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Abstract

The effects of climate change on forest dynamidsbeidetermined by tree
responses at different life-stages and differealesc-- from establishment to maturity
and from individuals to populations. Studies in@vgting local factors, such as natural
enemies, competition, or tree physiology, with sight variation in climate are lacking.
The importance of global and regional climate \#oavs. local conditions and
responses is poorly understood and may only beeadéd with large datasets capturing
sufficient environmental variation. This disseatuses several large datasets to
examine tree demographic and ecophysiological resgsoto light, moisture, predation,
and climate in eastern temperate forests of Noattolda.

First, | use a 19-yr seed rain record from 13gbpdots in the piedmont, transition
zone, and mountains to examine how climate-medsg¢ed maturation and density-
dependent seed predation processes increase popuikgiroductive variation in nine
temperate tree species (Chapter 1). | addressatdwgrotheses explaining interannual
reproductive variation, such as resource matchpregjator satiation, and pulse resource
dynamics. My results indicate that (1) interanmeglroductive variation increased as a
result of seed maturation and seed predation psesef?) seed maturation rates
increased under warm, wet conditions, and (3) peedation rates exhibited negative
and positive density-dependence, depending ofspeeies and type of seed predator
(specialist insects vs. generalist vertebratesjaBge positive density-dependent seed

predation dampened and negative density-dependedtmedation amplified the effects



of climate-mediated maturation on reproductive atgon, this study showed evaluations
of tree reproduction need to incorporate both déevaand seed predation.

Next, | use an 11-yr record of annual tree segdimowth and survival in 20 tree
species planted in the piedmont and mountains aotify individual tree seedling
growth and survival responses to spatial variatioresources and temporal variation in
climate (Chapter 2). First, | tested whether heigktiated growth provides an
advantage to large individuals in all environmdytsamplifying responses to light and
moisture or only when those resources were pldngkecond, | tested whether allometric
and survival responses differed among species lmaséfk-history strategies. Individual
height amplified tree seedling growth. However, s@pecies exhibited amplification at
moderate to high resource levels as well as depres§ growth in large individuals
growing in low light and moisture environments. 8@antolerant species exhibited an
increasing ratio of height to diameter growth amcteasing survival probability with
both increasing light and moisture resources. Ca@hg, shade tolerant species exhibited
decreasing height to diameter ratio with increasigiy, possibly because of biomass
allocation toward acquisition of limiting light regrces. Despite relative small effects of
drought and winter temperature of tree seedlingatgaphy, the results of this study
indicate that individual tree seedlings sensitivéight and moisture environments, such
as large seedlings and seedlings of shade intolsp&cies, growing in shaded or xeric

sites may be particularly vulnerable to climateuoed mortality.



Finally, | examine interannual and interspecifacigation in canopy conductance
using four years of environmental (vapor pressfecl, above canopy light, and soil
moisture) and stem sap flux data from heat dissipgirobes for six co-occurring tree
species. | developed a state-space modeling frankefamopredicting canopy
conductance and transpiration which incorporategainty in canopy and observation
uncertainty. This approach is used to evaluatelégeee to which co-occur deciduous
tree species exhibited drought tolerating and dnbagoiding canopy responses and
whether these patterns were maintained in thedac#erannual variation in
environmental drivers. Comparisons of canopy cotahge responses to environmental
forcing across species and years highlighted tiportance of tree sensitivity to moisture
limitation, both in terms of high vapor pressurédeand low soil moisture, and tree
hydraulic characteristics within diverse forest coamities. The state-space model
produced similar parameter estimates to the marditional boundary line analysis,
performed well in terms of in-sample and out-of-pprediction of sap flux
observations, and provided for coherent incorponratif parameter, process, and
observation errors in predicting missing data,(gap-filling), canopy conductance, and
transpiration.

Much needs to be learned about forest communsfyareses to climate change,
however these responses depend on local growindjtmors (light and moisture), the
life-stage being examined (seedlings, juvenilesnature trees), and the scale of

inference (individuals, canopies, or populatioB®cause climate change will not occur



in isolation from other factors, such as stand@ggisturbance, studies must characterize
tree responses across multidimensional gradiergsoiving conditions. This dissertation
addresses these challenges using large demogmaph®cophysiological datasets well-

suited for global change research.
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Introduction

Forest community responses to climate change
The effects of future climate change on forestastgits will be determined by

tree response at different life-stages and diffeseales -- from reproduction to maturity
and from individuals to populations. Yet studiedagial dynamics that include sufficient
variation in climate while examining numerous speare lacking (Parmesan and Yohe
2003, IPCC 2007). Furthermore, predictive modeisgrating demographic and
physiological responses to global change are netedguide conservation policy and
management (Dawson et al. 2011, McMahon et al. R07is dissertation used large-
scale and longterm data with synthetic modeling@aghes to examine tree
demographic and ecophysiological responses to reseand climate in eastern
temperate forests of North Carolina. My researcttered on the question, “How are
forest community responses to climate mediateabagllfactors?” In this dissertation, |
describe the motivation and background for thiseliation research, followed by the
presentation of three studies | executed, andhiingswith concluding remarks regarding
the significance of this work.

Anthropogenic climate change is rapidly altering world. While there is still
uncertainty in climate change predictions, therétie doubt that changes will be
dramatic and rapid in many regions (IPCC 2007).imythe next century in the
southeastern US, minimum and maximum winter tenpega are predicted to increase
and mean summer precipitation is predicted to dseréMearns et al. 2003). Climate

change may alter the frequency and severity okextrevents, such as heat waves and



droughts (IPCC 2007, Sterl et al. 2008, Barriopestral 2011). In the midst of these
changes, plant communities will respond.

The responses of forest communities to climategéalepends upon the risks
faced not by species, but by individuals (Clark@01ncreasing availability of forest
inventory data from widely dispersed forest monitgmetworks, such as the USDA
Forest Inventory and Analysis program, has increédse attractiveness of climate
envelope modeling as a method of understandingesdicting tree species responses to
climate change (e.g., Canham and Thomas 2011).réspenses to spatial vs. temporal
variation in climate are fundamentally differentdead to divergent predictions of risk
(Ibafiéz et al. 2006, Morin et al. 2007, Clark e?2@l11a). Tree species range shifts have
already begun (Woodall et al. 2009, Zhu etrapres$, but the extent, direction, and
timing of these shifts depends upon individual- pogulation-level responses to both
climate and local growing conditions.

Tree community responses to climate are mediatdddal demographic and
physiological processes (Bazzaz 1996). Trees exqpazirisk throughout their lives
(Boege and Marquis 2005), but the processes medittat risk differ among life-stages.
Interannual variation in tree seed initiation, pwtion, and maturation are often
observed to match variation in growing conditiosissh as climate (Sork et al. 1993,
Cecich and Sullivan 1999, Espelta et al. 2008, Meinal. 2010), resulting in high
sensitivity of individual fecundity to climate (Claet al. 2011ain pres3. Even after

successful maturation, seeds must escape seedipneaafore seed germination and



establishment can begin (Janzen 1971, Silvertov#0,10stfeld and Keesing 2000).
After seedlings germinate, individuals face higidyiable competitive environments
both along gradients in light, moisture, and nutiseand in time with variation in
temperature and drought (Bazzaz 1991, Schupp £089%, Jackson et al. 2009). Seedling
morphological or physiological variation, such asreased height in certain
environments, changes responses to growing condifidutchings and de Kroon 1994,
Claveau et al. 2002, Poorter et al. 2008). Thusyamnual variation in climate
contributes to risks for seeds and seedlings.

While adult trees may be better buffered agaiasttion in climate than tree
seedlings (Grubb 1977, Cavender-Bares and BazZ#y, d@ckson et al. 2009), their
responses to interannual variation in climate tlesevere. For example, a growing
body of evidence highlights the balance betweeimgssion of carbon and avoidance of
vascular dysfunction in tree responses to drougtittemperature (McDowell et al. 2008,
2011, Adams et al. 2009). Studies of canopy corstheet and transpiration using stem
sap flux are particularly well-suited to examiningerannual and interspecific
differences in tree responses to atmospheric ahaater limitations produced by
drought (Phillips and Oren 2001, Breda et al. 2006)

In order to separate the influences of interanmaghtion in climate from
individual- or population-level factors that me@idbrest community responses to
climate, research must incorporate both spatidiidual- and population-level) and

temporal variation. Therefore, multi-year experitsen natural systems are ideal. Forest



ecology has a rich history of longterm forest resleancluding forest inventory plots
dating from the early days of USDA Forest Servictha Fort Valley Experiment
Station, AZ (Woolsey 1912, Olberding 2000), andektablishment of private research
forests, such as the Duke Forest, NC (Korstian@wite 1938, Peet and Christensen
1987). My research benefits from the legacies dlipand private longterm research: |
have had access to longterm forest demographidideteresearch sites at the Coweeta
Longterm Ecological Research site (LTER), Mars Bitllege, and the Duke Forest
(Clark et al. 2010). These demographic data inclifigears of tree seed collection
(Clark et al. 1998, 2010) and 4 to 11 years of sesdling growth and survival data
(Mohan et al. 2007, Ibafiéz et al. 2008, 2009, Hetsllin press. | have also had the
opportunity to utilize a four-year data streamrektecophysiological responses of six co-
occurring species at a bottomland site in the Crdwest (Pataki and Oren 2003, Stoy et
al. 2006, Oishi et al. 2008, 2010). These datasféts a unique opportunity to examine
both demographic and physiological responses ettre climate as well as the

mediating effects of individual- and populationééyprocesses.

Objectives
The maintenance of forest biodiversity is a higm&hsional process influenced

by climatic variation and local pressures on indil trees, requiring longterm datasets
and synthetic modeling approaches to separatesimfles operating at different spatio-
temporal scales. This dissertation addresses t&iqn: How are forest community

responses to climate mediated by local factorsifltess this question using three sources



of longterm forest demographic and physiologicdadEgirst, | use a 19-year seed archive
collected in 13 North Carolina forests ranging fritva piedmont to the mountains to
guantify the influences of spring temperature amdrser drought on seed maturation
processes, and then examine how population-leeekity-dependent seed predation
amplifies or dampens the climate-mediated reprodeigrocess (Chapter 1). Next, | use
an 11-year record of tree seedling growth and gahim a subset of the forest stands
mentioned above to examine how height-mediated jyraw20 species of tree seedlings
determines individual risk to variation in wintentperature and summer drought
(Chapter 2). Finally, 1 use a four-year study ektsap flux in a bottomland forest to
guantify the degree of interannual and interspeeifiriation in canopy conductance
responses to atmospheric and soil moisture comditiarying from severe drought to one
of the wettest years on record for the region (@&ap). | conclude this dissertation with
a discussion of the implications of these resalt®test community dynamics and

identify important risks to continued species cetce.



1  Density-dependent seed predation alters
reproductive variation caused by climate-mediated s eed

maturation

1.1 Introduction
Recruitment is now recognized as the most impodadtpoorly understood

obstacle for tree populations confronted with clienehange (Jackson et al. 2009, Clark
et al. 2011ain pressg. Climate-mediated processes, such as flowermnatibn and seed
maturation, contribute to reproductive variatioorSet al. 1993, Curran and Webb
2000, Espelta et al. 2008, Peréz-Ramos et al. 28H2puse seed predators consume
essentially the entire reproductive effort from plgpions of many tree species (Beal
1952, Beaman 1981, Kolb et al. 2007, Perez-Ramals 2008), tree recruitment depends
upon seed escape from predation. Large interarvaui@tion in seed production may be
one of the few options for escaping predation (8arid71, Sork et al. 1993, Bonal et al.
2007, Koenig and Knops 2000, Koenig et al. 2008),this response can be neutralized
by a diverse community of seed predators, includiegeralist predators supported by a
reservoir of alternative hosts (Ostfeld and Kee&0Q0). It has long been suspected that
recruitment success relies on inefficient trackahgariable reproductive effort by
specialist predators (e.g., Janzen 1971). Howdempredation experienced by a tree
population combines functional and numerical respsrof its specialist predators with
that of generalists that are simultaneously respanic co-occurring tree species. While
many studies have examined interannual variatioepnoductive effort in tree species
(e.g. Herrera et al 1998, Koenig and Knops 200@Jeustanding the consequences of
climate change in forest communities requires ltarga data on the synthetic process:
from reproductive variation of multiple host spegito climatic variation in flower

pollination and seed development, to predationdnegalists and specialists, and finally



seedling recruitment success. In this study, | sti@awtree reproduction for large-seeded
tree species within diverse temperate forests dipepon warm and wet conditions
during seed maturation as well as complex dengpeddent patterns of seed predation
by both specialist and generalist seed predatapgahde of amplifying or dampening
responses to climate.

Examinations of the degree of reproductive vaiafi.e., coefficients of
variation) have become common (Herrera et al. 1888nig and Knops 2000, Koenig et
al. 2003, Crone et al. 2011), but our understandirfgpw climate and density-dependent
effects contribute to differences among speciespapailations is still limited. The
approach presented here allows one to test hypsloesmcerning both climate-mediated
and density-dependent reproductive variation.

The resource-matching (RM) hypothesis positsatoductive output responds
to, or tracks, growing conditions, which vary freyear to year and population to
population (Sork et al. 1993). RM predicts thatteptemporal variation in population
reproductive effort should track climate, suchraseasing seed maturation rates with
moisture and temperature during spring and sumeett development. Patterns of tree
flower initiation, pollination, and developmentantnature seed support RM in temperate
forest tree species (Sork et al. 1993, Koenig.et396, Cecich and Sullivan 1999, Houle
1999, Knops et al. 2007, Espelta et al. 2008, PRaRros et al. 2010).

Economies of scale are reproductive strategiesactexized by large,
synchronous reproductive, or masting, events tieatrore efficient than small, non-
masting, events (Kelly and Sork 2002). In many terafe and tropical forests, high

degrees of population-level variation and synchriongeed production define economies



of scale (Janzen 1971, Koenig et al. 1996, CumahVdebb 2000, Koenig and Knops
2000). For example, reproductive efficiency (iteg probability of seed survival)
increases during mast years (1) if the probabilftgeed predation declines as tree
reproductive effort increases and (2) if low reprotive effort during non-masting events
depresses predator populations (predator satifi®h Janzen 1971, Silvertown 1980).
Predator satiation assumes a high degree of sgatiah (Janzen 1971), resulting in
negative conspecific density-dependence of seathpiom rates. However, both
specialist and generalist animal species rely ea seeds for all or part of their nutrition
(Ostfeld and Keesing 2000, Shibata 2002, LombandbNcCarthy 2008), including
insects such as seed weevils (Curculionidae), lsmdh as American robin$rdus
migratoriug, and rodents such as gray squirr8lsigrus carolinensj)s

In contrast to the predictions of PS, one migltesx attack rates by generalist
seed predators and frugivores to increase witht gkeed density (e.g. Ehrlén 1996).
Because generalist seed predators and frugivoyesnehe seed production of many tree
species, seed predation rates might (1) decredsewadator population size following
non-mast years (numerical response) and (2) inem@asng mast years as predators alter
their behavior in response to availability of séeahctional response). These numerical
and functional responses are consistent with herbigopulation limitation by pulsed
resources (PR; McShea 2000, Ostfeld and Keesin@, Zthnurr et al. 2002, Boutin et
al. 2006). Because PR focuses on generalists,daeities of more than one species
must influence predation rates. Drupes, with tleghy exterior, and nuts, with their
large, nutritious seed, represent different fumaiayroups of seed resources. Thus,

density-dependent effects on predation were asstonggbly to seeds of a given type:



drupe seed density does not affect nut predati@s,rand vice versa. Even though
generalist seed predators and frugivores may ebdiibilar functional and numerical
responses to seed density, they have contrastiecgebn seed survival (Sallabanks and
Courtney 1992). To understand the consequence=edffgedation and frugivory on
climate-mediated tree reproduction, research maraite different forms of seed and
fruit herbivory because of differences in numeriesponses, functional responses, and
consequences to seed viability. Without recordseed fate, separation of these effects is
difficult to impossible, even with extensive paditing of variation into individual,
population, and species levels (e.g., Koenig 2@03)

Given the lack of clear masting and non-mastieg 8pecies (Herrera et al. 1998,
Koenig and Knops 2000) and increasing evidenceotif blimate and density-dependent
effects on seed crop size (Shibata et al. 200hdRison et al. 2005, Espelta et al. 2008,
Péres-Ramos et al. 2010), studies of tree reprimauceed to incorporate tests of both
RM and density-dependent predation (PS and PR)thgpes. Data providing
information across a sufficient number of years populations are rare. A handful of
studies quantify both seed maturation and seedapoedrates (Shibata et al. 2002,
Espelta et al. 2008, Pérez-Ramos et al. 2010)dnet studied populations or the causes
and consequences of reproductive variation ovgelgeographic regions and decadal
time-scales. Without data collected across longtstales and large geographic areas,
reliable inference on reproductive variation udiraglitional methods, such as
coefficients of variation, would be difficult. | gatified seed maturation, frugivory, and
seed predation by specialist insects and genevalittbrates on nine large-seeded

species for a seed archive from a series of longferest inventory plots located along a



500 km gradient from the North Carolina Piedmonthi Southern Appalachian
Mountains.

The analysis in this study focuses on pre-dispsesad predation on large-seeded
species that provide the most important resounceded predators and frugivores. Pre-
dispersal seed predation offers stronger seleptiessure for increasing variation in seed
production than post-dispersal seed predationgBatiks and Courtney 1992, Bonal et
al. 2007) and modifying tree seedling establishnmatets (Espelta et al. 2009). Post-
dispersal seed predators, such as rodents, ddexytand pigs, consume or hoard
substantial quantities of seed, limiting both ssexvival and dispersal (Howe 1989,
Curran and Webb 2000, Pérez-Ramos et al. 20083tidty of long-term seed production
can account for seed removal either through hogroynpost-dispersal seed predators or
complete consumption of the seed, which is not Meske The fate of removed seed, and
thus the influence of post-dispersal seed remavadlant reproduction, is highly
uncertain (Vander Wall et al. 2005). However, higtes of seed removal can be
accompanied by high rates of damage on seedsatimaim (Marquis et al. 1976, Howe et
al. 1989, Yi et al. 2011). Therefore, | assume fratdispersal predation rates reported
here represent an index of seed predation at large.

