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Abstract

1. Understory plants in deciduous forests often rely on adoesgzhemeral light avaiability
before the canopy closes in spring and after the canopy eeopé&l, a strategy
commonly referred to as phenological escape. Although thevelénee for a
relationship between understory plant phenology and demographarnmerte, a
mechanistic link is stil missing.

2. Inthis_study, we bridged this gap by estimating annudoteassimilation as a function
of feliar phenology and photosynthetic capacity for seedlingsvatémperate tree
species that commonly co-occur across eastern North Aamafie then modeled the
relationship between estimated carbon assimilation and eosseedling survival and
growth:

3. Ourresults indicate that seedlings of both species stralggend on spring phenological
escape to assimilate the majority of their annual carbdgebuwand that this mechanism
significantly affects their likelihood of survival (but ngiowth). Foliar desiccation also
played._a.strong role in driving patterns of seedling survsadgesting that water
availability wil also help shape seedling recruitmennagics. We found only weak
assoeiations between seedling senescence in fall audl ararbon assimilation,
suggesting that phenological escape in fall plays avediatminor role in seedling

demographic performance.
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4. Our results indicate that spring phenological escapdtidakifor survival of these
temperate tree species, and thus amyges to this dynamic associated with climate

change could stronglympact these species’ recruitment.

Keywords: Acer saccharum; Carbon assimilation; desiccation; folia@ngbgy; growth C3
photosynthesis; Quercus rubra
| ntroduction

Forunderstory plants growing in temperate forests, photesyntbarbon assimilation is
strongly tied to the seasonality of light availabilitepering, Cassidy, Fridley, & Kalisz, 2019;
Heberling, McBonough MacKenzie, Fridley, Kalisz, & Primack, 2019).cAithh plants are
imited by aecess to light by overstory trees for most efglowing season, many understory
species (including tree seedlings) have adapted to expandedhves before the canopy closes in
spring and/or maintain their leaves after the canopyd@gened in fall to gain access to direct
light. This behavior, caled phenological escape (Jacquds 2045), has been shown to allow
understorysspecies to accumulate more than half of thewiah net carbon assimilation earlier in
the spring before canopy closure (Heberling, Cassidy, et al., ROd9;Rigg, & Goldblum,
2010). Under_current climate change, quantifying phenologicadpedamecomes critical; with
warmer springs, the rate of phenological change betweecatiopy and the understory, as well
asamong co-occurring species, could differ and consequentigfigict photosynthetic
performance of understory plants. Although this dynamicrd@eived recent attention in the
scientific literature (Heberling, Cassidy, et al., 2019; HefggriMcDonough MacKenzie, et al.,
2019; Kwit ‘et-al., 2010), there is relatively littte work inwgating the potential effects that
climate-driven changes to phenological escape wil havelamh performance.

Previous .research has found correlations between leghenblogy and various
performance,metrics such as growth, survival, and frui(iyagspurger, 2008; Routhier &
Lapointe, 2002; Seiwa, 1998), but correlative studies such asmiagsbe inaccurate if
relationshipssare noniinear. For example, although earlerolgaimay provide tree seedlings
with increased, access to light, potentially improving performaiicalso places them at higher
risk of death from early spring frost events (Vitasse,zléfoch, & Kdrner, 2014). Furthermore,
correlative studies may be of little use if climate ngjea resultsin non-analogue climate

conditions outside of the range of variation the studieskébn & Wiliams, 2004). Therefore, a
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more mechanistic understanding of the physiological meshanthat underlie these patterns
might help to develop more accurate predictions of future plarformance.

In forests, linking phenological escape of tree seedlings to daptog performance wil
be particularly important because of the implications & tecruitment dynamics. Tree
recrutment _is.a strong bottleneck that fiters whiatividuals eventually recruit into the canopy
(Grubb, 1977; Harper, 1977), and t is also the stage at whichatreesost likely to experience
nonrandom, “directional mortality (Green, Harms, & Connel, 20Maita et al., 2016). One
possible appreach would be to quantify performance by estimatingplpiieal escape success
via carbon status, which has been shown to be a good prediglantoflemographic success
(Hlasny et al.#2011; Hoch, Siegwolf, Keel, Kérner, & Han, 2013; KonatnRg, Miner, &
Hunt, Jr., 19915 Lusk & Del Pozo, 2002; Piper, Reyes-Diaz, Corcuerasi& R009).
phenological escape determines seasonal carbon assimiatgpnif seedlings with earler leaf-
out relative to the canopy experience greater net cadmimilation), it wil thus likely also
affect tree seedlng performance and consequent recruitment

Whenyearbon status decreases to the point where plants lareger able to mee
metabolc demand, they can succumb to death via carbontistar¢icDowell & Sevanto,
2010; Salay.Woodruff, & Meinzer, 2012). Accessing spring lightptianological escape allows
understory=plants rise above this threshold, but they inest&avoid moving back below the
threshold for the remainder of the growing season. In stladgd-canopy conditions, this often
requires plants to adjust their photosynthetic capacity rioniee respiration costs.
Photosyntheticncapacity also acclimates to photoperiod (Baeedk, 2012), light avaiability
(Peltier & Ibanez, 2015), and temperature (Larigauderie & &9095) over the course of the
growing season, and there is variability among speciesdiag the plasticity they exhibit
(Patrick, Ogle, & Tissue, 2009). Furthermore, species diffeghein photosynthetic capacity
(often summarized as shade tolerance; Ninemets 2010),galifiivences in carbon
assimilation_rates even when exposed to the same mic@emant (Walers & Reich, 1996).
Warmer summer temperatures can cause disproportionategrincreases in plant respiration
rates compared to increases in photosynthetic assimilasis (Caemmerer, 2000), although
there is evidence that suggests that respiration ualsntreacclimates (Larigauderie & Korner,
1995; Smith & Dukes, 2013). Additionally, increases in vapor presiiict (VPD) associated

with increased temperature may simultaneously motgdynthetic activity by reducing
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stomatal conductance (Grossiord et al., 2020). Greater respiiits associated with
temperature and reduced photosynthetic assimilation chysediuced light and increased VPD
are therefore likely to combine to result in carbon alssion dynamics where net change in
carbon status over summer is overwhelmingly negative &Kitajima, 2015). This could
potentially compromisea plant’s abilty to maintain a posttive carbon status throughoet th
growing season and lead to subsequent carbon starvatidkmébic Mcdowell, Sevanto, Pangle,
& Pockman;“2015).

