.
Previously, plants were obscured during the nighe first data recorded were at PPFD 0 pmol
m? s* (respiration). Then, leaves were exposed to singréight intensity (Urban et al. 2007),
cuvette flow, relative humidity, and block temperat equally to that used f&-C curves. CQ
concentration was 400 pmol rifolBetween 3 and 4 leaves were considered to eatltd@ort.
The maximum time of induction was 150 min. The plsghthetic induction time will be used to

correct the daily crown assimilation.
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Table C1. Climatic and photosynthetic parameteesl dsr modeling daily crown assimilation of
E. cordifoliaplants subjected to light and water availabilities

LC & setMet Mechanistic

TRAT Tmin Tmax PARyay Vemax Jmax Gl Ry
LC1

WWHL 10.8 30.6 26 42.6 100.5 55 1.6
WSHL 10.8 30.6 26 42.6 100.5 4.8 1
WWLL 11 26.7 1 26.5 62.7 5.4 0.4
WSLL 11 26.7 1 26.5 61.3 6.6 0.5
LC2

WWHL 10.8 30.6 26 61.6 1255 5.3 2.4
WSHL 10.8 30.6 26 67.2 124.9 4.8 1.7
WWLL 11 26.7 1 42.2 89.2 6.7 1.8
WSLL 11 26.7 1 30.7 67.2 5.3 15
LC3

WWHL 12.3 28.1 26 59.5 147.1 4.3 2
WSHL 12.3 28.1 26 35.8 87.8 5.2 14
WWLL 125 255 1 26.8 50.2 7 0.9
WSLL 125 255 1 18.1 50.5 4.3 1.2

“setMet: set of environmental variables logged WiBBO micro stations (HOBO dataloggers &
devices, MA, USA).” Mechanistic: Data obtained from the fit of cun&e<i using the Farquhar
et al. (1980) model of photosynthesis. Abbreviaiohmin, Tmax: Minimal and maximal air
temperaturePARy,,: Photosynthetic active radiatioNcmax: maximum carboxylation velocity;

Jmax: maximum electron fluxRy: dark respiration rate.
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Table C2. Spearman correlatiofs< 0.05) between daily crown assimilation (DCA) aederal
architectural traits oE. cordifolia Treatments (WWHL, WSHL, WWLL, WSLL) and leaf

cohorts are shown. Architectural nomenclatureshosvn in Table A3.

DCA crownvol crownsurf nleavespleaflen meanleafangvmeanleafangXellipsoid
WWHL-LC1 0.9781 0.9875 0.1847 0.8648 -0.5384 -0.5968 0.5747
p=.000 p=.000 p=.527 p=.000 p=.047 p=.024 p=.032
WSHL-LC1 0.9357 0.9533 -0.2072 0.9396 -0.1962 -0.1682 0.1513
p=.000 p=.000 p=.477 p=.000 p=.501 p=.565 p=.606
WWLL-LC1 0.9777 0.9794 -0.4046 0.949 -0.1302 -0.2953 0.1917
p=.000 p=.000 p=.170 p=.000 p=.672 p=.327 p=.530
WSLL-LC1 0.9487 0.9597 -0.0349 0.9505 -0.0439 0.0547 0.0016
p=.000 p=.000 p=.906 p=.000 p=.881 p=.853 p=.996
WWHL-LC2 0.9988 0.9961 0.4368 0.9832 0.0632 0.293 -0.0772
p=.000 p=.000 p=.118 p=.000 p=.830 p=.309 p=.793
WSHL-LC2 0.9659 0.9762 0.4762 0.9301 0.1172 0.0716 -0.1358
p=.000 p=.000 p=.085 p=.000 p=.690 p=.808 p=.643
WWLL-LC2 0.7836  0.7201 0.4678 0.5219 -0.3097 -0.2895 0.4121
p=.001 p=.004 p=.092 p=.056 p=.281 p=.315 p=.143
WSLL-LC2 0.0871  0.1223 0.5252 -0.0161.3543 0.4437 -0.3595
p=.767 p=.677 p=.054 p=.956 p=.214 p=.112 p=.207
WWHL-LC3 0.9572 0.9685 -0.524 0.9802 -0.4484 -0.3967 0.4417
p=.000 p=.000 p=.054 p=.000 p=.108 p=.160 p=.114
WSHL-LC3 0.9846 0.9776 0.3109 0.7768 0.5552 0.4616 -0.5772
p=.000 p=.000 p=.279 p=.001 p=.039 p=.097 p=.031
WWLL-LC3 -0.1004 -0.1126 0.0537 -0.12820866 0.4427 -0.1424
p=.733 p=.702 p=.855 p=.662 p=.768 p=.113 p=.627
WSLL-LC3 -0.2518 -0.2733 -0.1249 -0.253 -0.1158 -0.1149 1807
p=.385 p=.344 p=.670 p=.383 p=.693 p=.696 p=.807
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Table C2. Continued.