To understand the complexity of tree reproductesponses, | separate RM, PS,
and PR effects by relying on longterm records efisate. In the current study, |
guantified seed maturation, insect seed predadind vertebrate seed predation and
frugivory in a 19-year archive of seed collected &aplots located in the North Carolina
piedmont, foothills, and mountains to determinertites of seed maturation and seed

predation for nine large-seeded tree species: tittodwpesCornus floridg andNyssa
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sylvaticg and seven with nut§arya glabraandQuercusspecies. The objectives were to
determine whether or not (1) seed maturation iat¥ease under warm, wet conditions
as predicted by RM, (2) insect seed predation idelne with current seed density and
increase with previous seed density, as predicgdeld) and (3) vertebrate seed predation
and frugivory rates increase with both current previous year’s density, as predicted
by PR. If warm, wet climate conditions increaseuration rates, and thus mature seed
density, and density-dependent predation alteramaged seed density, then climate-
mediated variation in reproduction will be amplidier dampened following seed

predation, depending on the type of density-depecale

1.2 Methods

1.2.1 Study Area and Data Collection
This study was carried out at a series of longtiemast inventory plots in the

North Carolina piedmont (Duke Forest; near Durhbli@, 35°58’N, 79°05'W and
mountains (Coweeta LTER; near Otto, NC, 35°0488726’W). Some forest plots were
transitional between the piedmont and mountaitetims of elevation, climate, and
species composition (Mars Hill College; Mars HNIC, 35°50’ N, 82°33'W) | used 13
forest plots ranging in size from 0.34 to 4.11\Which represented a variety of climate
regimes, and included 9 to 128 seed traps (0Apemtrap) for quantifying tree
reproduction (Table 1.1). Each seed trap captwes falling on a 0.16 frarea of the

forest floor and is covered in chicken wire to exid seed removal by vertebrate seed
predators. Because these traps collect seed prolcess of dispersal and protect the seed
from further predation, most of the predation iasidered pre-dispersal predation. Seed

collection at each plot began between 1992 and g0&dle 1.1); data after March 2011
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are not included in this analysis. Thus, the samggtieriod differed somewhat among
forest stands. All seeds from this 19-year stuayaachived at Duke University.

Table 1.1: Descriptions of forest plots in three pysiographic regions of North
Carolina.

Region | Plot | First | Elev. | Area | Seed | Precip | T,
Year | (m) (ha) | Traps | (cm) (©)

C1 1992 780 0.64 20 194 14.9

C2 1992 820 0.64 20 194 14.4

Cc2 1992 870 0.64 20 194 14.6

C4 1992 1110 0.64 20 200 13.1

C5 1992 1410 0.64 20 270 11.4

CL 2000 1030 2.75 70 200 14.6

Southern Appalachian Mountains

CU 2000 1140 1.45 43 245 131

5 o | MF 2004 770 05 36
@ £ 102 135
&N | MP 2004 710 05 36
l_
DB 2000 155 411 128
DE 2008 155 0.34 9
121 471

DH 1999 170 2.40 66

Piedmont

DW 2004 180 3.21 69
T; = mean April spring temperature from 1991-2010¢fior j

Seed maturation and seed predation damage weréfoptafor each seed
collected for nine species over the 19-year histdthe study. Seeds from each forest
plotj collected during yearwere evaluated for maturation and predation danf@ge
speciek =1, ..., K with K =9 (Table 1.2). WheQuercusor Caryaseeds could not be
identified to species, data were grouped by gendsaunted, but not included in the
analysis. Unidentified seed were not included ia #malysis because predation and
maturation processes were assumed to operate sppebees-level, not the genus-level. |

recorded the number of immature seggsand the number of mature seeqg for each
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species. Seeds were judged to be immature bassekedrmorphology and size. Because
it is often difficult to ascertain pollination ofr&ll female reproductive structures (Sork
et al. 1993), immature seesis; may include both unpollinated and underdeveloped
seeds. Seed predation damage is common and iddrttifi visual inspection. Insect
damage is characterized by 1 to 2mm circular egivds and vertebrate damage is
characterized by removal or damage to the shelpantitl or complete consumption of
the seed inside, Thus, mature seeds were furthesiied by damage statwsy; is the
number of seeds with insect predatify,is the number of seeds exhibiting frugivory
(pericarp removedp; is the number of seeds exhibiting vertebrate (bircbdent) seed
predationyj: is the number of undamaged seed, @gds the number of seeds with
unidentified damage. For insect attacked seedo @unted the subset of seeds
exhibiting vertebrate predation in addition to ictseredatiorrj;. Total raw seed counts
are presented in Table 1.2 for reference.

Table 1.2: Cumulative seed counts for each speciasd seed fate combination.
Species abbreviations used throughout chapter 1 alisted in parentheses.

_ ¢ 15958 2 |=EfEugse
Species (abbrPlots § g § g % =4 E % *g E % é E
T |E |TE| 2|52 %S0
Carya glabra(Mill.) (cagl) 8 124 67 19 17 0 0
Cornus floridaL. (cofl) 9 528 47 175 101 0
Nyssa sylvaticéarsh (nysy) 12 | 302¢ 62 32y 1549 @
Quercus albd.. (qual) 8 1818 1407 164§ 21 1 3
Quercus coccinedMuenchh.  (quco 9 24Q 119 30Q 47 q 13
Quercus phellos. (quph) 3 523| 195 45 53 0 36
Quercus prinud.. (qupr) 9 165 41 18 44 0 40
Quercus rubral. (quru) 10 | 1575 440 196 434 111 128
Quercus velutindam. (quve) 9 201 11 11 3 88 1
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Seeds completely removed by predators could natbeunted for in this study,
thus pre-dispersal predation rates are taken aslar of seed predation at large. |
commonly observed portions acorn shells in sampiekjding the remains of the style at
the apical tip of the acorn. Thus, shell fragmevese considered predated by vertebrates
only when the remains of the style were presen ifdicates that the data may still
represent pre-dispersal consumption, as opposedttoval for the purposes of hoarding.

1.2.2 Statistical Analysis
To test the influences of maturation and predabiowariation in tree

reproductive processes, | examined the degreemflation-level variation and the
influences of climate and seed density on thatatiann. | calculated population
coefficients of variation (Cy Buonaccorai et al. 2003) for all species-plot borations,
referred to as populations in this stukyusing all seeds;.;, mature seedsyc; only, and
undamaged seegg; only. Coefficients of variation for all seed, matiseed, and
undamaged seed represent the degree of interavemiggtion in tree reproduction at
different stages of the reproductive process: pagdmation, post-maturation, and post-
predation, respectively. Coefficients of variatimave known limitations (Buonaccorai et
al. 2003, Knops et al. 2003, Crone et al. 2011 ey are reported throughout the
literature and provide a metric for comparing papioihs and species. | compared the
coefficients of variation of individual populatiots determine how seed maturation and
seed predation contribute to overall reproductiaeation.

The statistical approach presented in this paggmesents a marked improvement
over traditional metrics of reproductive variatidmdividual forest stands differ in
species composition, and thus seed density, asawdédingth of sampling interval (Table

1.1). Because Cymeasures the degree of interannual variation argeags for an
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individual population, this metric depends uponlgrgth of the sampling period in
relation to the masting cycle. Thus, studies lgstinly a few years may produce poor
estimates of variation, especially if no mastingreg occur. By relating reproductive
variation to spatial and temporal variation in di® and seed density, the analysis is not
as sensitive to differing sample period lengthxdleded observations with no seed for a
given species from the following analysis.

The probability of seed maturation for populatjlim yeart is assumed to be
dependent upon variation in climate. Previous stsitiave found a strong influence of
drought on seed abortion rates (Sork et al. 1998¢Ea et al. 2008). | incorporated
interannual and spatial variation in summer Paldneught severity index (PDSB; for
forest plotj in yeart and mean annual precipitati®n(cm) for forest ploj. | included
April temperatureT;; for plotj in yeart to represent the influences of temperature,
including effects on tree demography (Knops e2@07, Adams et al. 2009, Mund et al.
2010) as well as increases in pollination succgesk(et al. 1993, Cecich and Sullivan
1999). The total number of seayg from samplgkt are partitioned into mature seed
Myt With probability j: and immature seel; with probability 1 — : (Figure 1.1a).
Thus, the probability of seed maturatigkx conditioned on climate ang; was modeled
as a binomial process with a logit link function
mj ¢ ~ Binomial (njk,t'ij,t) (1.2)
logit gk + ) = @ok +awTj 1 +axPj 1 +axP (1.2)
where o is the intercept for speci&sand 1, 2 and gz are the effects ofj;, P, and

P; for specie, respectively. The effect of mean April temperattar each plot, as

opposed to interannual variation in temperafijfewas not incorporated because it was



highly correlated witlP; in the current study. Otherwise, correlations leetclimate
variables were low to moderate  0.39).

{2) seed maturation

(b) seed predation (nuts) —
C. glabra & Quercus spp.

(c) seed predation (drupes) —
C. florida & N. sylvatica

Conspecific Intraguild i Intraguild
T"" Seed Density Seed Density Seed Density m——

Figure 1.1: Acyclic directed graphs for models ofd) the climate-mediated seed
maturation process, (b) the density-dependent seguedation process for nuts, and

(c) the density-dependent seed predation and frugivy process for drupes. Seed
counts for observationjkt are enclosed in boxes and probabilities for obseation jkt

are placed above the line pointing from the initialcount to the outcome. (a) Tree
seedxy.; are either mature my; or immature sy with probabilities j:and 1 — j,
respectively. (b) Mature seeds with known damage pe (Mj: —Oj) are predated by

insectswi;, predated by vertebratesay, or undamagedyi with probability pj(t)’t,

pj(lf)t, and pj(i)t, respectively. Additionally, insect predated seedijk,t are predated

by vertebratesrjc; with probability ;. (c) Mature seeds with known damage type
(Mt —O,t) experience frugivoryfj, are predated by vertebratesy;, or are

undamagedyj: with probability m}ﬁ)’t, mj(f)t , and nﬁ’)t respectively.

The probability of seed predation depends upod deasity for all tree species,
but the model structure differs by tree seed gyi&ls 1 or 2). Because generalist seed
predators respond to seed densities of severaspases, | summed seed counts for all
nuts C. glabraandQuercusspeciesG = 1) and drupe<J. florida andN. sylvaticaG =
2) at plotj during yeat and divided by the summed cross-sectional arélaeceed traps

at plotj (0.16 nf x number of traps; Table 1.1) to calculate logagtild seed density
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Mic . (seeds M). Log conspecific seed densiBy, is calculated in the same fashion, but
for each specidsat plotj during yeat. For species with nuts = 1, | model the effects
of current and previous year’s log seed densitgerd predation as a multinomial
process with a logit link function followed by anbimial process for the probability of
vertebrate seed predation on insect predated &&gpat€ 1.1b). The multinomial seed
predation process was modeled as

Zikt ~ Multinomial(mjk't - ojk't,pjk't) (1.3)
wherezy; is a 1 by 3 vector of seed counts in each damagiesscategory for plot;j

and speciek during yeatt (Zi: = [Wikt &kt Yikd), jktiS a1 by 3 vector of probabilities of

damage status categd®yfor plotj and speciek during yeat where
Pt = 0 ) ® | andmy — 0y is the number of mature seeds minus seeds
jk,t ikt Pikt Piktl Mik.t — Ojk t

excluded due to unidentified damage for forest péotd speciek during yeat. Seeds
with unknown damagey: account for O to 8% of observed seed for eachiepé€able
1.2). Because this damage class incorporates ety afi processes, including pathogen
attack, unidentified seed predation, and physiaatayep.; are excluded from the

analysis.

The probabilitieso}% of each damage categd@yand observatiofkt are

calculated using a multinomial logit function (Apex A). The predictor variables are
the current year’s log intraguild mature seed dgmdjc, the previous year’s log
intraguild mature seed densMs .1, the current year’s log conspecific mature seed
densityCy., and the previous year's log conspecific matusslskensityCi. 1. Thus, the
1 by 5 vector of covariates ¥y = [1 Mjct Mjgt1 Cikt Ci1] and the 1 by 5 vector of

logistic regression parameters for each damags Q&s
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bl =|p§D pLA pLA L bf”?)l. The number of seed attacked by vertebrates

following insect attack.: (Figure 1.1b) was modeled as a binomial proce#s aviogit

link function
rjk’t ~ Binomial(wjk’t i jk,t) (14)
logit (/ j t) = gok + IkM G t + 9kM jG t-1 (1.5)

where j is the probability of vertebrate attack on ing@edated seed, angl, 1, and
o are species-specific parameters for the effetgintraguild seed densitys and
Mg t1)-
For species with drupe&E 2; C. floridaandN. sylvaticd, | use a multinomial
distribution with a multinomial logit link functiofFigure 1.1c) of the same form as

found in egns. 1.3, A.1, and A.2. In this cag@,= [fikt k.t Yikid, jktiS @l by 3 vector

of probabilities for damage stat@for samplgkt where /m :lnﬁ)’t ml(ﬁ)t mj(i)tl

and the logit ofmng')t depends orx ,a{?) wherea(? are logistic regression

parameters for damage categ@yThe vector of regression parameters for each gama
classQis a( = [dé‘k?) Q) a’éS)J and speciek andxy = [1 Mjg: Mjg1]. Thus,
intraguild, but not conspecific, log seed densitiese used as predictors. Parameters in
the binomial and multinomial models were fit usagetropolis algorithm within a
Gibbs sampler (Appendix B)

For the purposes of this study, | refer to siguaifit positive or negative effects if
95% credible intervals of the posterior mean patamelues do not include zero. For

undamaged seed coupjs, the baseline for the multinomial, | report difaces in mean
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predicted probabilitieg J(E)t and mj(i’)t if the predicted differences in probability oveet

range of covariate values is greater than 0.2 €asx) or less than -0.2 (decrease). Model
fits were assessed by comparing predicted resparsbles to observed responseg {
fict: @it Wik, @andryy) and by examining Pearson deviances for homogeagd

magnitude of deviances (Appendix C).

1.3 Results

1.3.1 Population Coefficients of Variation
Seed maturation and seed predation increased papwariation in fecundity,

though the effects of each process differed byriaruc group. Empirical densities of
CV, for all seedhy;, mature seety, and undamaged segg; overlapped broadly, but
maturation and predation tended to skew the digioh of data toward greater GV
(Figure C.1). Mean differences in population caxéint of variation CY between all
seed and mature seed in populajlowere small forC. florida andN. sylvatica(0.00 and
-0.02, respectively; Figure C.1a). The £fdr my; was greater than fox; in Caryaand
Quercuspopulations. On average, the seed maturation psoneseased Cyby 0.19 for
C. glabra and 0.12 foQuercusspecies (Figure C.1b). | observed increases iatian
following seed predation. Mean increases in,@\thin a given populatiojk caused by
seed predation were 0.08 f0r glabra 0.55 forC. florida, 0.31 forN. sylvatica 0.50 for
Quercusspecies.

1.3.2 Model Performance
The binomial and multinomial models performed wedth for the climate-

mediated maturation and the density-dependent@eei@dtion processes. The models

predicted maturation, frugivory, and predationeéed well ¢ > 0.75; Appendix D).



Pearson deviances were close to zero and showeddino trend with predicted
probabilities, supporting homogeneity of devian@gspendix D).

1.3.3 Seed Maturation
The probability of seed maturation increased wethperature and moisture for

many species. The mean spring temperature effegisere positive for seven of nine
species (Figure E.1) with the probability of matima increasing significantly in four
species. sylvaticaQ. albg Q. coccineaandQ. rubra Figure 1.2a). The mean
summer drought effectsx were positive for all species excépt velutina(Figure E.1),
with the probability of maturation increasing siigantly in six species. glabrg N.
sylvaticag Q. alba Q. coccineaQ. phellos andQ. rubrg Figure 1.2b). The mean annual
precipitation effects 3 were positive for seven of nine species (Figudg ®with
probability of maturation increasing significanttyfour species@. florida, Q. coccinea
Q. rubra, andQ. veluting Figure 1.2c). Over the range of observed vanmegitior;, P;,
andP;, mean seed maturation probability increased byiash as 90% (Figure 1.2). Seed
maturation probability declined significantly withimate variables for only two species:
C. glabradeclined withT;; (Figure 1.2a) an@. albadeclined withP; (Figure 1.2c).

1.3.4 Seed predation and frugivory
Frugivory of drupes@ = 2) varied with current and past intraguild sdedsity.

For C. florida, mean current and previous year’s log intragugiedsdensityMc « and

Mic 1) effects on frugivory probabilitynft)’t were positive (Figures 1.3a and 1.3b, Table

E.1). Mean effects d¥ljc; andMjg 1 On m&)t for N. sylvaticawere negative (Figures

1.3a and 1.3b, Table E.1). Thus, probabilitieBugivory onC. floridaandN. sylvatica

diverged asMjc+ andMjc .1 increased.
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Figure 1.2: Mean predicted probability of seed mattation presented as a function
of (a) spring temperatureT;;, (b) summer PDSIP;;, and (c) mean annual
precipitation P;. Dashed lines indicate that 95% credible interval$éor main effects
were positive and did not include zero and solidies indicate that 95% credible
intervals for main effects were negative and did nanclude zero. Species with non-
significant effects re not presented. Mean prediatins were calculated with the logit
function and mean parameter values from the Gibbsampler, holding all covariates
besides the covariate of interest (on the x-axispastant. For species abbreviations,
see Table 1.2.

MeanM;c; effects on seed predation of drupﬂﬁ)t were significantly positive

for C. floridaandN. sylvatica(Table E.1), leading to slight increases up t&(0seed

predation probabilities fo€. florida and larger increases of 0.35 in seed predation

probability forN sylvatica(Figure 1.3c). MeaMg 1 effects onm}?t were significantly

positive forC. florida and negative folN. sylvatica(Table E.1), though predicted change
in mj(lf)t over the full range of observéd;.; were less that 10% (Figure 1.3d). These

results indicate that, while significant, the etfeof Mg ; andM;g +.1 can be minor.
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Figure 1.3: Mean predicted probabilities of fruit or seed predation are presented as
a function of current and previous year’s log seedensity. The probability of

frugivory nﬁ)t with respect to (a)Mjg and (b) Mjc .1, the probability of vertebrate
seed predation on drupes‘nﬁ?t and nuts pfﬁ)’t in relation to (c) Mjg: and (d) Mjg 1.1,

the probability of insect seed predation on nutsvﬁ),t with respect to (e)Ci: and (f)

Cik.-1, and the probability of vertebrate seed predatioron insect infested nuts j; in
relation to (g) Mjc are presented. Dashed lines indicate 95% credibietervals for
seed density effects were positive and did not inde zero and solid lines indicate
95% credible intervals for seed density effects wernegative and did not include
zero. Species with non-significant effects are npresented. Mean predictions were

calculated with the multinomial logit function and mean parameter values from the

Gibbs sampler, holding all covariates besides theogariate of interest (on the x-axis)

constant. For species abbreviations, see Table 1.2.
Seed predation on nut§ € 1) both increased and decreased with log seed

density. Mean current year’s conspecific log sesusdyCj: effects on the probability

of insect seed predatiqem]%)t were negative for all species exc€ptrubraandQ.

velutina(Table E.2). Insect seed predation probabj«h’lﬁ)’t declined significantly with

Ci«.t for three species). albg Q. coccineaandQ. phellog while onlyQ. velutina

showed a significant increase,irﬁ)’t (Figure 1.3e). The probability of insect seed

predationp J%)t increased significantly with previous year’s corspe log seed density

Cict1for Q. coccineaQ. phellos andQ. velutina(Figure 1.3f). The mean effects G 1

on pj(t),t were positive for all species (Table E.2).