Photesynthetic activity, and thus plant carbon statusala be affected by biotic
factors. Natural enemies, such as pathogens and herbigaresirectly limit plant carbon
assimilations bysreducing the amount of photosyntheticadiivea tissue (Nabity, Zavala, &
DelLucia, 2009). Carbon assimilation of understory plants risaybe affected by surrounding
canopy trees both directly, via variation in canopy openrass indirectly via soi-mediated
mechanisms. The latter include plant-soil feedback efiddtsCarthy-Neumann & Ibafiez,
2012), alelopathic effects (Gomez-Aparicio & Canham, 2008; Pelissi8outo, 1999; Ruan et
al., 2016), and=soil nutrient availability (Classen et al., 20bipB & Fahey, 2006), all of
which have“been shown to differ according to the identityje@fhboring canopy trees.
Therefore;arobust estimation of tree seedling carbon status wil neqécounting for
neighborheed effects from surrounding canopy trees.

In this experiment, our goal was to evaluate the extemthich foliar carbon assimilation
is associated with the performance of seedings ofcmvoccurring temperate tree species (Acer
saccharumrand, Quercus ruptiaat differ in their foliar phenology, photosynthetic
characteristiesy” shade tolerance, and response to droughiic&lyecwe addressed the
following questions: 1) What proportion of annual foliar carbainalation is accumulated
during spring and fall phenological escape, and is therfieeedce in importance between the
two seasons?.2) How does net annual carbon assimilatide t@lseedling demographic
performance. (i.€., growth and survival)? Answers to thesstiqgos wil provide a more
mechanistic4link between phenological escape and treengegaiiformance, knowledge that
wil help topredict how tree recruitment wil be impactedchiyate change.

M ethods
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To address our research questions, we conducted a field expeviinere we transplanted
seedlings of two widely co-occurring temperate tree speweas conspecific and heterospecific
adults and observed their foliar phenology, photosynthetic ghsmge, survival, and growth.
We estimated net carbon assimilation by combining the phenabggrvations with
photosynthetic. rates derived from the gas exchange reeasts and with hourly
measurements <of temperature, light, soil moisture, and vapssype deficit. We then used
generalized™mixed effects models in a Cox survival modekpiore how carbon assimilation

affects seedling™survival and growth, respectively.

Experimental Design

Study locations’- This study took place at three sites in ssténeaMichigan, USA: Saginaw

Forest (42.270977 N, 83.806022 W), Radrick Forest (42.287083 N, 83.658056 W), and the E. S.
George Reserve (42.457104 N, 84.020226 W). Forests in all three locationsstablished in

the early 1900’s following forest clearing and are currently dominated by mid- and late-
successionalyeanopy genera, such as Acer, Carya, Prunus, andsQRaxrick Forest and the
E. S. George ‘Reserve have relatively diverse canopies plots in Saginaw Forest were
establishedwin former monocultures of Acer saccharum and @uenbra. Climate across all
sites is similar, with average June-August tempeyataf 22 °C, average December-February
temperatures of -6 °C, and average annual precipitation of 828istributed evenly throughout
the year. Average canopy openness (Global Site Factor, &9I6ls across sites was 12.6
3.5% standard“deviation, values characteristic of relatvgdged canopies and shady summer

condttions. “GSF was similar across sites and between capepigs treatments (Fig. S1).

Study species -, We planted seedlings of two species native tmamabnly co-occurring across
eastern North America: late-successional sugar n@gpler saccharum, Marsh.) and mid-
successional._narthern red oak (Quercus rubra, L.). These twesspexie chosen because they
differ in theirsShade tolerance (Crow, 1988; Lei & Lechowit90; Walters & Reich, 1996),
phenological-escape (Augspurger & Bartlett, 2003), and photosgntbiediracteristics (Kaelke et
al., 2001; Peltier & Ibafiez, 2015). Acer saccharum seedlings are bightle-tolerant and are
typically one of the first species in these forests db dait in spring whereas Q. rubra seedlings

are only moderately shade-tolerant and leaf out latgprings sometimes at the same time as
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canopy closure. Quercus seedlings typically have highemmuax photosynthetic rates than
Acer seedlings (Kaelke et al., 2001; Peltier & Ibafiez, 2015) anglsareconsidered to be more
drought tolerant (Abrams, 1990; Bahari, Pallardy, & Parker, 1985; Latsuen& Pallardy,

1998). Adults of these species have been shown to differ in atoregtlation (Cavender-Bares
& Bazzaz, 2000; Loewenstein & Pallardy, 1998) and wood anatomy chstaste(diffuse- vs.
ring-porous, xylem, respectively; Roman et al. 2015), athough mdkesé traits have not been
directly measured in seedlings and may not be consisteossaontogeny (Cavender-Bares &
Bazzaz, 2000)™Quercus rubra acorns are substantially largeA.tkaccharum seeds (Barnes &
Wagner, Jr., 2004) and therefore likely confer greater int@&bon sources to first year tree

seedlings.

Field experimental set-upFor three consecutive years, 2014-2016, seeds from each species

sourced from multiple populations (see Table S1 in Suppolmiogmation for seed source
information), were cold-stratified and sown in a greenhaoskrge tubs of potting soil (Sun Gro
HorticultureysAgawam, MA, USA). Folowing germination andvelepment of their first true
leaves, seedlngs were bare root transplanted to the fieléaoht site, seedlngs were planted in
plots established under the canopy of six adult trees, farsgccharum and three Q. rubra; this
would expese seedlings to conspecific and heterospecific soihenities. Depending on
seedling availability in each year, 5-10 seedlings peettagecies were transplanted in separate
rows extending from the base of each adult canopy tree (Bdblein total we planted 290 A.

saccharumrseedings and 320 Q. rubra.