DCA Ek Ek2 Ok disp disp2 stemsurf stemvsiemdiam
WWHL-LC1 0.9337 0.9179 0.74 -0.0888 -0.0616 0.853 0.7943 0.264
p=.000 p=.000 p=.002p=.763 p=.834 p=.000 p=.001 p=.362
WSHL-LC1 0.9357 0.9156 0.853 0.1133 0.1353 0.7783 0.6541 -0.2221
p=.000 p=.000 p=.000p=.700 p=.645 p=.001 p=.011 p=.445
WWLL-LC1 0.9789 0.9696 0.91520.2308 0.219 0.8763 0.8686 0.4799
p=.000 p=.000 p=.000p=.448 p=.472 p=.000 p=.000 p=.097
WSLL-LC1 0.9731 0.9619 0.96590.0097 0.0368 0.8909 0.8342 -0.0892
p=.000 p=.000 p=.000p=.974 p=.901 p=.000 p=.000 p=.762
WWHL-LC2 0.9848 0.9841 0.9696-0.3958 -0.3232  0.9306 0.8877 0.3982
p=.000 p=.000 p=.000p=.161 p=.260 p=.000 p=.000 p=.159
WSHL-LC2 0.9622 0.9513 0.93040.1583 0.2767 0.9119 0.8762 -0.2164
p=.000 p=.000 p=.000p=.589 p=.338 p=.000 p=.000 p=.458
WWLL-LC2 0.6045 0.6046 0.3825 -0.3778-0.3769 0.6066 0.6729 0.4641
p=.022 p=.022 p=.177 p=.183 p=.184 p=.021 p=.008 p=.095
WSLL-LC2 0.043 0.0432 -0.13690.485 -0.5498 -0.0395 -0.2589-0.2565
p=.884 p=.884 p=.641 p=.079=.042 p=.893 p=.371 p=.376
WWHL-LC3 0.9716 0.9708 0.971 0.6714 0.6654 0.8308 0.743.0401
p=.000 p=.000 p=.000 p=.009 p=.009 p=.000 p=.0p2.892
WSHL-LC3 0.8366 0.8162 0.76290.2493 0.3373 0.9558 0.9232 0.5779
p=.000 p=.000 p=.002p=.390 p=.238 p=.000 p=.000 p=.030
WWLL-LC3 -0.1529 -0.1566 -0.1493 -0.0168 0.0111 0.0214 0.02 0.1358
p=.602 p=.593 p=.610 p=.955 p=.970 p=.942 p=.946.643
WSLL-LC3 -0.2869 -0.2835 -0.2452 0.246 0.278 -0.2581 -0.2280.2332
p=.320 p=.326 p=.398 p=.397 p=.336 p=.373 p=.432.42
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Table C2. Continued.