Probability of vertebrate seed predation increasetldecreased with both current
and previous year's intraguild log seed dendily; ¢ andMc +.1), though responses were

not consistent across tree species (Figures 18¢.8d, Table E.2). FdZ. glabra Q.
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prinus andQ. rubra, probability of vertebrate seed predatipr}f?t increased wittMjg ¢

(Figure 1.3c). FoQ. albg Q. prinus andQ. rubra,,ojﬂ?t increased significantly with

Mic+1 (Figure 1.3d). ForQ. albaandQ. phellos pj(l?t declined withMjc ; while no

species exhibited significant declines,a'rfﬁ?t with Mjg .1 (Figure 1.3c-d). Probability of

vertebrate attack on insect predated sgeihcreased significantly witi;g ; for Q.

rubra while Q. velutinaandMg;1 had no effect (Figure 1.3g, Table E.2).

The probability that nuts (G = 1) and drupes (G wére undamagecjo(}ﬁ)’t and ml(i’)t

respectively) exhibited diverse responses to lagpecific and intraguild seed densities,

resulting from the combined effects of diverse gaedlator communities. Mean

predictedp ](E)t increased witlCy; for C. glabra Q. alba andQ. phellog(Figure 1.4a).

Mean predictec;b}ﬁ)t decreased witl; for Q. velutinaand declined witlC 1 for Q.

phellos Q. prinus andQ. velutina Mean predictegb J(E)t increased witiM;g ¢ for Q.

phellos(Figure 1.4c). Mean predicta«ziﬁ)’t decreased witM;g  for C. glabraandQ.

prinusand decreased witfljs .1 for Q. prinus(Figure 1.4c-d). Mean predictecb}i’),t

decreased witM;c ; andMg;.1 for C. floridaand increased witNlg 1.1 for N. sylvatica
(Figure 1.4c-d).

1.4 Discussion
Both climatic-mediated resource matching in seetimation and density-

dependent seed predation increased variation thaeslability in forest tree

populations. As shown in Mediterranean oaks (Eapetltal. 2008, 2009) and temperate
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deciduous forests (Shibata et al. 2002), diffeemalogical processes that lead to
reproductive failure increase population variatiofecundity. The magnitude of and
variation in fecundity determines the availabilifyviable seed (Clark et al. 1998, 1999).
The causes of this variation may be difficult tentify from population seed counts

alone (Buonaccorsi et al. 2003, Koenig et al. 206%#)king studies of actual seed fates
for diverse communities of tree species essentia. study not only showed that seed
maturation, seed predation, and frugivory processzsase reproductive variation
(Figure C.1), but showed that the influences ohalie on seed maturation and density on
seed predation could be separated when seed fatquaatified.

The influences of climate on seed maturation gledistrong support for the RM
hypothesis. Many studies have correlated climatesavith fecundity (Koenig et al.
1996, Schauber et al. 2002, Lamontagne and BoQ0i,Xlark et al. 2011&) pres3 or
pollination success (Sork et al. 1993, Cecich amtivan 1999, Knops et al. 2007). A
few studies related seed maturation rates, raliaer total seed crop size, to climate
variation (Sork et al. 1993, Espelta et al. 2008 eP-Ramos et al. 2010). However, none
of these studies dealt with more than three spearidgopulations distributed across
broad spatial scales with data collected over rtfzag 10 years. The current study deals
with the seed maturation process in populationsred species belonging to four genera
spread across a broad climatic gradient, with ildial forest stands sampled from 6
years to 19 years. Thus the duration and spatdé o this study was similar to meta-
analyses (e.g., Koenig and Knops 2000, Liebhohld.€004), but with a more focused

scope.
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Figure 1.4 Mean predicted probabilities of drupes ad nuts experiencing no damage
(/771.(?,t and pl(i’)t respectively) in response to (@i, (b), Cikt-1, (C) Mj, and (d)

Mic 1. Dashed lines indicate 95% credible intervals foseed density effects were
positive and did not include zero and solid linesdicate 95% credible intervals for
seed density effects were negative and did not incle zero. Species with non-
significant effects are not presented. Mean prediains were calculated with the
multinomial logit function and mean parameter values from the Gibbs sampler,
holding all covariates besides the covariate of iatest (on the x-axis) constant. For

species abbreviations, see Table 1.2.

| showed that the probability of seed maturatimreased during warm, wet years
and on plots with greater precipitation (Figuresddnd E.1). Species differences in the
slopes of these responses could be due to physialatifferences between trees of
different species. Masting cycles and the lengttinoé required to mature seed differ
among coexisting species (Sork et al. 1993). dgmeproduction depends of
carbohydrate storage (Isagi et al. 1997, SatakdBgathstad 2008, Mund et al. 2010),
species-specific differences in resource allocatiay cause interspecific variation in

seed maturation responses to climate. Becausedon@ietitive environment influences

tree fecundity directly as well as interactivelyttwelimate (Clark et ain press,
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differences in stand characteristics, such adifgrtmoisture, and age, almost certainly
play a role in seed maturation rates.

In contrast, maturation probability declined wstbring temperature f&. glabra
and with mean annual precipitation f@r alba Such deviations may be the result of
interactions among climate variables capable ofléyimy or dampening demographic
responses (Clark et ah pres$. In addition, the majority of observations for glabra
andQ. albain this study were from dry, upland habitats aradrw piedmont forests,
suggesting a source of potential bias in the cusemy. AlternativelyC. glabraandQ.
albareproduction may respond to different climatictiean the other species studied
here. Despite the length of this study and therpma@tion of 13 forest stands, separating
interspecific differences in seed maturation froabikat preference may require the
inclusion of additional stands with similar comgasi to the warm, dry sites whe@
glabraandQ. albaare more commonly found. Still, these results higtilthe
importance of spring temperature and moisture aldity on seed maturation and
provide evidence for the generality of the RM hyyasts.

Seed predation increased population variationexaenination of predation rates
offered evidence of density-dependent mechanisims wide range of seed predation
rates observed in this study (Figure 1.3) is cdestswvith values reported in the literature
(Kolb et al. 2007). Insect attack rates providalewce of PS for four specié. alba Q.
coccineaQ. phellos andQ. prinug: the probability of insect predation generally
declined with current year’s conspecific log seedsity and increased with previous
year’s conspecific log seed density (Figures 1r8kla3f, Table E.2). The other three

speciesC. glabrg Q. rubra andQ. veluting exhibit one, but not both of the predicted
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responses to conspecific seed density. Insectmeeators in oak forests are diverse
(Shibata et al. 2002, Riccardi et al. 2004, Lombaadd McCarthy 2008). While the high
predator diversity could decrease the strengtrensity-dependent effects for both the
current and previous year’s seed density, it afgpiat the observed trends in density-
dependent seed predation are consistent with pmesiatiation.

Evidence of density-dependent effects of intrabsded density on generalist
seed predation and frugivory provide support otfiomal and numerical responses to
pulsed resources. Increases in vertebrate seedtfmedates with previous year’s seed
density are consistent with fluctuations predidiggopulation regulation by PR (Ostfeld
and Keesing 2000) and observed for rodent popuisiiio temperate forests of the
eastern North America (Ostfeld et al. 1996, Schetal. 2002, Kelly et al. 2008).
Increasing attack rates during years with largea@yctive effort are also predicted

(Liebhold et al. 2000, Ostfeld and Keesing 2000yédsy and Fox 2006). | observed both
. . . . . IT)(Z) .
increasing and decreasing trends in seed prec(amﬁh and jk,t) in response to

current and previous year’s seed density (Figurés, 1.3d, and 1.3 g), but onG;

florida, Q. prinus andQ rubraexhibited both positive functional and numericgponse
to intraguild seed density predicted by PR (TabR.Hn two specie®Q. albaandQ.
phellos | observed positive numerical and negative fumal trends consistent with PS,
not PR. Many of the observations fQralba andQ. phellosrepresent xeric and mesic
plots in the piedmont (DW and DH, respectively) vehthese two species make up 71%
and 30% of th&€aryaandQuercusspecies basal area and account for a large proport
of nut seed density. In this case, because inteednvariation in the seed resource is

dominated by a single species, generalist seedfmedmay respond more like
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specialists. In contrast to both PR and RSsylvaticaandQ. velutinaexhibited both
negative functional and numerical responses faebeate seed predation, though all
effects were not significant (Tables E.1 and ESpatial variation in tree community
composition and tree reproduction can influencel ggedator responses, but, to date, has
been addressed only in theoretical work (SatakiBjmdnstad 2004). While functional
groupings, such as “generalist”, may be technicathyect, the response of these seed
predators is conditional upon local forest commuodmposition.

Patterns of frugivory observed in this study pdad mixed support for PR
(Figures 1.3a and 1.31}. florida exhibited predicted positive numerical and funaélo
responses, howeval. sylvaticaexhibited negative responses not consistent w&h P
Migratory birds rely on drupes @. florida andN. sylvaticatrees in eastern forests
during seasonal migrations (Burns and Honkala 199@)e timing of bird migration
does not coincide with fruit set and dispersaltgyas of seed production and predation
will decouple (Eriksson and Ehrlén 1998, Sherrgle2007). This decoupling is
particularly important to forest tree populationsem seed dispersal, and thus gene flow,
is determined by a small number of mobile frugiwofe.g., Jordano et al. 2007). If the
density-dependence also depends on the phenolapedfproduction, this decoupling
may explain the lack of consistent patterns in sfgecies producing drupes and the lower
observed? values (Figures D.5 and D.6).

The representation of lagged numerical effectprieyious year’s seed density
may be overly simplistic. Even with the 19-yeartéve of seed production at the study
sites, some tree species may produce few masteggvnaking the examination of

large arrays of covariates and lagged effects iotjwal, even though tree responses are



highly complex. When masting cycles are predictablmasting events follow
environmental cues (Allen et a@h press, insect seed predators can match tree
reproductive cycles through diapause, making seedbtion responses to previous seed
densities difficult to identify (e.g., Maeto and & 2003). When tree populations are not
highly synchronized (Herrera et al. 1998, Koenid &mops 2000), the lack of synchrony
within and among populations buffers seed predadpulations against collapse (Satake
and Bjgrnstad 2004). Still, the fact that seed atied rates conformed to PS and PR
hypotheses for so many species supports the ysewbus year’s seed density.

My results indicate that knowledge of the mod@m@dation, especially with
regards to the degree of specialization, are napcgésr understanding the role that pre-
dispersal predation plays in climate-mediated vanmain tree reproduction. Previously
reported sensitivity of tree fecundity to clima@drk et al. 2011an pressg might be
attributed, in part, to climate-mediated seed nadion (Figure 1.2). However, density-
dependent seed predation processes (Figure 118pbyilify and dampen or reverse
climate-mediated masting events. For example, I&.gehellosseed crops experience
less predation than small seed crops (Figuresah8cd.3e), and thus are less often
damaged during masting events (Figures 1.4a am). B#ternatively, large. velutina
seed crops experience much higher predation fadé@ssimall seed crops (Figure 1.3e),
and rarely escape seed predation during mastingeyeigure 1.4a). Thus, positive
density-dependence (e.g., PR) dampens and negeinsity-dependence (e.g., PS)
amplifies interannual variation in tree reproduetio

Plant reproduction is a complex series of processmlving responses to biotic

and abiotic factors. Much has been learned abeunftuence of tree reproduction on
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forest community dynamics in eastern forests byremimg different portions of the
reproductive process, including tree fecundity (Kkt al. 2004, 2010, 201 1ia, pres$,
dispersal (Clark et al. 1998, 1999, HilleRisLambeamd Clark 2003, Wright et al. 2005),
and seed and seedling predation (Howe 1989, CandiWebb 2000, Beckage and Clark
2005, Kolb et al. 2007). By providing an examinataf the effects of climate and
predation on pre-dispersal seed fate, | highlightimportance of separating components
of reproductive variation. These results imply ttheg climate-mediated seed maturation
will be amplified by predator satiation and dampkoereversed by pulsed resource
dynamics. However, the degree to which either PBRcontrol successful tree seedling
establishment is unclear. In order to determinartiportance of these processes to forest
dynamics, more work is needed to quantify how nadion and predation rates influence

tree seedling establishment.
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2  Size-mediated demographic responses to
environmental heterogeneity determine tree seedling

growth, allometry, and survival in temperate forest S

2.1 Introduction
Ontogeny could play a central role in future fot@sdiversity, particularly if

changing climate has its largest impact on recreiithin competitive forest understories.
Seedlings fundamentally differ from large treeghbia terms of allocation demands and
access to limiting resources (e.g., Cavender-Bamd€Bazzaz 2000). Allometric
constraints change with size and age, resulting fildfering competitive responses to
growing conditions (Westoby et al. 2002, Poorteasle2008, Woods 2008). While large
trees have more direct access to light and moig¢Beaudet and Messier 1998, Claveau
et al. 2002, Niinemets 2006, Woods 2008), the ebstaintaining biomass becomes a
disadvantage under poor growing conditions (Westilat. 2002, Kneeshaw et al.
2006). If ontogenetic differences in tree respomedsce niche overlap of differing life-
stages, reproductive failures could become morentmm(Jackson et al 2009).
Furthermore, ontogenetic shifts in demography nii@y the structure and composition
of seedling banks, an important facet of foresteasion (Hubbell 1998, Comita and
Hubbell 2009). Few longterm studies are availabiectvprovide much insight on
responses of tree seedling communities to climaaage (Ibafiéz et al. 2006, Dawson et
al. 2011, McMahon et al. 2011). | am unaware of @y provide insight on how
ontogenetic changes differ among species in tefrtieea responses. In this study, | used
an individual-based demographic approach to quasitze-mediated tree seedling
growth and survival responses to natural and exygrial variation in resources and
climate across eight forest stands and 11 yeaesnperate forests of the southeastern

US. The results indicate that ontogenetic changage seedling sensitivity to light and
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moisture are common and can be used to defin@tealations most at risk from

climate change induced mortality.
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Figure 2.1: Hypothetical interactions are presentedepresenting (a) the
amplification of growth responses to resource by tree seedling sizeH;;) and (b)
both amplification of growth responses at high resarce levels and depression of

growth responses at low resource levels. In additip | present changes in (c) growth
ratio (h;; / di¢) and (d) survival ( j;) from low to high light levels for shade tolerant
and intolerant tree species.

The degree of risk posed to tree seedlings bytian in climate depends of inter-
and intraspecific demographic responses in theezbof their competitive environment.
Tree seedling growth, and thus carbon balancenited by a relatively narrow set of
resources varying spatially and temporally withinl &etween forests, including light,

moisture, and nutrients (Givnish 1988). Climatemlplant carbon balance by causing

temporal variation in growing conditions, such asqological shifts associated with
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winter temperatures (Houle 1999, Kon and Noda 2M¥&aki et al. 2008, Hwang et al
2011) or carbon starvation during protracted dresiglicDowell et al. 2008, 2011).
Because slow tree growth is associated with ineiasortality risk (Peet and
Christensen 1987, Waring 1989), growth responsesstaurces and climate determine
tree survival (Kobe et al. 1995, Kobe 1997, 1998h&and Coates 1997, Pacala et al.
1996, Canham et al. 1999, Clark et al. 2010). Wihilerspecific variation in tree
seedling physiology and morphology causes diffedamographic sensitivities to
resource limitation (Kitajima 1994, Walters and &e2000, Niinemets and Valladares
2006, Wright et al. 2007, Poorter et al. 2008)asgpecific variation in ontogeny
contributes to individual responses.

Ontogenetic effects on tree seedling growth @addscribed by the interactive
effects of height on responses to light and mogsawailability. Size-mediated growth
responses are expected to increase the sensghidyge seedlings to environmental
variation compared to smaller seedlings (Claveal.&002, Ammer et al. 2008).
Though large seedlings have greater access todighmoisture, and thus amplified
growth rates compared to small seedlings (Figute;Z5ivnish 1988), the respiratory
cost of maintaining higher biomass may depress tjrogsponses under poor growing
conditions (Figure 2.1b; Westoby et al. 2002). Asngh rates decline, the probability of
dieback, or even death, will increase (Waring 198Rus, the incorporation of height
and height by resource interactions in tree segdlemographic studies offers a powerful
method of assessing the advantages and disadvarbiyee size.

Given that height mediates tree growth resporasegrtaining conditions under

which tree seedlings experience elevated risk requhe identification of demographic
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processes leading to greater individual height.ex@mple, trees improve their capacity
to acquire light and moisture resources by alteaihgcation of biomass (Cannell and
Dewar 1994, Kitajima 1994), such as increasing#tie of height-to-diameter-growth
(i.e., growth ratio) to prioritize light captureolever, species differences in
demographic strategies, such as shade toleranggagrance, could result in differing
allometric and survival responses. Some studies f@mwnd that shade intolerant species
exhibit greater morphological plasticity at thetookgreater mortality in shade (e.qg.,
Sanchez-Gomez et al. 2006) while other studies faaw little difference among
functional groups (Kitajima 1994). Thus, shade lertant species may exhibit large
increases in both growth ratio (Figure 2.1c) andisal (2.1d) across the light gradient.
Conversely, shade tolerant species are charaadrzhbigh survival in all light
environments and commonly exhibit etiolation (ireduced taper) in shade to improve
light capture (Hutchings and de Kroon 1994, Berkowt al. 1995, Chen 1997, Chen and
Klinko 1998, Woods 2008, Kobe et al. 2010). Thimde tolerant species could increase
growth ratio in low light environments to improvgHt capture (Figure 2.1c), but
changes in allometry and survival should be smé#flen for shade intolerant species
(Figure 2.1d). Phenotypic plasticity, such as dieegllometric and survival responses to
environmental heterogeneity, depends upon the ichaiNs’ abilities to buffer themselves
against poor conditions (Valladares et al. 2007).