Data Collection

Environmental data - One data recording station was establghealch site to collect

environmental_data under the forest canopy. Each statiorquispped to measure hourly
temperature (°C) and relative humidity (%) using HOBEB Pro v2 data loggers (Onset
Computer_Carp., Bourne, MA, USA) and hourly soil moisture (%) pinotosynthetically active
radiation (PAR;.pumol photons m2 st) using HOBO Smart Sensors in combination with HOBO
Micro Stations (Onset Computer Corp.). Additionally, plot-levatiation in soil moisture was
regularly measured using a Fieldscout TDR300 soil moistwterniSpectrum Technologies;

Aurora, IL, USA) at multiple times throughout the growingason. Plot-level variation in
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midseason light availability was measured by taking sgmarical canopy photos at a height of
1 m above seedliing level with a Sigma SD14 camera equipped Bima 4.5 mm circular
fisheye lens (Sigma Corporation, Japan) each year bieranopy at each plot had completely
closed. For each photo we calculated the Global Site Facto) (BB Hemiview software
(Delta-T Devices, Cambridge, UK), ranging from zero (fullgsed canopy) to one (fully open).

Foliar phenology - We observed leaf-level dates of leaf expaf@ioseedings in spring and

dates of onset of seedjinieaf color change, 50% leaf color change (< 50% of leaf arednsema
green), and leaf senescence in fall (complete abscisionthe plant) beginning the year after
planting and geing through the end of the 2018 growing seasoningeglnology was
observed weekly in spring and fall, ending in spring whesealdlings had expanded their
leaves or been declared dead and ending in fall when alingsetibd fully senesced their

leaves.

Damage- Since“leaf damage can affect seedling demographic perfmen@irectly by reducing
photosyntheticutissue (Gerhardt, 1998; Seiwa, 1998) and indirdrtygh reductions in
photosynthetic capacity, we observed leaf damage for allrsgediioinciding with the weekly
phenology=ebservations in spring and fall and then approximaielythly over the rest of the
summer. Annual leaf damage was assessed by approximagingtadl percent area per leaf
removed by herbivory or infected by a foliar pathogen to theese&f6. Herbivory damage was
classified as“either mammal or invertebrate herbivorgntAhfection was identified as
discoloration=of leaf tissue not attributable to resorptionubfents. Plants were also monitored
for foliar desiccation, which entailed having green leates were crisp to the touch and not
photosynthetically active (determined intially via gashange measurements for a subset of
seedlings and.then visually thereafter). Importantly, seetbhe tern¥desiccation” to signify that
these observations only reflect leaf-level observationsgchwimay or may not be representative

of whole plantwater status.

Seedling growth and survival - Individual mortality was recordethglithe phenology and

damage censuses when mortality was obvious (e.g., forupilyoted plants) or during spring of

the following year if the individual did not produce new lsavdlortalty events that were
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clearly unrelated to carbon assimilation dynamics (e.gthdbectly resuliing from squirrel or
deer herbivory/uprooting) were not included in the surviadlygaes. Seedling height (distance
from soil to apical meristem) was recorded prior to plantingcéownt for maternal effects,
which have previously been demonstrated to affect treirgeegrowth and survival (Castro,
1999; Gonzalez-Rodriguez, Vilar, & Navarro-Cerrilo, 2011; Ibafiezz,K&alLee, 2017).
Height growth was then measured annually thereafttdéhe end of each growing season.
Although™ radial“stem growth has also been strongly linkesut@vorship (Martin, Canham, &
Kobe, 2010)particularly for shade-tolerant seedlings such as Aagace which can persist for
decades in the understory with relatively little vaitigrowth (Marks & Gardescu, 1998), we
chose to measure height growth as it is more commonly tosestegorize recruitment stages
(Green et ali; 2014) and is strongly correlated with liglatiledoility (Montgomery, 2004;
Wagner, Madsen, & Ammer, 2009).

Carbon assimilatior We used a LI-6400 Portable Photosynthesis System equipped with a CO

mixer assembly"and LI-02B LED red/blue light source (LifC®iosciences, Lincoln, NE,

USA) to measure in situ gas exchange for a subset spiaaits following spring leaf expansion

and continuing through the growing season. Gas exchangeuneeents were taken once every
two weeks#in spring and fall and approximately monthly dutimgysummer for the 2015-2017
growing seasons. We constructedCiA{at 400, 300, 200, 100, 50, 400, 400, 600, 800, 1000,

1250, and*1500 ppm Gand A-Q curves (at 1500, 1000, 750, 500, 250, 125, 60, 30, 20, 10, and
0 pmol photeimi? s?) for each seediing, maintaining ambient humidity and teshper. Leaves
smaller thansthe cuvette were traced in the field lieeddarea was measured using ImageJ

software (Schneider, Rasband, & Eliceiri, 2012). Soil moisture messured at the individual

seedling level during each measurement using the ¢oeidSTDR300 Soil Moisture Meter.

Analyses

P hotosynthesis

We analyzed: our gas exchange data using a Bayesian tadapfahe Farquhar et al. (1980)
model of C3 photosynthesis originally developed by Patrick et al. (20@9en further
modified by Peltier and Ibafiez (2015). In short, this modeling appralaeved us to estimate

seasonal photosynthetic capacity atthe species levehtbaporates the effect of environmental

This article is protected by copyright. All rights reserved



246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276

variables (i.e., light, temperature, and water avaiapiiythe estimation of net photosynthetic
activity. A detailed description of the model (along with sepeintal analysis) can be found in
the Supporting Information along with tables of associatednpeter defintions (Table S2) and
parameter _posterior estimates (Table S3).

Because photosynthetic rates have been shown to varyheveourse of the growing
season (Bauerle et al., 2012; Peltier & Ibafiez, 2015), we estimateosytthesis model
parameters for-each of the following phenophases : 1) sprif fegtween leaf-out and the day
of canopy clesure; 2) summer, defined as the time betweepyaiosure and the beginning of
seedlng leaf coloration; 3) Fal 1, the time between the @ismiloration and when a specific
leaf had surpassed 50% of coloration; and 4) Fall 2, measureatemnt between 50% coloration
and leaf senescence. Day of canopy closure in the spaegdefined as the day on which the
average daytimé PAR (between 100W0 hours) dropped below 100 umol m? s'and then did
not increase_above that threshold for one week (Fig. S2der to rule out the possibility of low
light resulting from cloudy days). Preliminary analyslisl not indicate differences in
photosyntheticwrates based on seed source, seeding cohort, ing sagel] so these variables

were not included in the analysis.