DCA meanpathsdpath totlen  cw cl htot htotcm cshape
WWHL-LC1 0.8368  0.8113 0.885 0.9841 0.9291 0.9115 0.910.3133
p=.000 p=.000 p=.000 p=.000 p=.000 p=.000 p=.0p8.275
WSHL-LC1 0.7644  0.7558 0.7738 0.9637 0.826 0.8673 0.867.3561
p=.001 p=.002 p=.001 p=.000 p=.000 p=.000 p=.0p8.594
WWLL-LC1 0.9011  0.8363 0.7531 0.948 0.8499 0.8924 0.892.3963
p=.000 p=.000 p=.003 p=.000 p=.000 p=.000 p=.0p8.180
WSLL-LC1 0.9054  0.8829 0.9081 0.9919 0.9229 0.9304 0.93041905
p=.000 p=.000 p=.000 p=.000 p=.000 p=.000 p=.0p8.514
WWHL-LC2 0.9244  0.9046 0.9554 0.9618 0.9446 0.9526 0.95P3169
p=.000 p=.000 p=.000 p=.000 p=.000 p=.000 p=.0p8.138
WSHL-LC2 0.9559 0.909 0.9227 0.9839 0.9507 0.9525 0.95928657
p=.000 p=.000 p=.000 p=.000 p=.000 p=.000 p=.0p8.824
WWLL-LC2 0.4588 0.6335 0.5915 0.7139 0.6746 0.6293 0.62030701
p=.099 p=.015 p=.026 p=.004 p=.008 p=.016 p=.0p8.812
WSLL-LC2 0.0437 0.2167 0.4693 0.1568 0.18 0.1856 0.1856 0.05
p=.882 p=.457 p=.090 p=.593 p=.538 p=.525 p=.525.8¢5
WWHL-LC3 0.925 0.8299 0.839 0.9667 0.8919 0.8971 0.89011647
p=.000 p=.000 p=.000 p=.000 p=.000 p=.000 p=.0p8.574
WSHL-LC3 0.8939  0.9268 0.9136 0.9551 0.9163 0.911 0.910.2161
p=.000 p=.000 p=.000 p=.000 p=.000 p=.000 p=.0p8.458
WWLL-LC3 -0.2307 -0.1764-0.114 -0.0345-0.1877 -0.183 -0.183 -0.2726
p=.428 p=.546 p=.698 p=.907 p=.520 p=.531 p=.531.346-
WSLL-LC3 -0.2124 -0.3919-0.2872 -0.3039 -0.3114 -0.2793 -0.27930.0341
p=.466 p=.166 p=.319 p=.291 p=.279 p=.333 p=.333.9¢8
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Table C2. Continued.

DCA LA meanleafsize STAR ALAC
WWHL-LC1 0.9998 0.8473 0.1623 -0.4742
p=0.00 p=.000 p=.579 p=.087
WSHL-LC1 0.9999 0.9706 0.2104 -0.2101
p=0.00 p=.000 p=.470 p=.471
WWLL-LC1 0.9741 0.9488 -0.0286 0.0202
p=.000 p=.000 p=.926 p=.948
WSLL-LC1 0.9182 0.9461 0.3148 0.1423
p=.000 p=.000 p=.273 p=.627
WWHL-LC2 0.9997 0.9957 0.2323 -0.2687
p=0.00 p=.000 p=.424 p=.353
WSHL-LC2 0.9989 0.9332 0.3078 -0.0917
p=.000 p=.000 p=.284 p=.755
WWLL-LC2 0.7956 0.6674 -0.283 0.1003
p=.001 p=.009 p=.327 p=.733
WSLL-LC2 0.2465 -0.0873 -0.1713 0.3668
p=.396 p=.767 p=.558 p=.197
WWHL-LC3 0.9994 0.9683 0.0119 0.1476
p=.000 p=.000 p=.968 p=.615
WSHL-LC3 0.9998 0.716 0.359 -0.0472
p=0.00 p=.004 p=.208 p=.873
WWLL-LC3 -0.1006 -0.1133 0.1936 0.1049
p=.732 p=.700 p=.507 p=.721
WSLL-LC3 -0.265 -0.2544 -0.1338 -0.0794
p=.360 p=.380 p=.648 p=.787
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Table C3. Architecture nomenclature.