It is within this context of the tree seedling quetitive environment that one
must consider responses to climate and other pations. Previous work on juvenile
and adult trees has found that tree growth andwairare more sensitive to local

competitive environment than to climate (Clarkle2@11a,n press. However,



individuals in subpar growing conditions may betigatarly vulnerable interannual
variation in temperature and drought. In these i, slight variations in growth may
represent a substantial increase in mortality Eslen perturbations causing relatively
small changes in tree seedling growth, such asatddWCQ, may alter mortality risk
(Mohan et al. 2007). Even though tree seedlingespected to be more sensitive to
local light and moisture availability, climate aedperimental factors will be particularly
important in marginal habitats.

A synthetic modeling approach is needed to addressthe relationships
between tree seedling size, allometry, growth, aanglival contribute to species
responses to resources (light and moisture) anthtdi (temperature and drought). Given
the limitations and risks confronted by tree seedli(Grubb et al. 1977, Bazzaz 1991,
Boege and Marquis 2005), the importance of demducagiudies of this vulnerable life-
stage provide much needed information regardingstocommunity responses to climate
change. In this study, | examined the influenceaifiral and experimental variation in
local resource availability and climate on treedieg growth, allometry, and survival
for 20 temperate tree species. Specifically, | adsied the following questions:

(1) Does tree seedling size amplify light and moistresponses at all resource levels or
only when resources are abundant?

(2) Are allometric and survival responses charéstierof divergent life-history
strategies, such as shade tolerance vs. intolé?ance

| adapted the demographic modeling approach degdlbyg Clark and colleagues (2010)
to analyze annual diameter, height, and survived @& 7104 individual tree seedlings

measured up to 11 years. This method takes adwanfdpe longitudinal nature of this
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rich dataset. Assuming that growth indicates tigery | model the influence of height
growth on seedling survival. | model tree seedtimmeter and height growth as being
constrained by spatial variation in light and mwistresource levels at the subplot-scale,
interannual variation in climate at the plot-scaleplification and depression of resource

responses with individual height, and random e$fattthe individual-scale.

2.2 Methods
2.2.1 Field Sites
This research was carried out at eight foressptmtated the North Carolina

piedmont (Duke Forest; descriptioagailable online http://www.env.duke.edu/forest)
and the southern Appalachian mountains (CoweetdR; déscriptionavailable online
http://coweeta.ecology.uga.edu) representing aerahabitat types, soil characteristics,
and elevations (Table 2.1). In the Duke Forestssitere located in 20-30 year old
loblolly pine (Pinus taedd..) stands (GAP and FACE), 80 year pine standk wit
hardwood understories (BW and HW), and mixed hamthend oak-hickory stands of
unknown age (BW, EE, EW, and HW). This area is abt@rized by rolling topography,
with an elevation of approximately 150-180 m absga level and soils are mostly
Ultisols and Alfisols. At Coweeta, sites were |@zhin mixed-oak forests of unknown

age on varying topography with soils comprised prity of Ultisols and Inceptisols.
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Table 2.1: Description of plot characteristics andampling effort at Coweeta LTER
and Duke Forest. For seedling origin, T indicateshiat the seedling was transplanted
and S indicates that the seed germinateid situ from a planted seed.

Mountains Piedmont
(Coweeta LTER) (Duke Forest)
cL cu BW EE EW  FACE GAP HW

Planting | 2002-  2000- | 2000-  2006-  2006-  ;oo0 loog 2006

Years 2004 2004 | 2004 2007 2007 2007
Census | 2000- 2000- | 2000- 2006- 2006- 2006- 1998-  2006-

Years 2009 2009 | 2009 2009 2009 2009 2000 2009
Numberof | - 17 14 10 10 10 10 10
Species
Number of | g 23 70 12 27 48 20 24
Subplots

Seedling

origin T T T s s T T s
UTM (m) | 35°04'N, 83°26'W 35°58'N, 79°05'W
E'e(‘%t'on 1030 1140 155 170 170 150 150 170

Our sample design provided a large degree of alayariation in light, soil
moisture, and climate (Appendix F). To further gase variation in understory light, 20-
m and 40-m diameter canopy gaps were created asites: BW, GAPS, LG, and UG
(Mohan et al. 2007, Dietz and Clark 2008). Experitaktreatments associated with past
research, including deer exclusion for subplad yeat (if deer excludedg; = 1,
otherwisec;; = 0; Ibanez et al 2008, 2009, Hersh and Cllagiress, atmospheric CO
enrichment (plus 200 ppm GXJor subplof (if elevated CQthenC; = 1, otherwiseC; =
0; Mohan et al. 2007), and N-fertilization (11.Xgn? yr?) for subplotj and yeat (if
fertilizedf;; = 1, otherwisd;; = 0; Oren et al. 2001), were incorporated in sk
because they provide additional variation, but theynot the primary focus of this

research. Note that all terms are defined in talfle
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Table 2.2: Descriptions and symbols for terms used chapter 2.
Symbol Description (units)

A matrix of fixed growth effects (mm yror cm yf')

B; diameter and height random effects for seedjifmm yr* or cm yf*)

Git indicator variable for herbivore treatmeftfor control, 1 for excluded
G indicator variable for C@treatment0 for control, 1 for elevated

diit diameter growth of seedlirign subplof from yeart-1 to yeart (mm yr?)
Dij. modeled diameter of seedlingn subplot from yean-1 to yeart (mm)
DiJ((,Jt) observed diameter of seedlingn subplot from yeart-1 to yeart (mm)
fit indicator variable for fertilization treatmer;for control, 1 for fertilized
hi.¢ height growth of seedlingin subplot from yeart-1 to yeart (cm yr?)
Hiit modeled height of seedlingn subplotj from yeart-1 to yeart (cm)

H il((,)t) observed height of seedlimgn subplof from yeart-1 to yeart (cm)

Lt relative light availability at subplgtduring yeat

m relative Palmer drought severity index

M; relative precipitation index

Pii t indicator variable for planting method; O for segdor seedling

Vs error covariance for random effects, composeal pfa;,, anda,;

Wy variance for diameter observations

Wh variance for height observations

W ¢ relative winter temperature

Zjt observed survival status of seedlipg yeart

logistic regression parameters for survival process
it probability of survival for seedlinij in from yeanr-1 to yeart

error covariance for growth process, composes];0§;,, ands,,

2.2.2 Data Collection
Seedling subplots were initiated between 1998206 (Table 2.1). Seedling

subplots varied in size (0.81%o 10 nf), number per forest plot (12 to 70), and seedling
origin (transplanted first-year seedlings vs. ptanteedp; = 0 andp; = 1, respectively),
but in all cases, seedling densities were no gréfa@® 100 per ifi(Table 2.1; Mohan et

al. 2007, Ibanez et al. 2008, 2009, Hersh ehalress. Each seedling subplptvas



planted with a number of different species. A tafaBO different species was planted at
the eight forest plots. Each study had differenectives (Mohan et al. 2007, Ibanez et
al. 2008, 2009, Hersh et ah. pres$, such that species lists and seed sources dlffere
somewhat at each site and at each seedling subp®20 most common species were
used in this study to ensure sufficient variatiomésource and climate gradients (Table

2.3). Each individual seedlingat seedling subplgtwas censused for diameter (mm;

Dij(f’t)), height (cm;H i}‘,’t) ), and survival statug;) each yeat during July or August.

Diameter was measured to the nearest 0.1 mm andqlevel with calipers and height to
the nearest 0.1 cm with a ruler or measuring tape.

Environmental data were acquired through direcsueements at each subplot,
topographically derived data, and measurementeaby climate stations. Spatially and
temporally heterogeneous light conditions commofotest understories (Canham et al.
1990, Ibanez et al. 2008) were quantified usingibpherical photography. At each
seedling subplgt hemispherical canopy photos were taken eachtyaat the global site
factor (% open skyk,:) was calculated using Hemiview software (Delta-dviges,
Cambridge, UK). Missing and unreliable light me&snents were predicted using a loess
spline of the available data for each plot (datashown). To characterize the spatial
variation in soil water, topographic convergenageix (Beven and Kirkby 1979) was
calculated using ArcGIS 9.3 (ESRI, Redlands, CA) anultiplied by mean annual
precipitation to estimate a precipitation indék;(Clark et al. 2011a). The precipitation
index M; provides a reasonable metric of spatial variaitiomoisture availability across
the seedling plots in the eight forest sites amatfon both topographic influences on

drainage and mean moisture inputs from precipitafioo forest plof.
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Table 2.3: Species hames and abbreviations, numbef seedlings monitored,
number of seedling-year observations, and the bestodel based on predictive loss
for height growth h;;;.

Species (abbr Sggdl?r:gs S?(Z::irrslg' Model Selected
Acer barbatunMichx. acbha 139 795 Hij

Acer rubrumL. acru 654 3582 Hijjy, LjexHijt

Acer saccharunMarsh. acsa 286 1615  Hijt, LjexHije

Carya glabra(Mill.) cagl 260 1490  Hj

Carya illionensigWangenh.) cail 133 655  Hijt, Lje<Hijt,, MjxHij
Carya ovatgMill.) K. Koch caov 148 486  Hij:

Fagus grandifoliaEhrh. fagr 181 1331 Hijt, LjexHije
Liquidambar styraciflud_. list 683 3194 Hjt, MjxHjj
Liriodendron tulipiferalL. litu 394 1831  Hijjy, LjexHijt

Magnolia grandifloralL. magr 40 182 Hjy

Nyssa sylvaticarsh. nysy 50 172 Hij

Pinus rigidaMill. piri 83 291 Hijt, LjexHije

Pinus taedd.. pita 531 2227 Hijt, LjxHijt

Quercus albd.. qual 446 3036 Hij,t, Lj,tXHij,t,, ijHij,t
Quercus falcatavlichx. qufa 449 2420 Hijy, LjxHijt,, MjxHij
Quercus phellos. guph 896 5066  Hijt, MjxHij;

Quercus prinud.. qupr 129 826  Hijt, LjexHijt

Quercus rubral. quru 1185 7147 Hijt, MjxHij;

Quercus virginianaMill. quvi 138 666 Hijt, LjexHije

Ulmus alataMichx. ulal 279 2543 Hijt, LjXHijt,, MjxHij

In addition to spatial variation in light and minise, | quantified temporal
variation in climate. One climate station at Dukedst (FACE; Orange County, NC) and
two climate stations at Coweeta LTER (CL and CUgbtaCounty, NC) provided data

for calculating annual variation in January to Mavanter temperaturesy(;) and July to
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August Palmer Drought Severity Index (PD&);). Interannual variation in winter
temperaturev;; alters tree phenology and thus growing seasorilefgr example,
increasing winter temperatures are linearly reléespring phenology at the Coweeta
LTER, resulting in longer growing seasons (Hwangle2011). Interannual variation in
moisture contributes to temporal variation in gnogvconditions by causing tree xylem
dysfunction and carbon starvation, reducing groavttl increasing mortality risk
(McDowell et al. 2008, 2011). The PDSI quantifievidtion from average moisture
conditions as a function of temperature and pratipn (Keyantash and Dracup 2002).

2.2.3 Hierarchical Demographic Model
The model builds upon previous work assimilatiegndgraphic observations

(Clark et al. 2010, 2011 pres3. Inference is made on tree seedling diameter gjrow
(mm yrh), height growth (cm y1), and survival (annual probability) responsespatis
variation in resourced {; andM;) and temporal variation in climate;¢ andm)
experienced by individual tree seedlings. | usetbitivariate state-space model for tree
growth incorporating resource availability, climaded individual size. This model
differs from the previous models (Clark et al. 202011ajn press in that (1) |
incorporate both diameter and height growth asoesp variables and (2) fecundity is
not addressed because tree seedlings were notemBturdiameter and height growth, |
incorporate variation from individual random effeat addition to uncertainties in
parameter estimates, observations, and model gewh. Individual survival is
modeled as a logistic regression responding toelddngight growthkj:.1). In this study,

| fit the model to each species separately, suahal parameter estimates are species-

specific: | do not differentiate among specieshia $pecification of the model below.
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In the state-space model, annual diameter andvhefgnged;: andh;;) for
individual ij during yeat equal the change in modeled diamey;( and heightk;; ;)
between year— 1 and
Yiit =Yijt-1+ Vit (2.1)
whereY; , :[Dij ¢ His ]T and yj; :[dij ¢ Mg ]T . The submodel for change in diameter
dj: and heighty;; accounts for the effects of resource availability andM;), temporal
variation in climatew;; andm;), experimental factorsX, f;;, ¢, andp;), plant size
(Hij), and interactions between size and resourceaditity (Lj<H;j: andM;xH;;;) as a
bivariate mixed-effects model
Vit = Na(x; ¢ A+B;,S) (2.2)
wherex;; is the 1 byQ vector of covariates for each tree seedijrag timet
Xje=fl Lie My wie myg Cp fje cje py Hie Lig  Hije M7 Hygl,A
is theQ by 2 matrix of fixed effects; is a 1 by 2 vector of random effects on individual
ij, and is the 2 by 2 process error covariance matrieradtions are calculated based
on centered covariateBli(;, L;;, andM;) to minimize colinearity among covariates and
interaction terms. The random effects are modededl lsivariate normal distribution

centered at zem®; ~ N, (0,Vg), whereVg is 2 by 2 covariance matrix for the random

effects. The rows oA correspond t@ predictor variablesx|;) and the columns
correspond to the response variabigg)( Each predictogl {1, ..., Q} influences both
changes in diametelj; and heighhy;;. All covariates included ix;; were normalized to
the range 0 to 1 so that the effect sizes repreksergthange in growth across the observed
range of each covariate for direct comparisonsasémeter values (Appendix F).

Covariates in the vectog; were not included in the analysis of a given spedithe
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observed range of covariate values for a givenispeaeas less than 10% of the total
observed range.

| used model selection to determine whether otaaiclude interactions
between resources and height. | used predictive Wasich compares models based on
goodness of fit and a penalty term (Gelfand andsBH®98), to choose between a null
model (no interactions), a model with light by Heigteractionsli(x<H;;:), a model with
moisture by height interactionk;(xM;;), and the full model with both interactions. The
model with the smallest predictive loss for a gigpecies was chosen.

In addition to uncertainty in parameters, proagssr covariance, and random

individual effects, measurements of both diameter lzeight involve observation error. |

modeled observations of diametef% and height+(% as normally distributed

\ﬁj(ﬂ):[Du(?t) Hi??t)J*Nz([Dij,t Hij,t]’V(o)) (2.3)

W, . . ,
d w The observation model is further constrainedltmaonly
h

whereV(q) =
positive diameter growtld{; 0).

Individual tree survival depends on the maintepawfca positive carbon balance
(Givnish 1988) and this relationship is incorpodaiteto tree seedling demographic
models by relating increased survival to increggeavth (e.g., Kobe 1999, Clark et al.
2010). | modeled survivaky;) of tree seedling from yeart — 1 to yeat as a Bernoulli

process with a logit link function

zjj + ~ Bernoulli (Zij ‘t) (2.4)

logit(z; + )= 9jj +-19 (2.5)
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where jj; is the probability of seedlinig surviving from yeat — 1 to yeat, isalby 2

vector of logistic regression parameters, gpd= [1 hj ’tj. Technical details of the

modeling, including (i) prior specification and cpuatation and (ii) the joint posterior
distribution are discussed in the appendices (Agped and H, respectively).
Convergence was assessed visually (Clark 2007).

In addition to examining growth and survival preses directly, | used the Gibbs
sampler output to estimate mean height-to-dianggtamsth ratio, or growth ratio

hj ¢/ djj ¢ (€M mm'). The demographic modeling approach allows orgrédict mean

responses of both diamet and heighh;; to variation in a single covariate conditional
on the value of the other covariates. By randoraming realizations of parameters

from the Gibbs sampler output and calculatigg/d; ; for that set of parameter values,

one can estimate the mean and uncertainty of thetlyratio without explicitly
modeling the quantity. To ensure that the growtinsavere positive, realizations
resulting in negative estimates of diameter or leggowth were excluded from

calculations of growth ratioy ; /dj -

2.3 Results

2.3.1 Model Selection and Uncertainty
Growth models incorporating interactions betweeight Hj;:) and resource

availability (L;: or M;) were selected for all but five species. Basedamparisons of
predictive loss for height growtty ;, models with light interactiond ;xH;;;), moisture
interactions ;xH; ), or both were selected for eight, three, and @fuhe twenty
species, respectively (Table 2.3). Model seledtiaiuded height by resource
interactions in tree seedling growth models forcgefrom a variety of genera and life-

history strategies. For example, models incorpagdteight by moisture interactions



(M;jxHij) were selected for species generally found oner(esg. L. styracifluaandQ.
phellog and xeric sites (e.gQ. alba).

Uncertainty in the demographic model was partgmmto several sources,
including observation uncertainty, individual randeffects, and process error. Strong
priors on observation uncertainty produced sinolaservation error across species for
diametemvy (0.04 to 0.15) and height, (0.97 to 1.09) (Table 1.1). Variation in diameter
growth among individuala;; ranged from 0.09 to 0.26, except fortulipifera (0.75;
Table 1.1). In contrast, variances for individuahdom effects of height grow#,
ranged from 1.38 to 320.48 (Table 1.1) with theyést values od,, observed for species
where individuals experienced the greatest vanatidightL;: (A. rubrum L.
styraciflug L. tulipifera, andU. alatg). Uncertainty in the diameter growth process
varied little across species, wih ranging from 0.12 to 0.31, while process error

variance for height growtt, ranged from 4.39 to 40.42 (Table 1.1).

2.3.2 Tree Seedling Growth

Tree seedling diameter and height growth respotmegsource availabilityl(;
andM;), climate (v andm;;), and experimental factor€, f:, ¢, andp;). Diameter and
height growth increased most in response to ineseaslightL;;, followed by moisture
M; and winter temperatureg;, with only slight increases in growth with PD8}
(Figure 2.2, Tables 1.2 and 1.3). Mean effectsigifiiL;; on diameter and height growth
were 0.22 to 4.40 mm yr(Table 1.2) and 1.19 to 56.58 crmi'yTable 1.3), respectively.
In contrast, mean effects of moistiMeon diameter growth (0.15 to 1.38 mm'yfTable

1.2) were less than light effects for all specirseptC. illionensis Mean moisture effects
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on height growth (0.79 to 28.64 cm'yiTable 1.3) were higher than light effects for a
handful of species, includin@. glabrg M. grandiflora andQ. virginiana

Species differences in light and moisture effattisred species growth ranks
across the observed resource gradients. In fig@rd present height growth responses
for six well-replicated species with individualspexiencing a broad range of
environmental variation as examples of generabpagtamong disparate species. Mean
height growth rate of the shade-toler&ngrandifoliawas higher than other species in
low-light understory conditiond {; < 0.1) while mean growth rates of shade-intoletant
tulipifera andL. styracifluawere higher than other species at moderate ardliiyiaf
levels. Similar qualitative patterns were obserf@dyrowth responses to moistuvk,
though with a lesser magnitude than for light(Figure 2.2).