Carbon _assimilation estimates

We used hourly climate data (temperature, VPD, soil mojstund light [photosynthetic active
radiation; PAR]) collected from our site-level environmérgtations and simulated at the plot
level (see Appendix S3 in Supporting Information for detailsdata simulation) into the fitted
photosynthesis®model and estimated hourly rates of folevonaassimilation for each seedling.
Parameter estimates depended on the seedling speciesigsebdinophase, and canopy tree
species they were planted under. We then adjusted taksieaccording to individual leaf area,
which varied. over time to refiect observed reductionsah &rea caused by herbivory for
individual plants. Hourly estimates of carbon assimilatwere then summed over the duration
of the growing™ season, resulting in estimations of netianfoliar carbon assimilation (Fig. 1)
representing=the net amount @O, assimilated by seedling leaf tissue over the coursesof th
growing season (mol CQr?) for each individual (full description of this process uded in
Appendix S4 in the Supporting Information). Importantly, we didnmeasure soil respiration or

stem photosynthesis, and so this value does not reflect ¢etding carbon status. However,
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carbon assimilated by the stem is proportionally negligiepared to foliar assimilation
(Pfanz & Aschan, 2001), so net annual foliar assimilai®representative of gross annual
carbon accumulation before accounting for belowground respiratVe then modeled the
relationship between seeding foliar phenology (day of leainospring or day of leaf
senescence.in fal) and estimated annual foliar dessomi using linear models in tHe package
in R (v3.5.3). with_day of event as a fixed effect.

Survival

We analyzed seedling survival using a Bayesian Bernowliel where the probability of
survival (p)dforseach seedling) (o the end of the growing season in year (t), dead Suryival
or alve Survival =1, is estimated with likelihoodurvival;, ~ Bernoulli(p;,), and process

1”‘; ) = X, ,. We systematically evaluated models for best fit using
— ,

model: logit(p;¢) = log(
different cambinations of eight covariates and severgoatel variables (Tabl&4), the latter
included as random effects. Models started with an interggpiand a foliar carbon assimilation
term (Bc):

logit(pi't) =PBot Bc * CAnnuali,t
Where GuagariS each seedling’s estimated net annual foliar carbon assimilation in engyear.
Values of all continuous covariates, includingn$a), Were standardized around their respective
means. Caovariates and random effects (T&#dlewere then added one at a time with models
being iteratively, chosen based on best fit according tord®under the receiving operator
characteristic_curve (AUROC; Metz 1978, Murtaugh 1996). A deeri of the AUROC
criterion isfavailable in the Supporting Information (Apgig S5) and posterior estimates of
intercepts, covariates, and random effects are availablabie S5. To avoid
overparameterization of the models, either plot or site rarefacis, but not both, were allowed
in each best-fit model. Each species was analyzed indepbnd€&he relationship between
carbon assimilation and survival was estimated and plogtaging the average values of all
continuouswcovariates (besides assimilation) and assutmacall binary covariates equal zero

(see Appendix S4 in Supporting Information for further getai

Growth
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Growth measurements, standardized for each seedling iandwere analyzed with a
normal lkelihood:Growth; ,~N (p;,,0?), limited to positive values, and process mqelgl=
Bo + [?Xi,t. We evaluated models for best fit using combinations gfand the same
covariates gdescribed in the survival analysis, withathditon of a seedling random effect. Only
seedlings with=non-negative growth values were includethisnanalysis. Negative growth
values weresgenerally associated with stem die-back othedaivory and did not represent the
realized growth of each seedling. Model selection for grawtllels was done based on
comparisons of the Deviance Information Criterion (DI@e8elhalter et al. 2002) and on
goodness 'of fit (R predicted vs. observed), fully described in Appendix S5 in thedting
Informations* Posterior estimates of all growth model pamrsedre avaiable in Table S6.
Species were analyzed individually.

In both analyses, covariate parameters were estimatedn@ormformative normal
distributionssBz~ N(0,1000). Random effect parameters associated with the categorical
variables were-estimated from hierarchical normal disibst «, ~ N(0,02,,). Precision
parameters (1/variance) were estimated from non-infovensgamma prior distributions
1/0%,, ~ Gamma(0.001,0.001). Al models were run using OpenBUGS software v3.2.3
(Lunn, Spiegelhalter, Thomas, & Best, 2009). We tracked 40,000 iterddioisree Monte
Carlo chains_following a 30,000-iteration burn-in period. Convemarfqparameters was
assessed visually and by using the Brooks-Gelman-Rubistist (Gelman & Rubin, 1992), and
models weresiterated until convergence was reached. Raravakies (means, variances, and
covariances) were estimated from their posterior distibsti Data and model code for all

analyses are available (see Data Avaiability Stat®me

Results

Seedlng mortality rates were high for both species. Othieo¥70 A. saccharum and 115 Q.
rubra seedings that survived at least one year, 27 and\@£duto the end of the study,
respectively:” Data were recorded every year that a gpeds alve, however, so seedling
survival modelsshad n =116 and 167 and growth models had n = 72 and 86sdmcharum
and Q. rubra, respectively. Sample sizes in the growth maeets lower because growth was
not measured the year a seeding died. Quercus rubra sedtif®2 + 34.9 mm) were taller on
average than A. saccharum seedlings (76.7 = 14.4 mm) at the tinentofgplbut had slightly
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lower annual growth rates thereafter (19.7 + 14.9 mnand 23.7 + 16.1 mm'Yy respectively).
The photosynthesis models were fit using a total of 254 and 256 pafand ACi curves for
A. saccharum and Q. rubra seedlings, respectively.

P hotosynthetic capacity

Model fits for the seedling gas exchange modefs gRedicted vs. observed) were 0.72
for A saccharum seedlings and 0.76 for Q. rubra seedlings. Phottisyrmgarameter posterior
estimates (Fig™S3) were similar to values publshed b&®wfor these two species (Peltier &
Ibafiez, 2015)A full list of parameter posterior estimates can be fountialmle S3.