Abbreviation Trait (units)

LA Total leaf area (f)
meanleafsize Mean leaf size @m
nleavesp Number of leaves
leaflen Mean leaf length (cm)
meanleafang Mean leaf angle (deg)

wmeanleafang Mean leaf angle weighted by leaf @leg)

Xellipsoid Ellipsoidal leaf angle dist. par.

crownvol Crown volume (convex hull) @n

crownsurf Crown surface area (convex hullfYm

ALAC Crown density (AL/AC) (nd m®)

cw Crown width (m)

cl Crown length (m)

htot Total height (m)

cshape Crown shape index (-)

stemsurf Stem + branch surface area?jcm

stemvol Stem + branch volume (&m

stemdiam Stem base diameter (mm)

meanpath Mean pipe length (mm)

sdpath Standard deviation of pipe length (mm)

totlen Total woody segment length (mm)

Ek Expected distance to 5 nearest leaves (no eutgé c
Ek2 Expected distance to 5 nearest leaves (witk edg.)
Ok Observed distance to 5 nearest leaves

disp Dispersion parameter (no edge corr.)

disp2 Dispersion parameter (with edge corr.)

STAR Light interception efficiency as the ratiodi$played to total leaf area frm?)
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General discussion

Regrowth is an effective strategy especially iresgful environments and high disturbance,
where the establishment of sapling is negligiblen(Groenendael et al. 1996). Our results and
field observations suggest that the statement loyGaenendael et al. (1996) is also valid for
slightly disturbed environments in temperate raie$b. Regrowth seems to be a common feature
in tree species of tropical and temperate foréstsvever, regrowth by root suckers occurs in a
limited number of tree species (Jenik 1994). Spmdif, regrowth constitute an advantage to
species regeneration when regeneration by seedtisuccessful. This is the case of the long-
lived specie€ucryphia cordifolia species that showed a not-randomly distributiorelation to

the available light in the secondary forest. Howesgaplings of this species between 50 and 200
cm height in an old-growth forest have shown a oamddistribution with respect to light
environments in the forest (Lusk et al. 2006). Redh of E. cordifoliaextended its regeneration
niche, because the canopy opening ranges occugiegrbuts and saplings did not completely
overlapped (Chapter I). In fact, the light gradiemerlap between the two recruits was less than
50%. Therefore, by grouping the types of recruitsg niche breadth is greater. Hence,
regeneration ok. cordifolia via sprouts in a secondary temperate rain forest have a high
importance in the colonization of the horizontat arertical space. Mufioz & Gonzalez (2009)
showed that seed plantsifcordifoliain a primary forest did not survive after opencgsmwere
formed uponChusquea quilalieback. Sprouts were more successful than sesdspih the use