Climate effects were generally smaller than ligihtl moisture effects (Figure 2.2,
Tables I.2 and 1.3). The mean effects of wintergeraturesv;; ranged from 0.02 to 0.34
mm yr for diameter growth and 0.14 to 4.02 crit §or height growth. Mean effects of
winter temperature of diameter growth exceededri®yr* only forL. tulipiferaand
mean effects on height growth exceeded 2 criryfive speciesA. rubrum L.
styraciflug L. tulipifera, P. rigida, andU. alata(Tables 1.2 and 1.3). The effects of
summer PDSI were usually small, causing 0.01 t8 thin yf mean diameter growth
for all species excefit tulipifera (0.26 mm yi') andP. taeda(0.20 mm yi'). The effects
of summer PDSI on mean height growth was less them yi* for 13 species, from 1 to
2 cm yi' for five species, and greater than 2.0 cihfgr only L. tulipifera andP. rigida

across the full range of observed summer droughditions.
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Figure 2.2:1 present 95% credible intervals for mean height gowth for A. rubrum,
F. grandifolia, L. tulipifera, L. tulipifera, Q. alba,and Q. rubra as a function of
environmental gradients (lightL;;, precipitation index M;, PDSIm;, and winter
temperature wy). For each panel, all covariates are held constaat mean values
experienced by each species except for seedlingdiei(H;;; = 25.4 cm; average
height among all seedlings) and the environmentakgdient of interest.

Experimental factors explained some of the vaain tree seedling growth, but
the magnitude of these effects was small in ratatiothe effects of light and moisture
resource availability (Table 1.4). For most spece®,-enrichmenC;; and N-
fertilization f;; produced little to no change in diameter or heggbivth, though there
were notable exceptionsiriodendron tulipiferaexhibited mean increases of 2.96 ci yr

height growth whileP. taedashowed 0.21 mm Jrmean increases in diameter growth

and 4.21 cm yI mean increases in height growth with N-fertilipati Tree seedlings
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located in herbivore exclosurgg exhibited mean increases in height growth, ranging
from 0.15 to 5.18 cm ¥, while herbivore exclosures increased mean diangetevth by
more than 0.10 mm yrfor only C. glabraandM. grandiflora The effect of tree
seedlings originating from seep| ( = 1) were generally negative and greater in
magnitude than the other experimental fact@sf{;, andc;;). Negative growth responses
were strongest for small-seeded tree speéiebdrbatumA. rubrum L. styraciflug L.
tulipifera, andN. sylvatica with mean decreases in diameter growth rangioign 0.11 to

1.10 mm yi* and mean decreases in height growth ranging fromh # 17.54 cm yr.

Tree seedling height both amplified and depretsssdseedling growth responses
to light and moisture. Mean tree seedling diamete height growth were maximized for
large tree seedlings growing in high resource emwvirents (Figure 2.3). Interactions
between plant size and resource availability, paldrly lightL;:, on growth were
common (Table 2.3, Appendix I) and lead to ampdificn of lightL;; and moisturéyj;
responses by tree heighj; (Figure 2.3). For example, largetulipifera (H;; = 200
cm) under high lightl(; = 0.8) exhibited mean height growth of 160 cm, while
smaller seedlingHj; = 40 cm) grew by only 25 cmyr For species with both light by
heightL;xHj; and moisture by heigi\;xHj; interactions (Table 2.3), the magnitudes of
L;xHj: effects were greater thiyxH;;; effects on height growth for three of four
species@. albg Q. falcatg andU. alatg Table 1.3) and two of four species for diameter

growth Q. albaandU. alatg Table 1.2).
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Figure 2.3: Contour plot of the mean predicted tree seedling hght growth h;; (cm
yr') as a response surface of relative height;; and relative spatial variation in
light L;: and moisture M; for six tree speciesA. saccharum F grandifolia, L.
styraciflua, L. tulipifera, Q. albg and Q. falcata Contours are presented only over
the ranges of heightH;;; and resource [;; and M;) observed for each species. For
each panel, all covariates are held constant at meaalues experienced by each
species except for seedling heightl(: = 25.4 cm, average height among all
seedlings) and the environmental gradient of interd.

The presence of negative main effects of heijhtand strong positive
interactions with lightjxH;;; or moistureM;xH;j; (Tables I.2 and 1.3) resulted in
slower, and sometimes negative, mean growth oélaegdlings compared to small
seedlings in resource-poor environments (Figurg 38me species, suchAs

saccharumandL. tulipifera, exhibited mean height growth depression for ldrge

seedlings in low light condition4; < 0.1). ConverselyQ. falcataexperienced mean



height growth depression in large seedlings at mateddight levelsl(j; < 0.25) as well as

moderate moisturé; < 0.35) levels.

Patterns of growth ratie; ; / d; ; with respect to light and moisture resource

availability differed among species and appeardgktoorrelated with USDA shade
tolerance categories (Figure 2.4). Changes in rapacies growth ratio between™and
90" percentile light;; ranged from negative to positive, with a sligletl toward
greater increases in growth ratio for shade intmlespecies compared to other species.
Conversely, comparisons atland 98' percentile moistur®/; indicated increases or no
change in mean species growth ratio, with shaadeirgnt and intermediate shade
tolerance species showing increased growth ratio wcreasingV; while species

exhibiting no change in growth ratio were generahgpde tolerant.



Figure 2.4: Mean change in growth ratio from 10" percentile resource conditions to
90" percentile resource conditions for each speciesofFeach panel, all covariates
were held constant at mean values except for thegeurce in question (lightL;,
moisture M;). Species are sorted based on mean change in growatio. Shade
tolerances, from the USDA PLANTS database (USDA 2Q}, are indicated by color.

2.3.3 Tree Seedling Survival
Because height growtly; increased with both light;; and moisturév; for most

species (Tables 1.2 and 1.3) and the effects ajlitegrowth on survival were positive
(Table 1.5), mean survival;; increased or remained constant with increasingures
availability (Figures 2.5 and 2.6, Appendix J). Mapecies exhibited significant
increases in survival with increasing lidht than moisturév; (Figure 2.6). For species
showing at least a 2.5% increase in mean survjyalcross resource gradiant

dzj ; /dq > 0025), the change in survival with increasing light was greater compared

to the change observed with increasing moisiireexcept in smallH;;; = 10 cm)M.



grandifloraandQ. virginianaseedlings and largédf; = 100 cm)C. glabra C.
illionensis M. grandflorg andQ. virginianaseedlings (Appendix J). The remaining

unresponsive species; ; /dq £ 0025) exhibited either low to moderate survival (
zjj + < 09) or high survival g; ; 3 09) rates across all light and moisture levels

(Appendix J).

Figure 2.5: Mean change in survival from 10" percentile resource conditions to 90
percentile resource conditions for each species. Feach panel, all covariates were

held constant at mean values except for the resowan question (lightL;;, moisture
M;). Species are sorted based on mean change in growatio from figure 2.4 and
color coded based shade tolerances from USDA PLANT¢&tabase (USDA 2011).



Figure 2.6: Predicted mean probability of survival as a functim of light L;; (a and c)
and moisture M; (b and d) for species with at least 2.5% projectethean increases in
survival probability across the full range (i.e., 0to 1) of a covariateq
(dzjj  /dg > 0025). All covariates besides the variable of interegt;: or M;) were

held constant at the mean values except for seedjiteight: H;;; = 10 cm represents
small seedlings (a and b) andij; = 100 cm represents large seedlings (c and d).
Broken lines point from species abbreviations to man survival response curves. See
table 2.3 for species abbreviations.

2.4 Discussion
As the southeastern US becomes a warmer, driemegpmpetition for light and

moisture will continue to play a dominant role iee seedling communities. The main
effects of winter temperaturmg; and summer drougint;; were modest in comparison to

the effects of light;; and spatial variation in moistuk, at the subplot scale (Figure



2.2), consistent with the dominant role that lightl moisture competition have on tree
seedling demography (Augspurger 1984, Kobe andesdii97, Ibafiéz et al. 2008,
2009). HoweverM; will decrease in the future as annual precipitatieclines during
winter, summer, and fall across much of the soth@dearns et al. 2003). Thus, xeric
conditions will expand downslope into previouslysicehabitats.

Direct growth responses vg; andm;; were modest — a surprising result given the
general assumption in the literature that treelgegsishould be susceptible to
interannual variation in resource conditions (GrdB@7, Bazzaz 1991, Schupp 1995,
Jackson et al. 2009). The sensitivities of juveaild mature tree growth and survival to
winter temperature and summer PDSI were small mpaoison to light and moisture
effects (Clark et al. 2011a), but it was expected seedlings — with small storage of
non-structural carbohydrates, limited rooting deptid rare access to high light-levels of
the upper canopy (Kobe 1997, Canham et al. 199B¢ekéd al. 2010) — would exhibit
greater demographic sensitivity to climate. Whiteg sensitivity to moisture stress,
nutrient availability, and light availability hagén shown to of increases, decreases, and
not change with ontogeny (Cavender-Bares and B&42@@2, He et al. 2005, Lenoir et al.
2009, Bertrand et ain press, these results indicate that ontogenetic effats
conditional on habitat.

Because the greatest risks of mortality occushaded and xeric habitats where
the competitive environment already limits treevgitg tree seedlings in these habitats
may experience the greatest responses to variatidimate. Increased growth
sensitivity to resource availability among largedividuals not only amplified growth

responses at high resource levels, but depressedhgat low, and sometimes moderate,



resource levels (Figure 2.3). For shade intolesatsome intermediate tolerance
species, survival was highly sensitive to light amaisture (Figures 2.5 and 2.6,
Appendix J). Thus, small growth effects causedlimgate may have important
implications for tree seedling survival in shaded aeric habitats. In contrast, survival
changed little with increasing light and moistuoe fhany shade tolerant species,
indicating that despite both resource and ontogerétcts on growth, some species
tolerate or avoid environmental stress (Delucia3l ®8inemets and Valladares 2006,
Valladares 2008). Differences in persistence alwinatry could have important
implications for forest succession.

Seedling banks provide the reservoir of new irdiigls which may take the place
of adult trees dying during canopy disturbance (b&ilb1998, Beckage and Clark 2005,
Comita and Hubbell 2009), but their structure aochposition may change under future
climate. Seedlings that maintain positive growtld@ep shade or on xeric sites when
small will progressively grow less each year aspitugortion of carbon allocated to
maintenance rises, but the depression of growthmoapecessarily exclude these
species as persistent members of the seedling Bankexample, whilé. saccharum
exhibited large growth depression in shade, sulviias consistently high for this species
across observed resource gradients (Figures J.J.2ndConversely,. tulipifera
exhibited large growth depression in shade, buieael high survival only in high light
environments. Similar patterns of growth and swavivere observed for larg@. falcata
seedlings (growth ratib;, / d;; could not be calculated for small seedlings; Feg8ia).

Key to future understanding will be wedding densigpendent demographic approaches



(Comita and Hubbell 2009) with this size-dependgroach to better understand the
role of plant competition in seedling bank persiste

By examining changes in growth rahigx / dj, this study sheds new light on the
demographic importance of allometric responsessi@ $eedlings. With increasing light
and moisture, increasing growth ratio (Figure 2vd$ associated with increasing
survival (Figure 2.5). In fact, mean species changegrowth ratio and changes in
survival across lightt;: and moisturéV; were positively correlated (Pearson correlations
of 0.38 and 0.45, respectively). Shade intolerpeties exhibited the greatest variation in
growth ratio and survival across resource gradjesusporting the idea that shade
intolerance is associated with increased phenotypsticity (Sanchez-Gomez et al.
2006). Declining growth ratios and small increasesurvival with light availability were
consistent with increasing allocation to light aistfion in shady environments for more
shade tolerant species, most notdhlgrandifolia, Q. alba andQ. rubra (Figures 2.4
and 2.5). However, the majority of shade tolergeicges exhibited little change in
growth ratio and small to moderate increases imgal; many of which exhibited
survival probability greater than 0.9, even onghadiest and driest sites (Figures J.1 and
J.2). Thus, low resource persistence strategiesaaip be decoupled from aboveground
allometric in many species.

The results support two explanations for the comgnobserved patterns of
increasing height-to-diameter ratio (decreasedrjapiéh declining light availability in
tree seedlings and saplings. The traditional exgtlan involves increasing allocation to
height growth to capture limiting light resourcadarest understories (Givnish 1988,

Cannell and Dewar 1994, Hutchings and de Kroon L9®#bmetric patterns consistent



with this explanation were observed for a few spgdincluding species of intermediate
shade tolerance, such@salba However, | also observed increases in growtlo natth
light availability in shade-intolerant species.fist, this seems contradictory, but if one
considers patterns of growth ratio and survivaktbgr (Figures 2.4 and 2.5), one sees
that while these shade intolerant species haverlgvesvth ratios in shade, they also
have lower survival, indicating that these indiathiare not likely to persist. Thus,
increasing height to diameter ratio in shaded emirents in shade tolerant species as
opposed to intolerant species indicates that &#ber have the ability to increase
resource acquisition in the shade through shiféitthgmetric growth or they die.

If climate influences demography by modifying fdlagsponses to resource
availability, temperature and drought effects maybbtter represented as interactions.
For example, recent examinations of demographjmorezes of juvenile and adult trees
(>2 m height) have indicated that the incorporatbnlimate by resource interactions led
to increased estimates of climate sensitivity amadgiduals and species (Clark et al.
2011a,n press. Furthermore, some factors may dominate all nesp®, such that
colimitation by some factors are only observablkigh values of another factor, such as
moisture or nutrient colimitation developing in tiern hardwood tree seedlings at high,
but not low light levels (Canham et al. 1996, Kaloel Coates 1997, Schreeg et al. 2005).
Experimental factors — C&ertilization, N-fertilization, and herbivore exxdures —
exhibited small impacts on tree seedling demogrgphaple 1.4). In contrast, the origin
of the seedlings played an important role for sreaéided species. barbatumA.
rubrum L. styraciflug L. tulipifera, andN. sylvaticaaveraged 4 to 18 cm'ygreater

height growth for planted seedlings than for segdlioriginating from planted seed.



Larger-seeded tree species, sucQasrcusspecies, exhibited smaller differences in
growth between planted seedlings and seed, pdtgrdige to the high the larger initial

carbohydrate reserves available upon germinaticalt@$ and Reich 2000, Moles and

Westoby 2004).



3  Astate-space modeling approach for quantifying
interannual and interspecific variation in forest c anopy

conductance

3.1 Introduction
Understanding water use by forests requires msttitat accommodate variation

and uncertainty. Protracted and severe drougheim@sged as an early and dramatic
impact of climate change, probably contributingtobal dieback episodes (Breshears et
al. 2005, Breda et al. 2006, McDowell et al. 20B&11). Variation in drought response,
among species, spatially and over time, contraiddaape carbon, water, and energy
cycles (Schéfer et al. 2003, Hadley et al. 2008h{38t. al. 2010), and ultimately
biodiversity (Clark et al. 2011a). Species diffetheir stomatal regulation, which
balances the risk of cavitation at the cost of ceducarbon fixation (McDowell et al.
2008, 2011). Quantifying the important differenceguires inference on canopy
conductance and transpiration in response to vamiat natural environments within and
between species and years (Oren et al 1999a,d3haltid Oren 2001, Ewers et al. 2007,
Mackay et al. 2007) as well as observation unagtgEwers and Oren 2000). Coherent
inference has to begin with a joint specificatidrobservations, environmental inputs,
responses, and model uncertainty (Clark et al. BD14a this study, | specify a fully
coherent model and use it to quantify interannudliaterspecific variation in canopy
conductance and its sensitivity to vapor presseafieitl above-canopy light, and soll
moisture in a deciduous bottomland forest. Thigragch is used to evaluate the degree
to which co-occur deciduous tree species exhildtedght tolerating and drought
avoiding canopy responses and whether these patteme maintained in the face of

interannual variation in environmental drivers.
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Tree species not only differ in their stomatalssivity, but alter leaf phenology
and hydraulic characteristics in response to drougjecies differences in conductance
and its sensitivity to vapor pressure deficit asexmon, but drought response is better
described by relative stomatal sensitivities (tugorof the latter to the former), with
drought tolerant species exhibiting low relativasivities in comparison to drought
avoiding species (Oren et al. 1999). During droutgees may also avoid extreme leaf
and xylem water potentials through leaf abscissiosenescence (Marchin et al. 2010,
Hoffman et al. 2011). Thus, stomatal closure amiigint deciduousness are components
of drought avoidance strategies common in shaaderaint, bottomland tree species,
such ad.iquidambar styraciflud.. (sweetgum) andiriodendron tulipiferaL. (tulip
poplar), while shade and drought tolerant spesiesh asCarya (hickory) andQuercus
(oaks) species, can maintain more extreme xylemeaidvater potentials in the face of
drought (Pezeshki and Chambers 1986, Ni and PglE8€1, Hoffman et al. 2011).
Because the continuous measurement of leaf-legedgehange in natural systems is
impractical, stem sap flux methods provide a unigpjgortunity to examine both
interannual and interspecific difference in tredevaise.

There is increasing awareness of the need for ngweous treatment of sap flux
data, a principle source of current water use wtdeding (Ford et al. 2005, Ward et al
2008). Boundary line analysis (e.g. Jarvis 1976@Gralbers et al. 1985) improved on
previous efforts to link canopy conductance to esvinental drivers. However, it soon
became apparent that this technique could prodiased predictions (Chambers et al.
1985), and it was not appropriate for sub-diurhattiations (Whitehead 1998). More

generally, it does not build from a coherent prolgtiz specification. Uncertainty in the
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estimated responses, the typically large amountis$ing data, and potentially large
errors in scaling from sap flux measurements t@pgprocesses (Ewers and Oren 2000,
Lu et al. 2004) all require a joint probabilityioputs (variables and parameters), model,
and outputs. Proper analysis with forest carbomélssion models (Schéafer et al. 2003,
Kim et al. 2008) requires uncertainty in both theasurements and processes. To
illustrate we summarize key challenges of sap flata and conductance modeling.