We found significant differences inc¥a25 between the two seediing species, but the
differences “that"were observed depended on the specieshbbnaig tree (Fig. S3c-d).
Quercus rubra ¥ha25 was consistently greater compared to that of A. sacchardings,
with significant _differences in Spring and Summer whiamted near mature A. saccharum trees
and in Spring and Fall 1 when planted near mature Q. rubrac@uesbra Vmna25 did not
significantly~differ according to phenophase or neighbor iderkitgwever, A. saccharum
Vemax2d was significantly higher in Summer when planted nesture Q. rubra. Phenophase
also affected, A. saccharum seedlings when planted near n@tutdora, with significantly
higher \ma325 In Summer compared to Spring and Fall 1.

RuBP regeneration-limited carbon assimilation rate,@b) experienced a relatively
higher degree of variation compared g,M25 (Fig. S3a-b). Acer saccharum seedliings planted
near conspecific, adults had significantly higher Spdipg5 and significantly lower Summer
and Fall 1 s25 compared to when planted near mature Q. rubra. Quercus rubiagseedl
Jmax25 was only significantly affected by neighbor identity id Eawhen $a,25 was
significantly greater when planted near mature conggsecBoth species showed strong
variation in_hax25 associated with phenophase, but patterns tended to differebetvweetwo
canopy treatments. Rates were more consistent across pemophen planted near adult A.
saccharum.whereas both species had significantly lower Sjip85 compared to the other
phenophasexbins when planted near mature Q. rubra. In geQerabra seedings had higher
Jmax25 compared to A saccharum seedlings in Spring, Summer, and Eghrbless of canopy

treatment or phenophase.
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Rates of dark respiration {#5) did not differ significantly by seedling or canopy species
(Fig. S3e-f), but there were some significant differenassociated with phenophase. Rates
tended to be highest in Fall 1 and Fall 2 for both species, wetlowrest respiration rates
occurring in Spring and Summer. Stomatal conductang@5(gsimilarly did not differ
significantly by seedling or canopy species (Fig. S3g-lonijt significantly differed by
phenophase_for A. saccharum seedlings planted near Q. rubra caespwith rates in

Summer~that'were significantly lower compared to thosealhlFand Fall 2.

Water Availability and VP D Effects

Soil imeisture had a significant positive association (i.e.idmwfe intervals did not

overlap 0) with#d2,25 in Spring and Summer for both species and this assocasisn
significantly negative in Fall 1 (Fig. S4). There wegnificant differences between species in
Spring, Summer, and Fall 1 where A. saccharum seedjig@%consistently had stronger
correlations, with soil moisture. VPD had significantly pesitticorrelations with J.,25 in Spring
and Summer;=hut the effects in Fall 1 and Fall 2 differed destvgpecies. VPD was positively
associated “‘withigh,25 for Q. rubra seedlings (significantly so in Fall 2) but tegg
associated=with 4,25 for A. saccharum seedlings (significant in Fal 1). Thece®f VPD only
significantly~differed by species in Fall 1 and 2.

Soil water availability had relatively weaker correlag with \{ma,25 for both species
(Fig. S5). The associations with soil moisture were signilily posttive for both species in
Summer apd“significantly negative for A. saccharum seedim@@all 1. Fall 1 was also the only
season whererassociations with soil moisture differed betwe two species. The only
significant (association Ma25 had with VPD was for A. saccharum seedlings in Fall 1, which
was significantly, negative. There was no phenophaseewhermagnitude of the association
differed significantly between species.

Net Annual.Assimilation
Annual foliarCO, assimilation estimated at the individual level rahg@m -0.014 to 0.364 mol

CO,yrt and 0.001 to 0.453 m&@O, yr't for A saccharum and Q. rubra seedlings, respectively.
For A. saccharum seedlings, an average of 84.3% of foliar carboassiasiated in spring,

15.9% was assimilated in summer and -0.2% was lost in fallr@spjration in fall was greater
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than photosynthetic assimilation for this species; Figinlgontrast, an average of 52.5% of Q.
rubra seedling annual carbon was assimilated in spring, 43.5%ssmilated in summer, and
4.0% was assimilated in fall (Fig. 1).

The_correlations between estimated anr@k assimilation and seedling leaf out
phenology were stronger than the correlations with leaéscence phenology for both species
(Fig. 2). Day ofdeaf out in spring (Fig. 2a) was signifitg negatively correlated with estimated
annual COsassimilation for A. saccharum (adj? R0.406, p < 0.05) and Q. rubra seedings
(adj. R = 0:267p < 0.05). Day of leaf senescence in fal (Fig. 2b) negats@frelated with
estimated ‘annuaCO, assimilation for A. saccharum seedlings (p = 0.33) and pogitivel
correlated withwestimated Q. rubra assimilation (p = 0. 30),diten relationship was

statistically “significant.

Seedling survival

In addition ‘to Gnnuas the best fit survival models for both species included @&tear for

presence offoliar desiccation and percent folar damage,thet A. saccharum survival model
also including“aterm for signs of deer herbivory. The effda@nnual carbon was positve and
significant~far both species while the effects of des@eaand percent leaf damage were
negative_and significant (Fig.).Ieer herbivory had a negative but non-significant effeciA.
saccharum seedling survival (Fig. 3a). Model fit for A. sacchavamhighest when site random
effects were added and the best-fit model for Q. rubra sumavlitied plot-level random
effects. The*madels resutted in AUROC values of 0.912 and G08A. saccharum and Q.
rubra seedlings, respectively. All parameter values can be fouhable S5.

The negative association with desiccation was of simiagnitude to the positive
association. with., &nnuar Desiccation events were observed for six A saccharum (n =ahi6}0
Q. rubra seedlings (n = 167) across the four years of this stutlyn@st seedlings (92.3%) died
the year folar.desiccation was recorded. Moreover, mosedaddiiccation events (73.1%) were
recorded during the 2017 growing season. Soil moisture in 2017 walg laapsistent with the
other years®in.this study throughout most of the sumemeept for particularly low soil moisture
in August and September (Fig. )S6

Figure 4 shows the relationship between survival probability estimated annual foliar

CO; assimilation (Gnnual) for seedlings of both species. Quercus rubra seedlings assimila
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more CO; annually than A. saccharum seedlings on average (symbblg. id) but had lower
average probabilty of survival. Quercus rubra seedlings pé&sded a mean probabilty of
survival equal to 0.5 at 0.106 mol of estma@&®, assimilation. This was an order of magnitude

greater than the_threshold for A saccharum seedlings wgicbrred at 0.012 mol assimilation.