of resources, allowing a rapid growth in heighthoé type of regeneration and formation of new
vegetative regrowth. However, saplings were heastilgcentrated in the darkest places of the
forest, while the sprouts grew towards the morhtéd portion (Chapter I, Figure 2), fulfilling
the first hypothesis proposed. Despite this, bethnuits shared a portion of the light environment
available in the secondary forest. Interestingbypats that co-existed with saplings under shady
environments (ca. 5% canopy openness) did not slvoarchitectural configuration of a shade
plant (Chapter II) reflected by the trend of difaces against the saplings. These sprouts showed
a light interception efficiency (STAR) lower thaapdings, which was determined by a higher
crown density (AL/AC) and self-shading (SS). It Hasen showed that increased STAR has
important consequences for light capture and carp@n (Pearcy & Yang 1998, see also
Valladares et al. 2002), which could be cruciatark environments. In this sense, the saplings
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growing under shade in a nursery condition shovireduighout the growing season the highest
STAR compared to plants growing in full sun eithgdrated or under water stress (Chapter l1).
Concomitant with the lower STAR, sprouts showedwaer photosynthetic capacity in response
to light than saplings. Their light saturation foiwas lower and, consequently, light
compensation point also. This suggests that sppratent a lower metabolic cost of maintaining
than the saplings. However, the aforementioneddcbel explained in part because the sprouts
were found under a slightly more somber atmosphliee the saplings, although climatic and
light conditions are almost constant (Chapter i).atidition, the photosynthetic responseEof
cordifolia sprouts differs from the proposed intrinsic praypeof resprouting shoots, which
shown an improved photosynthetic activity (Goorreaial. 2011). By other hand, the response to
light of saplings in the field was similar to theltowed by water stressed plants under low light
(WSLL, nursery), regardless of leaf cohort (ChapteFig. Al, and Chapter lll, Fig. A1-D).
Interestingly, saplings gas exchange was measurddlly expanded leaves displayed towards
the end of the growing season, equally that onamnurplants (fortunately, under similar PPFD,
air temperature, and VPD; Fig 1, Chapter I; andemas and methods, Chapter Ill). Therefore,
could be possible that leaves from field plantsagdtba degree of acclimation to water stress.

In spite of the different photosynthetic capadityresponse to light level shown by both
sprouts and saplings at leaf level, calculationsr@atvn level (DCA; multiplying the assimilation
(An) by the leaf area (LA) from both recruit typespeled that the COuptake of saplings was
slightly higher (but not significantly) than spreuh sunny days and significantly lower in cloudy
days. This is similar to the trends shown by Luslale (2011). In addition, the ratio between
daily crown assimilation and respiration (DCA an€®d, respectively) on a sunny day was
equal in the different types of recruits. While arcloudy day, this proportion was two times
higher in sprouts compared to saplings (Chaptéfahle 3). This result suggests that despite the
lower carbon uptake of the sprouts, carbon gaegisal to or higher than in saplings. Therefore,
the respiratory rate determines the daily carbdarica. Possibly, the subsidy from parent plant
to the sprout could further benefit the establishimef the sprouts under unfavorable
environmental conditions for saplings, thus compéing for the inefficient architecture for light
interception and capture. However, the environmeaditions in open sites could also exert a

carbon imbalance (Chapter I). Thus, saplings amngly constrained to occupy the actual niche

100



within of a secondary forest. Furthermore, in mopen sites, they would have to compete with
the sprouts of other species aRd cordifoliaz which have shown a higher yield compared to
saplings to increased light availability (see MuoGonzalez 2009). In agreement with Lusk et
al. (2011), the saplings would show some dependendéeir carbon balance during the season
regarding status of clear or cloudy sky. Thereftine,proportion of clear and cloudy days could
be relevant on the carbon balance and on the pitijpad survival over the growing season in
the study area. In this regard, it was found thdahe tropical forest, a dense cloud cover reduces
the irradiance and limits photosynthesis in ledudly exposed to light (Pearcy 1987, Mulkey et
al. 1996, Zotz & Winter 1996). It has also beenvahahat it could affect the carbon capture at
forest level (Hollinger et al. 1994, Chen et al999Kellomé&ki & Wang 2000). In addition, Lusk
et al. (2011) showed that light-demanding spe@esis to earn more carbon that shade-tolerant
on clear days, but this pattern was not observedlondy days. However, light-demanding
species tended to gain more carbon than shadeftblenes under clear and cloudy days (Lusk et
al. 2011). In addition, to quantify the carbon gafndifferent leaf cohorts of plants growing in
shade is essential to quantify the carbon balahtieeocrown. This is because it is possible that
some leaf cohorts show negative carbon balancep@€hdl). All the above indicates that the
second hypothesis does not comply with the assomptiat sprouts and saplings shown similar
crown architecture. Instead, the carbon balancespwbuts and saplings in sunny day was
statistically the same, while in cloudy days wasager for sprouts. This is, in short, sprouts and
saplings differ in their architecture and photo&gtic capacity, which could be explained by the
regrowth subsidy received from the mother plansugsithe autonomy of the saplings.