Thermal dissipation probes used to monitor sapdkensity (Granier 1985,
Granier 1987, Goulden and Field 1994) pose unitpalenges for inference.
Quantification of canopy conductance (Vincke e85, Bréda et al. 2006, Oishi et al.
2008, 2010, Ward et al. 2008) and carbon assimigbchafer et al. 2003, Kim et al.
2008) requires a scaling from probe measuremerdartopy transpiration or
conductance. Errors in transpiration estimategdram the fact that one or a few probes
capture only part of the variation in xylem functi@hillips et al. 1996, Clearwater et al.
1999, Ewers and Oren 2000, Ford et al. 2004a, €oatl 2004b, Oishi et al. 2008).
Information is lost when sensors or whole netwdakis(Lu et al. 2004, Clark et al.
2011b). Models of transpiration response to weatharbe complex and are further
complicated by capacitance and internal water gio(a.g., Loustau et al. 1998, Daley
and Phillips 2006, Phillips et al. 2009). Thesesiderations preclude coherent inference
using traditional time series methods or Kalmatefihg and suggest a hierarchical state-
space framework (Carlin et al. 1992, Wikle et 8l02, Clark and Bjgrnstad 2004,
Cressie and Wikle 2011, Clark et al. 2011b). Ogle Barber (2008) advocate

hierarchical modeling in physiological ecology.
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In this paper, we introduce a hierarchical stai@ee framework that
accommodates the time-series nature of sap flu tla@ canopy conductance process,
and error associated with variation in xylem conhity, missing data, and measurement
error. Our objective is to quantify variation imcgy conductance in response to
variation in environmental conditions and interspedifferences in sensitivity to vapor
pressure deficit, soil moisture, and above-candmtgsynthetically active radiation.
Specifically, we expected thht styracifluaandL. tulipifera would avoid drought by
reducing canopy conductance more so than droutgratsngCaryaandQuercusspecies
in response to increasing vapor pressure defindsdgcreasing soil moistures
experienced during protracted droughts. Data c@tefrom 2002 to 2005 at a mature,
bottomland hardwood stand located in the piedmbhtooth Carolina provides a range
of conditions, including both unusually dry and wears (2002 and 2003, respectively;
Oishi et al. 2008, 2010) and species that diffefrmught-sensitivity (Pataki and Oren
2003). Results show (1) large interannual and $pieeific variation in canopy
conductance indicates differing degrees of droagbtdance and tolerance, (2) they
highlight the influence of water storage and caaacie on forest canopy conductance
during a protracted drought, and (3) they demotestieat the state-space model both

provides predictions of missing sap flux data.

3.2 Methods

3.2.1 Study Area
This study was conducted over a four-year per2@®2-2005) in a one-hectare

bottomland forest stand at the Duke Forest AmexiHardwood site (Pataki and Oren
2003, Stoy et al. 2006, Oishi et al. 2008, 2010aM@e County, North Carolina

(36°58'41.430"N, 79°05'39.087"W). The 100 year-aihnd is dominated by hickory,
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including mockernut hickoryGaryatomentosgPoir.) Nutt.) , sweetguni{quidambar
styraciflualL.), yellow poplar Liriodendron tulipiferal.), and various oak€uercus
albalL., Q. michauxiiL., andQ. phellosL.). Leaf area for these dominant species varied
interannually (Figure 3.1D) and accounted for 64%he peak leaf area index (LAI) 7.0
m? m? (Table 3.1). Soil is Iredell gravely loam with mos$ the rooting zone restricted to
the upper 0.35m of soil depth (Oren et al. 1998gan annual precipitation is 1146mm
(www.ncdc.noaa.gov).

3.2.2 Sap Flux and Environmental Measurements
Sap flux density was measured using Granier-tigpental dissipation probes

(Granier 1985, 1987) every 30 seconds, with 30-teiawerages stored on a CR23X
datalogger (Campbell Scientific, Logan, UT, USA)pfobe-set is a pair of probes, each
consisting of a 20-mm, modified hypodermic needlstaining a type-T thermocouple
sheathed in an aluminum sleeve. The two thermoegupktions (one in each probe) are
connected in series, so that the measured voltatgsyan estimate of the temperature
difference between the probes’ encapsulating xyf@ne probe in each probe-set also
contains a heating wire between the needle andl¢lese. All probes were installed in
the outer xylem (0-20mm depth). A previous studiicated that the probes in the outer
xylem likely did not come in contact with the heobd (Oishi et al. 2008), and thus did
not require a correction for non-conductance tig€llearwater et al. 1998). Each probe-
set measures the difference in temperatdrigfor probe-set at timet between the
heated and unheated probe, and thus the sap flisxtyld ; at timet. There are=1, ...,

n probe pairs located in hydroactive xylem for eathkix species (Table 3.1(.
tomentosaL. styraciflug L. tulipifera, Q. albg Q. michauxij andQ. phellos Before

calculating sap flux density; for probe-set at timet from temperature differenced;,
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Ti: was normalized to maximum temperature differendasn: average, minimum 2-
hour vapor pressure deficit was <0.05 kPa andh@}¥tandard deviation of the four
highest temperature differences was less that 0fa¥te mean values (Oishi et al. 2008).
sap flux density was calculated based on the corfynmed relationship betwedn and

Tit (Granier 1985, 1987, Lu et al. 2004).

Vapor pressure deficid; (kPa) was calculated from air temperaturg C°) and
relative humidity measured at two-thirds canopygheusing HMP35C probes
(Campbell Scientific, Logan, UT, USA). Photosyntbally active radiatiorQ; (mmol m
2 51) was monitored above canopy at 42 m. Volumetricrsoisture (mm mm®) was
measured with 12 sensors (ThetaProbe, Delta-T Bsy{Cambridge, UK), four in each
of two subplots and four near the eddy covarianeet near the center of the hectare
plot. Because differences in soil moisture measargsnamong the subplots were small
(Oishi et al. 2010), measurements for each 30-raihiote period were averaged,
resulting in a single time-series of volumetricl sooistureM;. Leaf area index for all
speciesA.; m* m™) for the hectare stand was calculated based aiftspeaf area and
total leaf mass for each species from leaf liteesKets in the hectare plot, as described by

Oishi et al. (2008).



Figure 3.1: Variation in vapor pressure deficitD;, soil moistureM;, and leaf area
index summed across the six study specie# during the four-year study period.
Non-growing season data (cross-hatched areas ofdig) were not used in this
analysis.

Table 3.1: Sampling design by year and species asthnd characteristics by species
are presented for the hectare plot at the Duke Amdfitux Hardwood site.

Specie number of| diameter As Peak LAl | Basal Area
trees range (cm)| (cn? m?) | (m*m? | (m?hal)
C. tomentos 5 12.7-58.4 3.41 2.39 6.20
L. styraciflué 10 19.7-55.6 3.18 0.90 6.29
L. tulipifera 10 16.1 - 65.4 2.96 1.16 4,53
Q. albe 5 13.7 - 57.7 0.52 0.62 1.73
Q. michauxi 5 16.1-54.4 0.59 0.64 1.95
Q. phello: 5 43.1-63.6 0.27 0.12 0.99

3.2.3 Model Structure
Data from sap flux probes and environmental daeewsed to estimate canopy

conductanc&; and parameters that relate it to environmentabbbes. | developed a

hierarchical model (Calder et al. 2003, Clark ajarBstad 2004, Cressie et al. 2009,
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Clark et al. 2011a) to incorporate the effectdglitland moisture conditions on canopy
conductance as well as uncertainty in the canopggss and observations. Each species
and year was modeled separately such that symitmladexed by time (years) and sap
flux probei. To avoid periods of minimal leaf area, | usedyagowing season data,
defined as day of year 110 to 291 during each (fegure 3.1). Prior information, joint
posterior distribution, and computation are dethiteAppendix L. Definitions of terms
are given in table 3.2.

Table 3.2: List of descriptions and units for termsused throughout chapter 3.
Symbol Description (units)

3 random effect for probie
A average leaf area per unit ground arear(f)
As; effective sapwood area for tree with pralgent)
As average sapwood area per unit ground area tih
Ag; ratio of leaf area to sapwood ared (m)
d relative depth of probiein relation to the total depth of the sapwood
D, vapor pressure deficit at timékPa)
Ec canopy transpiration for specigat timet (mm s' or mm montH)
E transpiration per unit leaf area for spegiastimet (mm s* or mm montH)
= transpiration per unit sapwood area for specasimet (mm s* or mm montt)
G canopy conductance at tirhénmol mi? s%)
Gret canopy conductance at 1 kPa vapor pressure dgfinipol m? s*)
G, steady-state canopy conductance at tifmemol m? s%)
. mean sap flux density relative to outer xylem @ittt (g m? s?)
Jit sap flux density for probieat timet (g m? s%)
M, volumetric soil moisture at timg(mnt mm?)
Q photosynthetically active radiation at tirneé mol m? s?)
rs sapwood scaling ratio (see Appendix K)
1, 2 model parameters g(Q,)
3 4 model parameters im(M,)

capacitance lag parameter which dependi ahd
capacitance time constant (Appendix L)

vapor pressure deficit sensitivity (mmofra® In[kPa]*)
stomatal lag time constant

The process model follows current understandimg key innovation being that it

is treated as a latent state with process and vdusan error. The analysis assumed that
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there is a steady state forcing of environmentamopy conductance (Jarvis 1976).

Steady-state conductanGEf‘ (mmol ni? s?) at timet is a function of vapor pressure

deficit Dy, photosynthetically active radiati@®, and volumetric soil moistund;

G = f(D)g(Q)h(My) (3.1)
The effect ofD; of canopy conductance is represented by the erapmelationship
f(Dy) =Gyef - / INDy (3.2)
whereGie; (mmol m? s?) is the value ofG> whenD; = 1 kPa, and (mmol ni? s*

In[kPaJ") is the rate of decline iG[S with increasingn D; (Oren et al. 1999). The

relative effect ofQ; on G° is
9(Q) =1- ailext- Q/ay)] (33)
where ; allows for non-trivial nighttime conductance anddetermines the saturating

increase inG> with increasingQ,. The effect oM, on G° is

exp{- 0.5(Mt - a3)2/a£) if My £ag

h(M,) =
(Mo if M, >as

(3.4)

where ;3 represents the value below whidhlimits GF and 4 controls the rate and
shape of the reduction i8> with decliningM,.

The relationship between steady-state conductéﬁcand the actual

conductancé&; assumes dampened stomatal responses (Raymen2@d@| Ward et al.

2008)

G =G gt + (Gts - Gt dt)‘/t (3.5)
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where the time interval igt = 5.7x10° years (30 minutes) ang =1- exp(- Dt/¢) forces

a dampened response (see Rayment et al. 2000). égeal to 1.9x10 years (10
minutes) based on previous observations (Naummad=#sworth 2000), such that lags
were relatively short in comparison to the frequeotmeasurements. The forcing

associated with the stomatal response time corssigithprecise and accommodated in

the model by stochastic process el®Fr~ G’ + g, whereg ~N(O,s 2y . The variance in

conductance scales asV; . As the elapsed time increases, the variance tends

The basic model of conductance is the basis fofuduhierarchical specification.
The canopy-level process described above is inforoyesap flux measurement; §. It
requires scaling from sap flux per unit sapwoo@dfe) to transpiration per unit leaf
area A), while accounting for dampening caused by capacé. It must allow for error
associated with sensor failure, sampling desigd vamiation in xylem activity.
Transpiration per fleaf areaE, is related td3; as follows (Monteith and Unsworth
1990, Phillips and Oren 1998)

G Dy (T; /273 +1)

L~ 24600 (3.6)
(115.8+ 0.4226T,)
Equation 3.6 can be simplified B = Giq; , if
1000D (T /273 +1
q = au ) 37)

44600 (115.8 + 0.4226T,)

Transpiration per unit leaf aré& can then be converted to transpiration per unit
sapwood are&; = (E, A )/(Ags), wherersis a scaling constant which rescafebased

on radial variation in sap flux density (Appendix ®ishi et al. 2008).



Several factors influence haly relates to mean sap flux in the outer xylerfy
m? s%), including capacitance and variation among sap $ensors. Sap flux measured
at the probe height responds only indirectly tocgpieric demand. Transpiration from
leaves creates a deficit in the volume of waterestan the canopy above the sensor
locationW,. This deficit determines sap flux at the prolte.sReduction in atmospheric
demand (e.g., at night) allows recoverydf The deficitW; that develops during
transpiration means that sap flux measuredags atmospheric demand, depending on
the size of the deficit and how fais from the point of transpiration, the leaf seda.
Rate of change in this deficit is governed by ttiteeence between transpiration and
replenishment\ —Wi.gt = ¢ —E: , whereW, = 0 indicates no tissue water deficit.
Because andE; are reported as rates per second, they are niettipy the number of
seconds in the time incremerdt (3.15x10 seconds). We expect sap flux to be

proportional to the deficit. Assuming sap flux pootonal to the deficitd,a= - sw, , we
have

W = Wegt — Wi—E (3-8)
Equation 3.8 can be rewritten as

_Wigt - Et@

W
1+ 6

(3.9)

Thus, one can track bothandW; as functions oE; and a single parameter With
respect to electrical analogue models (e.g., Phibit al. 1997, Steppe et al. 2002), it can

be shown that is related to the time constan(Appendix M) as

(1- expl- )X/t

b=
1- (1- exd- 1)/t

(3.10)
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In the remainder of the paper, we will refer to tinee constant, rather than, because
time constants have appeared widely in the liteeaBhillips et al. 1997, 2004, Steppe et
al. 2002, 2005, Meinzer et al. 2004, 2009).

In addition to dampening caused by capacitanceetprobe-level sources of
variation were incorporated in this study. Firaised sapwood profiles developed in a
previous study at this site (Oishi et al. 2008} tietated relative sapwood deptHfor
probei to flux density forC. tomentosal. styraciflug L. tulipifera, andQuercusspecies.
Second,J;; of a given area of xylem can vary for unobservabésons. For example,
sensors may have been placed in damaged xylenunpaidy reducing the flux rates past
that probe-set (Clearwater et al. 1998, Tateishl.2008). Unobserved influences are
accounted for using probe-level random effegter probei. Finally, | included a
Gaussian measurement error with variavigen addition to the error in th@; process.
Combining these sources of variation, | modeledfieepobservations of a given probe
at timet as
3¢ ~ N(3z(d ai Vs ) (3.11)
whereZ(d)) is the sapwood depth sub-model. This data modeskates the sap flux
contributed by species at the stand-level to thasmement taken by a given probe-set.
Values ofJ;; decrease with; (cambium at zero and sapwood-heartwood boundary at
one), such that

) o 2
Z(d;) =exp - 1 >bl)(g' o) (3.12)
23

where 1() is the indicator function, equal to lewlits argument is true and zero

otherwiseZ(d) = 1 whend, b; andZ(d;) declines montonically whedh > b, (Oishi et
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al. 2008). It is important to note that for specigth b; = 1 (i.e.,Quercusspecies)b,
does not influence the analysis. Random effacise centered on unity with variangg

such thata; ~N(,v,), where the mean random effect for each species®quity.

Because state-space models allow for imputatidatefnt variables when
observations are missing, the analysis producedilgg J: and inference on canopy
processes simultaneously. Valuessphire modeled with all estimates benefiting from all
observations. The state-space framework providegwal and coherent basis for
predicting missing observations and states (Clagt. 2011b). Leb;;= 1 denote the
event that there is an observation from proagetimet, ando;; = 0 denote the event that

the observation is missing. Then the likelihood is

& O N3z @av, ™ (3.13)
t i

meaning that the observation model contributesim&dion only when observations are
present: the likelihood exists only for non-missuadues. Periods with no measurements
from any sensor for two consecutive days (96 30dteitntervals) are excluded from the
analysis as are periods whep< 0.6 (Ewers and Oren 2000). For all other pogiohthe
study period missing;; were imputed from the predictive distribution (atjan 3.11).
Computation was accomplished with Markov chain Mao@arlo simulation, with out-of-
sample prediction used to evaluate fit (Clark 20@&tailed description of computation
is presented in appendix L.

For comparison with current metho@es and were also estimated using
boundary line analysis (e.g. Martin et al. 199 h&@fer et al. 2000). | excluded all

observations from periods with <500 mmol nf s* and soil moisturd/; < 0.2 mni
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mm?3. Assuming no dampening by capacitanke= E;,), | estimateG;; = Ji; / ¢ The

upper boundary line was derived by: (1) partitign®; into 0-2 kPa vapour pressure

de cit intervals, (2) calculating the mean and stard deviation o6;; in each interval,

(3) removing outliers (P < 0-05; Dixon’s test aating to Sokal & Rohlf 1995), (4)
selecting the data falling above the mean plusstexedard deviation, and (5) averaging
the selected data for eabhinterval with n 5 remainingG;; values. Excluding intervals
with n < 5 was done to prevedtintervals with too little information from affeciy the
relationship. For each tre@,s and were estimated using equation 33, values from
step (5), and the Im function in R statistics (R/&@epment Core Team 2010). For each
species-year combinatioB and values for each tree were averaged to estimata mea

parameters for each species.

3.3 Results
3.3.1 Comparing Boundary Line Analysis and the Stat  e-Space
Approach

The state-space model and the traditional boundeyanalysis produced similar
estimates of reference conductafgg, absolute sensitivity and relative sensitivity /
Gret. The boundary line analysis estimated higher ni@@grand than the state-space
model for most species-year combinations (Figu2g Blowever, the high uncertainty in
boundary line estimates caused 95% confidencevaitefor most species to overlap the
1:1 line, indicating no difference in parameterraates. Across most species-year
combinations, the ratio of the two parametersG) was also similar (data not shown).
Note that 95% credible intervals for the state-spaocdel (vertical lines in Figure 3.2)

are hardly noticeable. Uncertainties in the est@®&tom the boundary line analysis were

greater than for state-space estimates, reflettimgartitioning of uncertainty in the
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state-space model to other processes (light ahdhewsture), model specification
(process error?), and the observation model.