Seedling growth

The best fit“growth models each included{zaiand only one other covariate. Acer saccharum
seedlng growth"was best predicted by a model that included (&®Bpy openness) whereas Q.
rubra seedling growth was best predicted by a model that inclsigesl of deer herbivory. All
covariates were, positively associated with growth for bpétiss, but the only significant
relationship=was betweenaGuaiand A. saccharum seeding growth (Fig. 5a). The best fit A
saccharum growth model had a goodness of?fit B.504; goodness of fit for Q. rubra growth
was 0.456. Models for both species included seedling and plot rarifdaots, evith the A
saccharum model also including a year random effect and th&ébf model including random
effects for seedling age and planting cohort. Al parametieles can be found in Table S3.

As withwprobability of survival, predicted growth of A saccharssedings with the
average value of estimated ann@D, assimilation was greater than that of Q. rubra seedlings
despite theslatter estimated to assimilate n@@e per year on average (Fig. 6). Acer saccharum
seedlings were predicted to grow more than Q. rubra seedings 23.83 and 13.61 + 28.56
mm yr! + §.d., respectively), but the difference was not statisticsignificant.

Discussion

Shifts in plant phenology have been one of the most widgdprted responses of organisms to
current clmate change (Ibafiez et al.,, 2010; Menzel & Fab@99; Piao et al., 2019), but few
studies hayve addressed how differences in spring phenolagy iaflividual performance (but
see Augspurger, 2008) and what the resulting implicatiorsbevifor populations and
communitiessi(Forrest & Miler-Rushing, 2010). Tree seeding phenplogybon assimilation,
and performance wil be particularly important to understarth mispect to forest ecosystems
because survival and recrutment at this stage dassag bottleneck determining the structure
and compostition of future forest canopies (Grubb, 1977; Harper, 197 éntRstadies have

demonstrated that the annual carbon assimilation of tatepanderstory plants, including tree
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seedlings, is strongly affected by spring foliar phenology andss to light before the canopy
closes (Heberlng, Cassidy, et al., 2019; Heberlng, McDonough Ma&Keet al., 2019; Kwit
et al., 2010), i.e., phenological escape (Jacques et al., 2015). Howessget iumclear how
differences_ in carbon assimilation linked to this meamanimpact the growth and survival of
temperate tree seedlings.

Here, we modeled the relationship between foliar net afhQalassimilation of
individual' tree"seedlings and their demographic performdree growth and survival) for two
temperate "tree"species that commonly co-occur acrossnelsisteh America, Acer saccharum
and Quercus rubra. Furthermore, we quantified how seedling cadsonlation is affected by
spring and fallsphenological escape, allowing us to direcity fihenology to plant performance.
We found strong relationships between estimated carbon asisimiland seedling survival but
relatively weak (and lkely biologically irrelevant) régaiships between carbon assimilation and
aboveground height growth. Seedlings of both species were fowskimilate most of their
annual carbon during spring phenological escape with réjativior contributions in fall,
suggestinggthat capacity for phenological escape eaitye igrowing season wil play an
important rolesin shaping future tree recruitment. Heurhore, our results suggest that studies of
temperatestree seedling carbon assimilation, performamckerearuitment should concentrate on
these earlysseason dynamics and that photosynthetic tgapacidseason plays a much smaller

role in influencing overall demography.

Spring leafoutidate drives annual carbon assimilation

Understory“plants in deciduous forests are generallyedimlly access to light for most of the
growing season while the canopy is closed. Therefore, maesies have adapted phenological
escape behavior, that allows them to access ephemeral pefribidh light availability in spring
by leafing out. earlier than the canopy orin fal by sengstheir leaves after the canopy
(Jacques et.al+2015). Recent studies have suggestedniated adhange may affect the amount
of carbon assimilated during phenological escape by differeafibgting the phenology of
understory ‘and._canopy species (Heberling, Cassidy, et al., 2019lindeb&cDonough
MacKenzie, etal., 2019), but it is as yet unexplored what effestwould have on the

demographic performance of understory plants.
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We found significant negative correlations between speaf) out phenology and annual
carbon assimilation for seedlings of both species (Fig. rithdating that seedlngs assimilated
more carbon per annum the earlier they leafed out. Thiesgvith previous research published
by Kwit et al. (2010), which found that A. saccharum seedlingdd culstantially increase their
annual carbon gain with earlier leaf out relative tficéal canopy closure treatments. Although
this result is intuttive, previous studies which invgsted relationships between phenology and
performance“speculate at or assume this relationship (egspuéger, 2008; Routhier &
Lapointe, 2002;7"Seiwa, 1998), without quantifying it. Some studiesd®dl measurements of
species-level photosynthetic characteristics (e.g., Routhieapointe, 2002), but not with
enough detailsneeded to calculate the change in net cagsonlation as a function of
phenology.

In contrast, annual foliar C{assimilation was not significantly correlated witafle
senescence_date for either species (Fig. 2b), suggestinfalltiphenological escape plays a far
less important_role in driving seedling carbon dynamicss Ehiurther supported by our findings
that spring sfoliar’ CQ@assimilation on average accounted for 84.3% and 52.5% of #ieatotial
assimilationsfor/A. saccharum and Q. rubra seediings, respgctvakereas fall assimilation
only accounted for -0.2% and 4.0%. One possible reason for thit iening of leaf senescence
could justwreflect timing of spring phenology (Fig. S7), ewpaiesults from other research which
found similar correlations (Keenan & Richardson, 2015). Adivaly, it has been recently
hypothesized that leaf senescence could be driven byrskktibns (Zani, Crowther, Mo,
Renner, & Zohner, 2020), where senescence occurs earlier earign and midseason carbon
assimilationwisshigher, but this hypothesis remains roeetsial because it contradicts substantial
evidence from Free-Air C&enrichment (FACE) experiments (Norby, 2021). Regardless of the
underlying .mechanism, our results suggest that phenologscape late in the growing season

wil have negligible effects on net G@ssimilation.