The dependence on environmental variables and Aghilability (PPFD) shown by
saplings oft. cordifoliain the field and the results shown in the nurderyone year old plants
under shade condition, suggests that the low dailyt availability and water availability
determine the survival for this species. Survivahe shadow was determined by the crown level
carbon balance, the contribution of each leaf dphand the high relative limitation of
photosynthesis. In fact, to survive periods of lcavbon gain and growth, shade-tolerant species
under shade would allocate more photosynthategderve than light-demanding (Kobe 1997,
Poorter & Kitajima 2007). Under this light enviroent, there were no architectural nor carbon

gain differences at crown level. Thus, not fulfiyi the fourth hypothesis. Apparently, a slight
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decreasing in water availability under such lightoconditions could result in death of the plant
due to carbon starvation caused mainly by stormemstation of photosynthesis (Chapter III).
This was also observed in high availability of ligwvith a high stomatal limitationy) and
insignificant non-stomatal limitatiolNS ). However, the mortality of plants growing undeater
stress was smaller than in shadow (E535%) at the end of experiment. By contrast, glant
grown with good water supply showed no mortalitywhas observed that carbon gain Ef
cordifolia is directly related with leaf area displayed, amdstrongly affected by the light
availability. Therefore, mortality of saplings & cordifolia in the field under shade condition
could be attributed to indeterminate periods of evatleficit during the growing season,
concomitantly with carbon starvation caused by layht availability, and possibly by direct
radiation photoinhibition. Differences in assimitet among cohort were not significant,
although LC3 (the newest leaf cohort) at full showed a greater contribution than LC2 (newer
leaf growth cohort of the season). However, in shamhdition, LC3 contributed less than LC2.
Therefore, at this level, morpho-physiological a&ueltion on leaf cohorts is not entirely clear.
However, the photosynthetic constrains analysisnadtl to observe an apparent acclimation of
Rubisco activity Vcmay, relative to the control, especially in conditsoof high light availability.
Thus, the third hypothesis is true, while the fowand fifth are only partially valid.

Overview

According to the future scenario of reduced preatmn (Fuenzalida et al. 2006), which fits well
with the current decreases near the study areaals®et al. Manuscript in preparation), and the
results of this study, it is suggested that fielanps each year will be faced with higher water
demands and less water availability in the soiksdy increasing mortality of saplings. Thus,
the regenerative dynamics from seed plants mayeheusly affected. Therefore, the efficient
colonization of the sprouts along with its rapidwth, would allow the persistence of the species
in this forest type. Thus, possibly, it is explamithe scarcity and absence of seedlings within
some old-growth forests (Aravena et al. 2002, Gieri& Armesto 2003, Gonzalez et al. 2002).
However, this may entail greater inbreeding depoesseduced genetic wealth, and greater risks

against pests and diseases (Honnay & Bossuyt 2005).
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Also, estimating carbon gain at crown level andthier specifying the effect of
simultaneous stresses on the photosynthetic respdongng different times of the year is
important to expand our knowledge on the dynamicd Bmitations of regeneration dE.
cordifolia in these forests. Furthermore, the accuracy inatiogl will help predicting the effects
of global climate change on regeneration, and @daow the responsiveness of the species in
the temperate rainforest diversity against weatiwerditions. For this it is necessary to make
modeling software easier, without affecting theoporation of more variables (eg induction of
photosynthesis - little studied in temperate forspecies, leaf temperature compensation,
between others) that are determinants of carbam gt day. Enlarge this annual scale modeling
would be helpful in understanding the dynamics edeneration of different species of these
forests.

The understanding and knowledge of daily crown @anptake and carbon balance could
allow to the foresters to establish guidelines aer management of plants subjected to nurse
conditions. The pruning of the oldest leaf cohartig the displaying of the second growth leaf
cohort could benefit the crown carbon balance fants growing under shade. Then, a similar
cultural activity could be applied in the undergtamf the forest, which could benefit the
establishment of seedlings and saplings.