3.3.2 Predictive Performance
The model explained a high degree of variatiooliserved sap flux

measurements. Assuming a time constawit30 minutes, average explained variation
for in-sample predictions{ squared Pearson correlation coefficients) foividdal sap
flux probes averaged 0.87, with™&nd 78" percentiler? equal to 0.82 and 0.93,
respectively. Predictions were unbiased for 85%aqf flux sensors (Figure 3.3a), but
10% of sap flux probes under-predicted for modesafeflux densities (20 < 40 g n¥
s*: Figure 3.3b) and 5% of sap flux probes under-pted at low sap flux densitied;(

< 20 g n? s*; Figure 3.3c). The latter two cases occurred pilgnéor sensors exhibiting
lower maximum sap flux densities. Examination afdam effects indicated limited
correlation between tree diameter and magnitudi ér C. tomentosa.. styraciflug
andL. tulipifera. Positive correlations between tree diameteraameere observed iR.
albaandQ. michauxiiwhile Q. phellosdisplayed negative correlations. Under-prediction
at moderate sap flux (Figure 3.3b) occurred dumrognings a%); increased in advance
of D;. Conversely, under-prediction of low sap flux alva¢ions (Figure 3.3c) was

associated with high observed nighttime sap flux.
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Figure 3.2: Comparison of state-space and boundary line analysestimates 0fG¢¢
and are presented, with line segments representing 95%sedible intervals for
state-space parameter and 95% confidence intervafser boundary line estimates.
Note, that the 95% credible intervals for the statespace parameters are much
narrower than estimates from the boundary line ana}sis. The dashed line
represents a 1:1 line.

Figure 3.3: Observed vs. predicted sap flux density;; for three probes representing
(a) unbiased estimates@. phellosduring 2004, probe #1), (b) under-prediction at
moderate flux rates (. styraciflua during 2005, probe #2), and (c) under-prediction
at low flux rates (C. tomentosdrom 2005, probe #3). The dashed red line represtn
the 1:1 line.

Out-of-sample prediction showed that the statespaodel produced reasonable

estimates of missing data and it showed that diffesources of error contributed to



uncertainty at different times during the diurngtle (Figure 3.4). Data withheld from
out-of-sample prediction generally fell within theedictive intervals for sap flux density.
However, predicted morning increases in sap flighflly lagged observations. During
the day, most of the uncertainty in predictionssarfsom uncertainty in the canopy
conductance process (i.e., variation in parametimates and?). Even though the
predictive interval associated with the canopy cmtahce process narrowed at night,

uncertainty remained high due to large variatiomstg probes in nighttime sap flux.

Figure 3.4: Mean predictedJ;; (solid line), 95% predictive intervals incorporating
parameter uncertainty and process error (dashed lia), and 95% predictive
intervals incorporating all uncertainty in the model (dotted line) are presented for
comparison with observedJ;; for a single tree C. tomentosaprobe #2) in 2005.
Filled circles represent observations in the preditons and open circles represent
observations withheld for model validation in the ait of sample predictions.

3.3.3 Time constants and parameter estimates
Variation in the capacitance time constagaused dramatic shifts in most

parameter estimates, regardless of year or sp@gigendix N), though only during

2002 did increasing produce smaller estimates of both process andaiigen error
uncertainty (? andV,). | present results fa2. tomentosas an example of general trends
(Figure 3.5). Increases in the time constardgsulted in increases i/ Ges at low values
of , followed by increases B at higher values of (Figure 3.5a), indicating that as

time constants increase, the sensitivity and madaibf canopy conductance responses
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to D; must intensify to explain a given sap flux dendigtimates of light parameters (
and ») increased with for most species-year combinations, though thests svere

often non-linear (Figure 3.5b). Changes in bothstuwe parameter estimates &nd )
with tended to decrease initially, though at higheussalof , 3increased as,

remained constant near 0.2 (Figure 3.5c). Axcreased, process error varianée
declined and observation error variaMgencreased, though during 2002, decreased
initially before increasing after= 60 minutes (Figure 3.5d). In contrast to thesoth
parameters, random effects variances were robwstriation in time constants These
results indicate that during protracted drougtdp, ffux behavior may be better explained
by models incorporating greater dampening of tlieces of canopy conductanGg on

stem sap fluxj;;.
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Figure 3.5: Parameters for (a)Grer VS. / Gret, (B) 1VS. 2, and (c) vs.,/VJ for C.

tomentosan each year as a function of capacitance time caasit . Arrows indicate
changes in parameter values with increasing from 5 minutes to 120 minutes at
approximately 30 minute intervals.

3.3.4 Interannual variation in canopy conductance a  nd transpiration
Assuming a time constantof 30 minutes, | observed a large degree of vanat

in interannual and interspecific magnitude of cgnopnductanc&; and sensitivity to
vapor pressure defidd;. Quercus phellogxhibited the highest canopy conductance
during three of four years, followed hy styracifluaandL. tulipifera, while C.

tomentosaQ. alba andQ. michauxij exhibited the lowest canopy conductance (Figure
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3.6). Interannual variation in canopy conductanes greatest among three bottomland
specied.. styraciflug L. tulipifera, andQ, phellos Sensitivity to vapor pressure deficit in
some years was low [ Gt < 0.6) forL. styraciflua(2002 and 2003) and tulipifera

(2002) (Figures 3.6, O.1).

Figure 3.6: Mean steady-steady state canopy condacice G response to vapor

pressure deficitD; with 95% credible intervals (dashed lines) for eat species-year
combination.

Canopy conductance responses to light varied bgiep and year. Generally,
CaryaandQuercusspecies achieved maximum relative canopy condaetahlower
above-canopy light level3,, followed byC. tomentosa.. styraciflug andL. tulipifera
(Figure 3.7)For all species excefd. phellos relative canopy conductance was highest
at a givenQ; in 2002 and lowest in 2005 (Figure 3.7). In 20§)#cies segregated into
two groups: species achieving maximum conductahteweQ; (C. tomentosandQ.

alba) and species achieving maximum conductance at®@igh. styraciflug L.



tulipifera, andQ. phello3, though all species exhibited higher predicteghttime
conductance. In 2005, all species exhibited lovinttiigne conductance and required
higherQ; to achieved maximum canopy conductance relatiwgher years (Figures 3.7

and O.2).

Figure 3.7: Mean estimated relative effect of lighQ; on canopy conductance and
95% credible intervals for each species-year combation.

Bottomland tree species exhibited greater relatdeictions in canopy
conductance with declining soil moisture than othee specied.. styraciflug L.
tulipifera, andQ. phellosexhibited the greatest declines in canopy condeetarith soll
moistureM; (Figure 3.8). While most species experienced regoli€ in canopy
conductance in 2002 and 2004, canopy conductadcetiens associated with soll
moisture limitation in 2003 or 2005 were observeddnly L. styraciflug L. tulipifera,

andQ. phellos(Figure 3.8). The soil moistui; at which canopy conductance began to
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decline and the rate of decline differed amongyégigures 3.8 and O.2). | did not have
sufficient samples to examine the respons®.afichauxiiduring the 2002 drought, but
soil moisture responses during 2004 and 2005 weniéas to observed responses Qr

phellos

Figure 3.8: Estimated mean relative effect of soihoisture M on canopy
conductance for each species and year with 95% cnéde intervals.

Mean predicted canopy conductan@g @nd transpirationd, andEc) during the
study period is presented in Figure 3.9. Thougtepas of canopy transpiratidst varied
among yearsC. tomentosandL. tulipiferatended to exhibit the greatest value&gf
with other species contributing less to stand-levater flux (Figure 3.9). The
contributions tdec were determined by both (1) differences in spe@sponses tb;
andM; (Figure 3.6 and 3.8) and (2) the fact tBatomentosandL. tulipifera account

for 59% of the sapwood arég and 61% of the leaf aréq of the six species studied
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(Table 3.1). Examination of transpiration per ueéf area indicated that styraciflug L.
tulipifera, Q. michauxiiandQ. phelloshad higheE, thanC. tomentosandQ. alba
(Figures 3.6 and 3.9), except in 2002 whestyracifluaandL. tulipifera canopy

conductancé&; was depressed by drought conditions (Figures338,and 3.9).
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Figure 3.9: Mean monthly canopy transpiration Ec, transpiration per unit leaf area
EL, and mean canopy conductancé; for each species during the four years of the
study. Monthly E, and G; are presented only for growing season months uséal fit
the model (see Figure 3.1) whil&c is presented for all months during the study
period.
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3.4 Discussion
Interspecific and interannual variation in cangpyductance observed in this

study emphasized the importance of water limitaion forest community responses to
drought. Tree species displayed differing degréesaught avoidance, with.

styraciflug L. tulipifera, andQ. phellosavoiding drought by reducing canopy
conductance in response to moisture stress, wtikr species exhibited greater
tolerance to drought, presumably allowing themdnotimue photosynthesis and avoid
carbon starvation (McDowell et al. 2008, 2011). loer, responses during the 2002
drought were dramatically different from other y&arossibly due to variations in factors
such as hydraulic capacitance or hydraulic conditigtiThese interspecific and
interannual differences have important implicatiarscanopy transpiration, and thus
ecosystem water cycling. The state-space modelarmgdwork presented here allowed
for the quantification of these responses whilkistorporating uncertainty in
observations and the canopy-level processes. Famsguss interspecific and interannual
variation in conductance and transpiration asldtes to tree responses to moisture
limitation. Next, | discuss the performance anditytof the state-space model for
analyzing canopy responses to environmental drivedsidentify potential limitations of
this method.

In this study, three specids, styraciflug L. tulipifera, andQ. phellos exhibited
strong sensitivities to vapor pressure deficit soitl moisture consistent with drought
avoidance. These three drought avoiding specigdagisd high canopy conductanGe
and large declines iB; with increasing vapor pressure defidts while the remaining
speciesC. tomentosa. alba andQ. michauxi) showed lower, less responsi@e

(Figures 3.6). In addition,. styraciflug L. tulipifera, Q. michauxiiandQ. phellos
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showed the greatest declinesGnwith declining soil moisture (Figure 3.8 arya
tomentosaQ. albg andQ. michauxiito achieve maximur@®; at lower irradiance levels
thanL. styraciflug L. tulipifera, andQ. phellos As a result, drought avoiding tree species
average higher leaf-level transpiratiBnthan drought tolerant species during non-
drought years (2003 to 2005), but exhibit similatawver E; than more drought tolerant
CaryaandQuercusspecies during the 2002 drought (Figure 3.9). iDeslin canopy
conductance associated with soil moisture and vapssure deficit varied among years
(Figures 3.6 and 3.8). Similar variation in canoggponses across years have been
attributed to variation in soil water availabilifylackay et al. 2007, Oishi et al 2010),
phenology (Myneni et al. 1997, Phillips and Ore®P20 and whole-tree hydraulic
conductivity (Ewers et al. 2007). Even with substnnterannual variation i, and
thusE, andEc, species rankings appear to be conserved acrastsyeers (Figure 3.9),
indicating limitations on tree responses to envinental variation.

The results support the idea that bottomland sgexvoid drought by having
greater canopy conductance and greater absoluddigiies (Pataki and Oren 2003), but
there was less variation among species in the dexirsohydry. The observed relative
sensitivity of canopy conductance to vapor presdefeit / G mostly ranged from
0.6 to 0.7 (Figure O.1), indicating isohydric beloavthat is consistent with the
maintenance of leaf water potential above critieaéls (Oren et al. 1998, Ewers et al.
2005, Ewers et al. 2007). During years wihgnvas generally no higher than 3 kPa (2003
to 2005; Figure 3.1), the estimated relative siitsits of G; to D; ( / Ger) Were between
0.6 and 0.7, similar to the theoretical value (Q®8n et al. 1999). HoweveZaryaand

Quercusspecies displayed even higher values in 20045 > 0.7), possibly due to low



boundary layer conductance relative to stomatatlaotance (Oren et al. 1999, Pataki
and Oren 2003). In additioh, styraciflua(2002 and 2003) arld tulipifera (2002)
sometimes exhibited low relative sensitivities @0Though these low values are
partially explained by the greater variatiorDnin 2002, it is odd that relative
sensitivities ofCaryaandQuercusspecies did not also declingquidambar styraciflua
andL. tulipifera are drought deciduous tree species (Marchin @04l0). It is possible
that drought deciduous species increase leaf-spégidiraulic conductivity during
drought as leaf area declines, leading to lowettinad sensitivities (Oren et al. 1999).
This hypothesis is supported by observationslthatyracifluaandL. tulipifera,
compared t@uercusspecies, displayed greater declines in leaf anddesser declines
in hydraulic conductivity during the historic drdutgof 2007 in another deciduous forest
in the North Carolina piedmont (Hoffman et al. 2DJAlternatively, increasing values of
the time constant during the 2002 drought reduced process and oaisemerrors and
increased the sensitivity &; to D; (Figure 3.5, Appendix N). Thus, both hydraulic
conductivity and the increasing importance of cépace to dynamic water flux may
explain lower than expected sensitivitiesGto D; in drought deciduous tree species.
This work shows declines in canopy conducta@der all species during
drought, but previous work showed strong declimgs;iwith soil water availability only
for L. tulipiferaand, to a lesser exteQuercusspecies (Pataki and Oren 2003, Oishi et
al. 2010). In particular, declines @ with soil moisture foL. styracifluawere some of
the most severe (Figure 3.8), but this speciesomaf the least sensitive in the previous
studies (Pataki and Oren 2003, Oishi et al. 20h®ll three cases, soil moisture was

measured in surface soils because a clay panctestot penetration below 35 cm depth

>8



(Oren et al. 1998). However, during the study pkricees were accessing deep water,
accounting for 3% to 9% of stand evapotranspiratfoishi et al. 2010). Thus,
interannual variation in canopy conductance respémsoil moisture is likely associated
with poor representation of soil water availablérees during droughts by measurements
in the upper soil (Wullschleger and Hanson 200@)\weler, these results do indicate that
studies examining canopy conductance responseswriiiicorporating prolonged
droughts will not capture tree sensitivities td sater availability.

By incorporating uncertainty in observed stem wétex and unobserved canopy
conductance and transpiration, the novel approessepted in this study recovers both
observed sap flux and unobserved canopy trangpirdiinamics. These results indicate
that the scaling adi; to G; and the representation of environmental influeraces
conductance were sufficient to capture variatiothaprocess and sap flux
measurements. The hierarchical state-space moeicprd sap flux density well
(Figures 3.3 and 3.4), a prerequisite for robusineges of canopy dynamics.

A major advantage of the state-space frameworgritesl in this paper is the
coherent incorporation of sampling issues confrodig all studies of sap-flux-scaled
canopy conductance and the dampening of sap feporeses caused by lags in stomatal
responses and capacitance. Water flux through xykeies in predictable ways, as with
depth of probe-set placement (Ford et al. 2004&] €bal. 2004b, Oishi et al. 2008), or
in unpredictable ways, such as variation due t¢ g@age to functional xylem (Tyree
and Ewers 1991, Tateishi et al. 2008). Incorporatibindividual random effects within a
state-space modeling framework not only capturéfdrénces among sensors, but

prevented sensor failures from altering parametgmation independent of the process
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drivers incorporated in the model (Figure 3.4).nstal lags and capacitance contribute
to dynamic sap flux behavior, causing lags of mesub hours (Williams et al. 1996,
Rayment et al. 2000, Meinzer et al. 2004, Ward.ehgrep. Exclusion of these lags
may create significant biases at 30-minute timéesc@Vard et al. 2008), but are of
limited importance when examining daily flux ra{@hillips et al. 1997, Phillips et al.
2004). Though the statistical framework incorpadadgnamic behavior, process and
observation error € andV;) both decreased with the time constannly in 2002

(Figure 3.5), indicating that dynamic behavioriicllt to quantify in the absence of
additional information (Burgess and Dawson 2008llips et al. 2009).

At 30-minute scales);; was well predicted, but some sensors indicate@mnd
prediction during mornings and at night (Figures &d 3.4), patterns consistent with the
important role that capacitance plays in xylem w#tev in mature trees (Phillips et al.
2009). For most sensorsranging from 5 to 30 minute explained the mostatam for
individual sensors (based on squared Pearson aborecoefficients; data not shown),
but some sensor-year combinations were best exgaldip models with much higher
values of (60 to 90 minutes), especially during the drounfr2002. Interannual and
interspecific variation in values ofthat produce the best model performance not only
supports the need for incorporating the dampeniifegts of capacitance, but suggests
that this dampening needs to be made dynamic,d@pénds on variations in soil, xylem,
and leaf water potentials (Loustau et al. 1996lliptat al. 2009, Ward et ain prep.
Careful exploration of parameter sensitivities &oiation in the time constant
highlights the importance of incorporating dynatséhavior in models of canopy

conductance. A growing body of work shows that ipooation of dampening in
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dynamic models of sap flux scaled canopy conduetapreferable to simply lagging
sap flux data behind environmental drivers (Burgess Dawson 2008, Phillips et al.

2009), but better guidance is needed to utilizeghmodels appropriately.



Conclusions
Because tree communities respond at populatiahiratividual-scales, it is

essential that ecologists address the effectsotsiadjland regional climate change in the
context of local competitive environments. For epiamelevated temperatures enhance
growth, change allocation patterns, and modifylthlance of photosynthesis and
respiration (Way and Oren 2010). Climate changasathe frequency, duration, and
timing of forest disturbances, directly impactinge competitive environments (Dale et
al. 2001) and leading to the potential for rapahgitions between biome states, such as
forest savannification caused by drought and sigftire regimes (Breshears et al. 2005,
Hirota et al. 2011, Staver et al. 2011). The fhat trees respond in the context of local
environments makes it essential that ecologisteldg\va better understanding of both the
relative influences of and the potential interacsidbetween climate and local factors on
forest communities. By using longterm approachessymthetic modeling frameworks,
my dissertation emphasizes the important rolelteat factors play in tree response to
climatic variation in eastern deciduous forests.

This research highlights several important indiiald and population-level
influences on tree responses to climate. | fouatlsbed predation has the potential to
amplify or dampen reproductive variation causealbpate-mediated seed maturation,
depending upon the type of seed predator (Chajptdihgse responses have important
implications for both tree and predator populatidgfe example, as summer drought
becomes more common, the period between largeyeast may increase as years with
high maturation rates become rare. Thus, we mighe& seed predator populations to
decline, especially for specialist seed predaidine. dynamic nature of these

relationships cannot be examined using metricatefannual variation or population



synchrony alone (Crone et al. 2011), but the unitatare of the seed rain dataset and the
statistical methods used in this study allowednfioich richer inference.