CO, assimilation affects survival more than growth

Plants rely ‘on,photosynthetic carbon assimilation tov&ngrow, reproduce, and defend
themselves (Mooney, 1972), and our results reflect that demgndeurvival of both species
was significantly associated with net annual foliar @8similation (Fig. 3), but the relationship

between carbon and growth was only significant for A. sacchaeedlings (Fig. 5), and the
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relationship was weak. Acer saccharum seedlings were pcedicteave higher overall
probability of survival compared to Q. rubra seedlings (Fig. d)they also maintained > 50%
mean predicted probabilty of survival at lower £&3similation compared to Q. rubra. Thus,
even though Q. rubra seedlings assimilated more foliap d@@verage than A. saccharum
seedlings (Fig..1), their predicted probabilty of survival atdlkerage value was lower (points
in Fig. 4).

Thedifferences in predicted survival probabiity betweertispecould ke due to a few
reasons. Firstj"our study only accounted for foliar carbon dysaamd did not account for stem
or belowground carbon dynamics. Root respiration rates in temgerasts can be of similar or
greater magnitude compared to foliar respiration ratesiiR&/alters, Tjoelker, Vanderklein, &
Buschena, “1998), and thus could cause a dissociation betwaercéoibon assimilation and
seedling performance. This may be particularly true for Qaseedlngs which develop deep
taproots (Wison, Viols, & Park, 2007) and might therefore allopatgortionally more carbon
to belowground processes compared to A. saccharum seedlings. Tpasted by previous
research that'has shown that 2-year-old Q. rubra seedliogaited more carbon to storage than
A. saccharumypred maple (Acer rubrum), or black cherry (Prunus sercggdlings on a mass
basis (Canham, Kobe, Latty, & Chazdon, 1999). However, we lackitlenee needed to
further support this theory in this study because we didjumttify belowground carbohydrate
concentrations or mass allocation.

Addtionally, our results could refiect differences in atgpgend growth and respiration
costs betweentthese two species. We found consistentlgr igbpiration rates for Q. rubra
seedlings cempared to A. saccharum seediings in the parameterighbur photosynthesis
models (Table S5), reflecting higher carbon costs for folantemance. Further, evidence in the
literature suggests that Q. rubra tend to have thickeedefie., lower specific leaf area)
compared to A.saccharum (Abrams & Kubiske, 1990; Lapointe, 2001; Salifutohpizcobs,

& Islam, 2008).and that they have higher foliar C:N ratiosi@ldy, Brzostek, & Philips, 2015).
These qualitieS provide this species with greater consitidefense and lower palatability to
insect herbivaeres (Throop & Lerdau, 2004), but make leaves mathg twosonstruct. Thus,
greater relative aboveground carbon costs for Q. rubra seedingg make it so that this

species requires greater net annual, @§3imilation to achieve the same probabiity of sukviva
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551 The higher probability of survival of A. saccharum seedlingy aigo be indicative of
552 the higher shade tolerance reported for this species iliietature since seedlings were grown
553 under low light conditions. Moreover, our results suggest phahological escape may even be a
554  critical component of shade tolerance for some species. ktumly, A. saccharum seedlings had
555 lower summer. photosynthetic capacity, but also lower respiratosts compared to Q. rubra
556 seedlings. ‘This/behavior allows seedlings to minimize caldsswhen resources are limited in
557 the middle "ofthe growing season (Craine & Reich, 2005). Haowene results also show

558 seedlngs must*accumulate a strong reserve of carboa gptimgto allow them to withstand

559 low assimilation, rates throughout the rest of the groveiegson (e.g., Fig. 1iKwit et al., 2010).
560 Future researeh should investigate this dynamic furdmet evaluate whether phenological

561 escape dynamics are correlated with shade tolerancengrer@e deciduous forests more

562 generally.

563 Annual CQ assimilation was only significantly associated witight growth for A.

564 saccharum(Fig. 5) and our models explained only about 50% ddriagown in the data for both
565 species. Furthermore, the predicted changes in growthrelatieely smal, with seedlings

566 predicted to grow less than 1 cm in height for every additionhimol CQ yr' assimilated (Fig.
567 6). This low,amount of growth in part reflects the strorighgt-limited environments that these
568 seedlngs.were grown in. For example, A saccharum seedlingsbban recorded to grow less
569 than a meter in height over a period of decades under clasegyc conditions (Marks &

570 Gardescu,"1998). Thus, it is possible that this relationshipdweae been better quantified

571 using othersmetrics of growth such as radial stem groldlowground growth, or total biomass
572 (e.g.,Kaelkevwetal, 2001; Sevillano, Short, Grant, & O’Reilly, 2016). Future studies in this area
573 should thus account for multiple growth metrics and, whessible, investigate the extent to
574 which using different metrics affects analysis arsiite.

575 Survival_models for both species also showed significantiyative associations with
576 desiccation.and foliar damage due to pathogens and herbivoracttianted for the negative
577 effects that.redwsd water avaiability can have on photosynthetic performaiee, by directly
578 correlating “‘earbon assimilation rates with plot-level V& soil moisture, as described in

579 Appendix S2), so this addtional effect of desiccation sugdbatstemperate tree seedlings are
580 additionally vulnerable to dying from hydraulic faiure (Bmwel et al., 2008), where plants die

581 from catastrophic embolsms resulting from extremely negatvater potentials. We did not
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collect data on xylem conductance or plant water potertigdag of this study, however, so we
are unable to draw substantive conclusions from thesksreSimilarly, leaf damage also
reduced survival after accounting for reductions in photbhsyint area in ou€O, assimilation
calculations (Appendix S4), suggesting that foliar damagatmely affects performance
beyond the effects associated with leaf area. We can ordylaige about the mechanism
underlying ‘this_effect, but one possible explanation isftiiat damage is correlated with
systemic” damage such as whole-plant infection that couid doatributing factor in mortality
(Jain, Sarsaiya;™Wu, Lu, & Shi, 2019).