General conclusions

1. Regrowth capacity shown Wy. cordifolia extends the regeneration niche, especially to
where the regeneration of plants from seed is notessful. This happens primarily
towards higher canopy openings, compared with sggli

2. The crown architecture differs between sprouts aaglings. Sprouts showed an
architecture which tends to look like a sun plahlhe same applies to most foliar
attributes studied here. Saplings respond phothsyiotlly better than sprouts to light
and that at crown level is higher (ca. 30%) in @ during a sunny day. However, less
available light in cloudy days determines signifitta lower carbon balance than in the
sprouts. Sprouts could benefit from the subsidyafer, sugars, and nutrients from the
mother plant. Nonetheless, this still requires Bmestudies to quantify such support
given to the sprouts.
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3. The foliar cohorts deployed during decreasing waitailability (LC2 and LC3) in full
sun (WSHL) showed an apparent acclimation of Rubisctivity Vcmay because
photosynthetic limitation was mainly due to storhatasure. However, in plants grown
in the shadeV¢max was much lower than in sun plants. Therefore, atl la greater
contribution to the limitation of photosynthesisspecially in plants well hydrated
(WWLL).

4. Under low light conditions, both well watered andter stressed plants showed a similar
leaf area and STAR, meanwhile crown volume and oraensity (AL/AC) showed
differences during the growth season. The modelmtbonn gain showed differences
towards the end of growth season. Water stres®ogealva lower daily crown assimilation
under low light.

5. Despite that plants under high light showed a higleatribution from the last leaf cohort
produced, this does not occur under low light coodi Also, the higher contribution
showed in HL could be explained by the increasatideea of this leaf cohort, which was
higher than LC2, independently of some degree diraation response to environmental

conditions.

Based on the results and conclusions the follownngels are proposed:

Model 1: The first model represents the field situation e tegeneration nichef sprouts and
saplings ofE. cordifolia with respect to light availability (plants withoablored background),
and daily crown assimilation during a sunny andidioday (plants with yellow and grey colored
background, respectively) within a secondary termgerrainforest of south-central Chile
(Katalapi Park). The axis shows the overstory (including clear and dioskies) and the profile
of the heterogeneous forest ecosystem (includiegcimopy and understory). Light availability
(canopy openness, CO) is represented accordirigetoanopy density. The lower canopy density
allows more light penetration and, inversely, aheigcanopy density decreases light penetration
across the forest canopy. Theaxis represents the percentage of CO, where 5@ CO are
shown inside a sun with different sizes (the sma#len for the lower light availability),
accordingly to the peaks found for both recruifgety (see Chapter II, Fig.2). The regeneration
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niche of the saplings occurs preferentially at 5% CO, while for sprouts at ca. 10%. High
PPFD and VPD (big letters) constrain the regenamatiche breadth of the saplings to the more
lighted sites, meanwhile a low PPFD (small lettetsgs it towards the darker sites. Sprouting
allows to extend the regeneration niche within eosdary rainforest towards the more lighted
sites (green triangle at the left side of 10% C&ugf).The differences between g@ssimilation
rates at crown level (DCA) for sprouts and sapliagsa. 5% of CO are represented by the sizes
of plants and sizes of GOThis is, sprouts and saplings have a similar QdDAng a sunny day,
but a decreased one during cloudy days, being highgprouts (bigger size of plant and §0O

than saplings(smaller size of plant and O

Legend of the first model

Secondary forest profile (Perfil del bosque secundario; representacion)

Overstory  Sobre el dosel

MGG  Doscl

Understory Sotobosque
Canopy openness (abertura de dosel)

Sprouts (rebrote root sucker)

CcO
X
v d
s
-
% Sapling (planta de semilla)

Sunny day (dia solcado)

Cloudy day (dia nublado)

Cozx"' _V/COZ

A2

T 1 Daily crown assimilation of sprouts and saplings during a sunny day
5 Daily crown assimilation of sprouts and saplings during a cloudy day
“ Environmental constrain
‘ Sprout extend the regencration niche of E. cordifolia
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Model 1. Regeneration niclod sprouts and saplings & cordifoliarespect of light availability

(canopy openness, CO), and the daily crown asgiomladuring a sunny day and cloudy day
within a secondary temperate rainforest of soutitreé Chile (Katalapi Park). The density of the
plant distribution across the light gradient (COns) within Katalapi Park is represented by the
percentages above the plants, which it is relabvihe sampled recruit type (see Chapter I, Fig.
2; e.g. the percentage above 5% CO saplings isveelo the total of sampled saplings). Daily
crown assimilation is represented for sunny andidyodays for both recruit types. Note the

differences in size between sprouts and saplingudy days, and also in sunny days.
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Model 2: Crown photosynthetic limitations @&ucryphia cordifoliaCav. plants displayed under
different light and water availabilities at nursegnditions. The axis shows the light conditions
at which plants were grown. The uppeaxis (ulmo leaves) shows the number of leaf cahairt
two different times after budbreak expressed as dgseen cells upon the ulmo leaves). The
inferior x axis shows the water regime to which plants weitgested during the ontogenetic
display, where light blue indicates well wateredrpgé and the transparent light blue the water
stressed ones. The plant inside the yellow cirath the scale of 20 cm at the center of the model
represents the plants at the beginning of the @xpeat, showing only one leaf cohort (one year-
old). The yellow arrows that start from the yellavircle show the way to the different
ontogenetic displays caused by the treatments.t Lirglatments were full and 7% of sunlight
reaching integrated quantum fluxes of 26.6 + 4@ &.2 + 0.2 mol M day*. Water treatments
were well watered and moderate water stress defisétland 65% decreasegywith respect to
the control. Horizontally, all the differences shovn the Table 1 are between the light
treatments. Also, the contribution magnitude (rtbee different sizes) from leaf cohorts 2 and 3
accordingly to the trait are represented with thange (higher contribution) and red (lower
contribution) arrows. Vertically, some attribute® ahown according to the water treatments.

The apparent Rubisco activity acclimation comemfghotosynthetic limitation analyses.

Legend of the second model

>
= = 3 3D virtual plants of different light and water regimes (plantas virtuales
}: ? 3D de diferentes tratamientos de luz y agua)
High light Alta disponibilidad de luz

Low light Baja disponibilidad de luz
‘Well watered Alta disponibilidad de agua
Water stressed  Baja disponibilidad de agua
Days after budbreack (dias después del rompimiento de yemas)

@ Leaf cohort 1 (cohorte foliar mas vieja, 1 afio de edad)
Leaf cohort 2 (segunda cohorte foliar, la primera desplegada de la
@ temporada, totalmente aclimatada a la luz, parcialmentc a
disponibilidad hidrica)

Leaf cohort 3 (cohorte foliar mas nueva, desplegada después
de la LC2, totalmente aclimatadaa luz y agua)
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Time (days after budbreak)

Table 1. Comparison between
light treatments and LCs

LC | LA | STAR | DCA | Vemax

31%
IR 4

High light

L J
¥ 318 | R
2 L '
S 8 &
S ¥
3 1
‘Well watered Water stressed
No mortality Mortality > 15%
Apparent Rubisco
acclimation

Model 2. Crown photosynthetic limitations Blicryphia cordifoliaCav. plants displayed under
different light and water availabilities at nursesgnditions. Architecture is represented from
virtual plants captured at several times duringahtogenetic display during a growing season.
Differences between light treatments and leaf cisheme shown in Table 1 inserted at the right of
the model. LC: leaf cohort; LA: leaf area; STARJHt interception efficiency; DCA: daily crown

assimilationVcmax maximum velocity of carboxylation.
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