Deer herbivory was important for A. saccharum survival andulrar growth, but with
opposite effects. Although the association between A. saccharuwak and deer herbivory
was negative, deer herbivory had a positve association Qvittubra growth, suggesting that
this species grew more in response to deer herbivory evdmgsresult, atthough potentially
counterintuitive, is consistent with previously documented pemsatory growth dynamics
(McNaughten, 1983), and could reflect a potential trade-off betgemith and folar defense
(Coley, 1988)=However, we did not quantify nonstructural carboleydrahcentrations in this

study and thussmore substantive conclusions wil reduitber research.

Water limitation and neighboring canopy tree effects

Our results suggest that spring phenological escape dothinant driver of seedling carbon
assimilation_and performance, but they also suggeswitetr avaiability plays an important
role. Soil moisture and VPD both affected seedling photosyatioapacity seasonaly and
between species (Fig. S4-S5), with generally positve asisos in Spring and Summer and
negative relationships at the end of the growing seasatofhthetic activity is thus likely to
be strongly. affected by water avaiability in summer whkeih moisture is lowest. Our results
also suggest. that drought stressmdirectly affect seeding performance, as evidenced by the
significant ,association between seedling survival and ofgetesiccation (Fig. 3). Although
only a smallsproportion of seedlngs (< 10% of the total) were obdenvdesiccate, nearly all
the desiccation._events took place in 2017 when soil moistushegdhe lowest values recorded
throughout this experiment (Fig. S6). Athough this couldiaage hydraulic faiure as the cause
of mortality for these seedlings, we did not measure platerypotentials or other metrics that

would allow us to make more substantive conclusions.
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613 We also found that seedling photosynthetic capacity wafcsignly affected by the

614 identity of canopy tree species that the seedings wemteg@lanear. Canopy tree identity strongly
615 affected RuBP regeneration-limited carbon assimilatate (Jax25) of A. saccharum seedlings
616 (Fig. S3a), Values were significantly higher in spribgf lower in summer and fall for seedlings
617 planted beneath conspecific canopy trees, suggesting ithapéties benefits more from

618 phenological_escape but less from growing season sunfiecks reoimpavhen planted near Q.
619 rubra canopy trees. Acer saccharum summer respiration ratesse substantially (though not
620 significantly)™higher when planted near Q. rubra canoptreaning that net carbon

621 assimilation rates are especially negatively impactetobydroughty conditions. Our

622 photosynthesissmodels accounted for temperature and soilrendistueach gas exchange

623 observationy so'it is unikely that these results are olulfférences in microenvironment

624 between the two canopies. The underlying mechanism behsdlifference is uncertain, but it
625 is possible that some combination of inorganic nitrogenaindii, concentrations of other soil
626 nutrients, and plant-soil feedback effects could be responsiblinef observed differences in
627 seedlng phetesynthetic rates (Classen et al.,, 2015; Juide 2006; Liang et al., 2020;

628 McCarthy-Neumann & Ibafiez, 2012, 2013; McCarthy-Neumann & Kobe, 2010). Houlgser,
629 is speculative_and future research should investidagerdlationship and further explore how
630 drought interacts with phenological escape more generally.

631

632 Conclusion

633 The results#from this study suggest that temperageseedling survival is strongly associated
634 with annual™eliar CQassimilation, which in turn depends on spring phenologisapee.

635 Seedlings [@ssimilated relatively little carbon in édimpared to spring, suggesting that the
636 timing of leaf senescence has little effect on seegiagormance. Future studies should thus
637 place an emphasis on measuring photosynthetic capacityctity aat the beginning of the

638 growing season rather than in summer or fall. Watelabildy plays an important role in

639 seedlng carbon assimilation and potentially directly hydraulic failure, but more research is
640 needed on‘this topic, particularly in investigating how watexlability and phenological escape
641 interact to affect seedlng performance.

642 Still, this study mechanistically links tree seedlingemqdlogy to survival and growth

643 performance and wil therefore allow future researchndéie accurate demographic projections
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644 for these species based on climate change forecasts tiamtegs changes in annual carbon
645 assimilation. The importance of spring phenological esaapettfoliar carbon assimilation
646 suggests that any changes to these dynamics resuimgcimate change wil have strong
647 effects on overall seedling performance and tree reemitm~urthermore, warmer temperatures
648 and decreased water availability predicted for our studgrre@andler et al., 2014) wil make
649 phenological _escape dynamics even more important, as seedingeed to assimilate more
650 carbon in spring”to make up for the increasing respiratiots @osummer and fall. Determining
651 whether temperate deciduous tree seedlings are capatmprofing their phenological escape
652 success is an important topic for future research ahdhawie important implications for

653 predictions ;ofduture forest structure and composition.

654
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941

942 Figure 2: Relationships between estimated net annual CO2 assimiland a) day of leaf out or
943 b) day of leaf senescence. Blue lines and symbols repribsetnends for A. saccharum

944 seedlings and yellow lines and symbols represent trendsribem Q. rubra seedlings. Symbol
945 shading indicates whether seedlngs were planted undercéharum (flled) or Q. rubra

946 (empty) canopy trees.
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949 Figure 3: Posterior estimated means and 95% credible intervals qCduifvival model
950 parameters for (a) A. saccharum and (b) Q. rubra seediingsriskstindicate parameter

951 estimates_that are significantly different from zero.
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954  Figure 4: Predicted probabiity of survival (lines; mean + 95% predicinervals) as a function
955 of estimated annual folla€O, assimilation for A. saccharum (blue) and Q. rubra seedlngs
956 (yellow). Points.represent the probability of survival foediegs with the average estimated
957 assimilation, for.each species.
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960 Figure 5: Posterior estimated means and 95% credible intervals diCdydwth model
961 parameters for (a) A. saccharum and (b) Q. rubra seedingsriskstindicate parameter

962 estimates that are significantly different from zero.
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964

965 Figure 6: Predicted height growth (lines; mean = 95% predictive iateyvas a function of
966 estimated ‘annual foliar Cfssimilation for A. saccharum (blue) and Q. rubra seedlings
967 (yelow). Points.represent the predicted growth for seedimtjs the average estimated
968 assimilation, for each species.
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