My research quantified size-mediated, individueétresponses to environmental
variation and showed that these responses areddlabft-studied life-history strategies
(Chapter 2). This study showed that tree seedlzeggmediated competitive advantages
become disadvantages in poor growing conditionsnf@any species, with important
implications for the composition and structure @édling banks in temperate forest
understories. The hierarchical model allowed ferdbparation of spatial and temporal
variation in growing conditions; an improvement ogkmate envelope modeling and its
reliance on climatic correlations in space (Ibaéeal. 2006, Morin et al. 2007). The
incorporation of individual variation can only behéeved by studies that follow
individuals through time. Therefore, longitudinaldies of this nature are necessary in
order to explicitly integrate known dimensions aflre space while accounting for
unknown or immeasurable dimensions (Clark et &.720Finally, longitudinal studies
including individual variation in demographic resiges and niche models identify
differing degrees of climate-induced risk faceditee species (Clark et al. 2011a). By
incorporating longitudinal data with this hierarcdli modeling framework, inference on
individual responses to resource availability (ilight and moisture) and climate allowed
for the assessment of individual- and populatioreleisks faced under future climate
change.

Finally, quantifying interannual and interspeciariation in canopy conductance
provides insight into differences in species resgarto drought (Chapter 3). Using a

particularly long sap flux data stream (4 yearge tspecies responses to vapor pressure



deficit and soil moisture supported differing drbtigesponse strategies: avoidance vs.
tolerance. Even on the relatively mesic site wihleeedata was collected, the drought of
2002 caused major changes in canopy conductane&ibehThis work integrated
species differences in canopy conductance, butestgzhasized the importance of tree
hydraulic properties to drought response. In addjtthe development of the hierarchical
state-space model provides a tool for future stuligh allows researchers to examine
forest responses to environmental drivers whildieitly quantifying uncertainty and
introducing prior knowledge to refine inference gmddictions (Clark et al. 2011b).
These three studies all contribute to our undedstgnof the risks of climate change to
forest communities. Furthermore, these results esiph the strengths of marrying
longterm ecological research with synthetic modgtachniques to understand the
influences of climate on forest communities (Cland Gelfand 2006, Ogle and Barber
2008).

The mediation of tree climate responses by looaving conditions is not a new
concept, but explicit incorporation of these efédahs been hindered by the lack of
synthetic research approaches and sufficiently tatgsets (Dawson et al. 2011,
McMahon et al. 2011). For example, to assess fkeposed by climate change to trees,
we must understand how risk changes over the flitheotree. My research provides
evidence regarding tree seed, seedling, and adgks but synthetic work connecting
tree responses throughout their lives is neededgteom experiments, such as the ones |

have discussed here, offer just such an opportunity



Appendices

A Multinomial logit function
The multinomial logit link function is a link fution similar to the traditional

logit function used with the Binomial distributiohhe multinomial logit relates a matrix
of covariatesx ) for samplgkt to the proportion of each sample falling into seseof
possible states, three in the case of this papfiode undamaged segd as the baseline
category for the multinomial logit. For the multm@l models, note that the baseline
category Yiy) Will have no parameters: the probability of acséadling into this category
is equivalent to unity minus the probabilities loé tother states. Thus, the probability of

seed predatiorQT {1, 2}) is

exdxik,tbéQ) )

@ = Al
Pii 1+ queXdek,thEQ)) (A.1)
and the probability of undamaged sggd(Q = 3) is

1
picy = (A.2)

1+ 3exr(xjk,tbk(q))

wherex is the vector of covariates for pioand speciek during yeat and 5{? is the

vector of parameter values for categQrand speciek.



B Bayesian model fitting for logistic regressions
| fit the binomial and multinomial models usingy®aian methods. For each

model, observatiojkt was used for parameter estimation only if the darsgze (i,
Mt — Ojk.t, OF Wik, See Figure 1.1) was greater than zero. In mesiscd assumed that
weak prior distributions for regression paramevegse normally distributed about zero

with a standard deviation of 100. For insect seedgtion, there are no effects of
intraguild seed densitylic: andMjc,.1 (5) = 0 andsS) = 0) because insect seed
predators were assumed to be specialists. Forbratéeseed predation, there are no

effects of conspecific seed dens@y; andCir.1 (62 =0, b2 = 0) because
vertebrates were assumed to be generalist feddgnsarameter valuesy, 1k, Or 2
only for species with sufficient observations offbmsect and vertebrate damage (Q.
rubra andQ. veluting Table 1.2).

| sample conditional posterior parameter distidng indirectly using an adaptive
Metropolis algorithm within a Gibbs sampler (Gelflaand Ghosh 1998, Clark 2007).
The proposal covariance matrices for the adaptieapolis algorithm were updated
every 1000 steps with the covariance of the parammeiver the previous 999 steps of the
Gibbs sampler. The analysis ran for 50000 stepssore parameter convergence. |

estimated mean and standard deviations for posfeai@meter distributions from the

final 20000 steps of the Gibbs sampler.



C Population coefficients of variation

Figure C.1: Comparison of empirical density functios of population coefficients of
variation CV,, for all, mature, and undamaged seed for sittand speciex in (a)
drupes (C. florida and N. sylvaticg, and (b) nuts C. glabrg Q. albaand Q. prinus Q.
coccinea Q. phellos Q. rubra, and Q. veluting.



D Seed maturation, predation, and frugivory model f  its and
diagnostics

Seed maturation, predation, and frugivory modslviere judged with two
methods: comparing predicted vs. observed resparsgbles and examination of
Pearson deviances. The predicted response fornaibeerjkt equals probability of the
event (jkt Qjkt jkt OF ojky times the sample size (number of seegs; My — Oj, Of
Wit). The probabilities were calculated with the mpasterior parameter estimates and
covariates for each observatij | also calculated? values, taken as the squared
Pearson correlation coefficient between observataond mean predictions.
The Pearson deviance provides both a measure addgenmeity and magnitude of the
deviance in logistic models (Venables and Riple§7)9Pearson deviances were

calculated as

(samplesizg” p(evenj- observed
(samplesizg” p(even}” (L- p(eveny)

Deviance= (D.1)

In this appendix, | report the results of thesedastic techniques and their implications
for inference on seed maturation, predation, angiviory processes.

The models performed well, predicting observatiand showing no sign of
inhomogeneity of variance. Seed maturation, laggeldate, and fleshy seed-fate models
predicted observations, exhibitingvalues between 0.75 and 0.99. The best fit was
reported for the seed maturation modaéH0.99; Figure D.1), followed the large seed-
fate models, which ranged frarh= 0.87 for insect attack (Figure D.2)rfo= 0.91 for
animal attack (Figure D.3) 6 = 0.99 for animal attack given insect attack (FégD.4).
The drupe seed-fate model h&af 0.75 and 0.79 for frugivory and seed predation,

respectively (Figures D.5 and D.6). Pearson degsigenerally showed no trends with



the probability of the event and tended to be ctoseero (Figures D.1 — D.6). One
exception was for seed predation on drugedl6rida andN. sylvatica: magnitudes of
deviances appears to increase as the predictedplibpof seed predation increases
(Figure D.6). For seed maturation, there were dlstaaber of large magnitude

deviances (Figure D.1), even though the model paéd well for most observations.

Figure D.1: Model diagnostics for the seed maturatin model are presented (a)
comparing observed and predictedn;: and (b) Pearson deviances across the range
of predicted probabilities of maturation as a functon of the mean predicted
probability .



Figure D.2: Model diagnostics for estimates of ing seed predation are presented
comparing (a) observed vs. predicted insect seedgatation wy; and (b) Pearson

deviances as a function of the mean predicted probdities p]%)'t .

Figure D.3: Model diagnostics for estimates of veebrate seed predation are
presented comparing (a) observed vs. predicted vetrate seed predatioray: and

(b) Pearson deviances as a function of the mean plieted probabilities p% .



Figure D.4 Model diagnostics for estimates of verteate seed predation on insect
infested seed are presented comparing (a) observesl predicted vertebrate seed
predation on insect infested seer; and (b) Pearson deviances as a function of the

mean predicted probabilities ;.

Figure D.5: Model diagnostics for the models of frgivory on C. florida and N.
sylvaticaare presented comparing (a) observed vs. predictdrlgivory fy: and (b)

Pearson deviances as a function of the mean predkct probabilities ”ﬂ'@t-



Figure D.6: Model diagnostics for the models of véebrate seed predation orC.
florida and N. sylvaticaare presented comparing (a) observed vs. predicted
vertebrate seed predatiorgy; and (b) Pearson deviances as a function of the nrea

predicted probabilities mj(lf)t .
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E Binomial and multinomial logistic model parameter S

Figure E.1: Mean posterior parameter estimates an@5% credible intervals for the
effects of climate on seed maturation. | present thintercepts, the effects of spring
temperature Tj;, the effects of summer drough®;;, and the effects of mean annual
precipitation P; on the probability of seed maturation (ok, 1, 2 and sz,
respectively). Bold symbols indicate that the cretie interval for the parameter
estimate does not include zero.
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Table E.1: Mean posterior parameter estimates forrigivory and seed predation on
drupes with standard deviations inside parenthese$ present the intercepts, the
effects of current intraguild seed densityMg 1, and the effects of previous intraguild

seed densityMc .1 on the probability of frugivory ( o), &, and o), respectively)

and on vertebrate seed predation4? , ¢{? , and &2, respectively).
Frugivory Seed Predation

1 1 1 2 2 2
a | d | A R R | AR

C. florida -1.48 0.47 1.28 -1.75 0.42 0.81
(0.37) (0.12) (0.20) (0.33) (0.13) (0.25)
N. styraciflua | 0.11 -0.18 -0.65 -0.56 0.27 -0.07

(0.15) (0.04) (0.06) |(0.13) (0.03) (0.03)

Table E.2: Mean posterior parameter estimates foreed predation by insects,
vertebrate, or both insects and vertebrates on nut€Caryaand Quercusspecies) with
standard deviations inside parentheses. | presenté intercepts, the effects of

current conspecific seed densitZj;, and the effects of previous conspecific seed

density Cy+.1 on the probability of vertebrate seed predation ormature seed (b(gﬁ),

b2, and b{2), respectively). | present the intercepts, the eféds of current
intraguild seed densityMg 1, and the effects of previous intraguild seed dertgi Mg +.
1 on the probability of vertebrate seed predation ormature seed ¢, 5§, and b,
respectively) and on vertebrate seed predation omsect predated seed {, 1x, and
2k, respectively).

Insect Seed Predation Vertebrate Seed Insect and Vertebrate
Predation Seed Predation
@ @ ® (2 (2 (2
box | P3¢ | Lax | boic | b’ | Do Ok I X
Carya -0.13 -0.74 000 |-196 096 -0.97
glabra (0.44) (0.50) (1.67)| (0.86) (0.47) (0.55)
Quercus -1.48 -091 0.17 |-1.75 -1.32 0.92
alba (0.19) (0.10) (0.15)| (0.44) (0.22) (0.31)

Quercus 0.11 -0.68 056 |-056 0.14 -0.19
coccinea (0.37) (0.24) (0.25)| (0.37) (0.16) (0.17)
Quercus 098 -134 0.76 |-1.01 -211 0.43

phellos (0.50) (0.36) (0.30) | (0.61) (0.33) (0.31)
Quercus 054 -0.10 0.46 |0.30 1.36 0.69
prinus (0.49) (0.36) (0.50) | (0.61) (0.32) (0.32)
Quercus 011 007 005 |213 019 022 [-343 075 0.11
rubra (0.19) (0.06) (0.07) | (0.21) (0.06) (0.06) | (0.45) (0.11) (0.08)
Quercus 069 095 069 |-321 -023 -021 |-2.73 166 -0.13
velutina (0.33) (0.19) (0.33)| (0.60) (0.24) (0.29) | (0.57) (0.28) (0.21)
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F Observed variation in covariates for 20 specieso  f planted
tree seedling

F.1 Box and whisker plots show that the distribution ofcovariates for the 20
tree species in this study cover a wide range ofdlobserved spatial variation at
seedling plots [;; and M;) and temporal variation (w;; and m;;). Light L;; ranged
from O to 78% open sky equivalent. Precipitation inlex M; ranged from 2576 to
95070. Winter temperaturew;; ranged from 0 to 8 °C. Summer PDSn;; ranged

from -3.59 to 3.25. See table 2.3 for species codes



G Prior specification and computation for tree seed ling

demographic model
Previous knowledge about tree seedling demograaisyincorporated into our

hierarchical model. Prior parameter distributioreyevconstructed for the effects of
resources and climate on diameter and height gréttihe effects of growth on
survival (), the error covariance matrices for the growtrcpss () and random effects
(VB), and the variances for observatiowg &ndw,). In this section, | describe these
priors and their justification.

G.1 Height and diameter growth parameters
The prior parameter distribution for the growtgnession parametersvsqA) ~

Uniform(ay, &), wherea; is the vector of lower bounds aaglis the vector of upper
bounds for the parameters. The resoutgeandM;) and climate\;: andm;;) effects
were assumed to have non-negatssg: = 0) influences on the diameter and height
growth processes (Equation 2.2), whaig is the lower bound for covariatgand
response. Because | assume that large seedlings are bath capable of acquiring
light and moisture resources and that they havatgreespiration rates associated with
the maintenance of more tissue than smaller segjlthe interactions between resource
availability and heightl(xHj;:, andM;xH;;;) are non-negativeafy, = 0) while the main
effect of heightfflj;) can be negative or positive. In all other caags~= -40 andayyr =
40 for diameterr(= 1) andaiq = -1000 andy = 1000 for height growtlr (= 2). The
uniform distribution was chosen, as were the bim@aehds, so that only the sign of the
response was influenced by the prior.

Priors for both the error covariance matricesther growth process J and

random effects\(g) are inverse-Wishart distributions. In this studgssume that random
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variation among individuals associated with gerseto@athogens, soil nutrition, and other

unobserved factors is large relative to the emdhe growth process. The mean

. ) 02 O . .
covariance matrix for the growth proceSs 0 s and the mean covariance matrix

5 0 . . .
for the random effect® = 0 20" The mean process error covariance is weighted by

the total number of observationgr such thatS~Wishart'1(S, nUT). The mean random

effects error covariance is weighted by the totethber of seedlings;r divided by 10,

such thatg ~Wisharf }(R,01" njr). Because the prior for the random effects covagan

is relatively weak and the mean covariance is latfggn the mean process error
covariance, our model assumes that variation armahigiduals is one of the dominant
forms of uncertainty (Clark et al. 2003, 2010, 281 These priors have the added
advantage of being conjugate prior distributionsti@ multivariate normal, allowing one
to solve analytically for posterior parameters (€2007).

Uncertainty in diameter and height measurementsudw,) contributes to
overall model uncertainty, but it should be smelative to process error and random
effects. | represented the prior distributionsragise-gamma distributions to take
advantage of the fact that the inverse-gamma ldigtans are conjugate with the normal
distribution, allowing for direct sampling @fy andw. | assumed that the mean

measurement error variance for diameter and heigh¢ 0.04 and 1.0, respectively, and

that the priors were weighted by the number of émand height observationq%(T
andnl}.). Thereforewy ~ Gammail(nf'JT 004" (n%; - 1)) and

Wh ~ Gammél(nf‘JT,nBT - 1).

10=



G.2 Survival parameters
The prior distribution of the survival parametesss a uniform distribution ~

Uniform(b,, b,) whereb; is the vector of lower bounds abglis the vector of upper
bounds for the uniform distribution. Because risknortality (1 — ;) should decrease as
carbon balance, and thus growth, increases, teetsfof growthd; andh;; k 1) on
individual survival (j;;) are non-negative (lower boubg = 0), but the intercepkE 1)

for the logistic regression can be positive or tiegabix = -40). The upper bounds for
the logistic regression parameterfis 40.

G.3 Computation
Given the hierarchical model and prior distribagpl draw parameters directly

from conditional posteriors. When possible, | ssedpparameter( , Vg, Wy, andw,)

and statesY() directly from the appropriate conditional posbesi within a Gibbs

sampler. Because the normal distribution in nojugete to the Bernoulli, | could not
draw directly from the distributions for so | used a Metropolis algorithm to sample
survival parameters indirectly (Gelfand and Gho388). The ability to draw parameter
values directly from the posterior distribution irapes parameter convergence over
other techniques, such as the Metropolis algoritBibbs samplers for each species were
run for 60000 steps. Because model parameters aget/avithin 20000 steps, |

discarded the first 30000 iterations of the Gikdn®igler and estimated all posterior

parameter distributions based on the final 300&@iions.
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H Joint posterior distributions for tree seedling g rowth
Bayesian statistical analyses incorporate theemite of data through the

likelihood and existing knowledge about the questibinterest through prior parameter
distributions (Appendix G). Based on model struetdescribed in chapter 2 (see 2.2.3

Hierarchical Demographic Model), the joint posteddstribution for the model is

P Y,ASVg.V( Y ©) x 7, priors p

J N T
OOO N(yijl‘xij,tA+ B” ,S),

40N T
Q O O Bernoulli(xij t ‘gij I_lg)’

A0T
00O N(Yu,t \Yij,t’V(o))' (H.1)
DL

Unif (Aay ,a2)" Unif (giby, by )"
Wishart’l(S|S,n|JT)' Wishart‘l(\/B|R,0.1' ny )

Gamma? Wd‘nfjJT 004" (nfjJT -1) ~ Gammat Wh‘nf‘JT,(nPJT -1
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I Parameter estimates for diameter growth, heightg  rowth,

and survival
Table I.1: Variances and covariances for process error (s;1, S12, and spp), individual
random effectsVg (a11, @12, and ap2), and measurement error g and wy,) for 20

species of tree seedling.
Individual Random Measurement

Process Error

Species Effects Errot
S11. Si2 S22 aunn a2 a2 Wq Wh

Acer barbatum 0.15 0.14 13.5C 0.13 0.25 3.64 0.05 1/06
Acer rubrum 0.14 0.02 6.86 0.18 3.29 152.17 0.05 1,04
Acer saccharum 0.15 0.11 8.37 0.09 0.09 2.40 0.06 1|07
Carya glabra 0.16 0.05 6.47 0.11 0.05 1.18 0.07 1/08
Carya illionensis 0.16 0.04 12.17% 0.17 0.22 5.06 0.06 1{08
Carya ovata 0.17 0.02 4.39 0.14 0.04 1.38 0.04 0/97
Fagus grandifolia 0.24 0.82 40.42 0.16 0.71 12.83 0.05 1103

Liguidambar styraciflua 0.16 0.13 12.39 0.25 4.80 183.82 0.04 1107

Liriodendron tulipifera 0.23 059 19.16 0.75 13.76 320.48 0.06 1.05

Magnolia grandiflora 0.18 0.09 5.64 0.26 0.03 2.17 0.07 1/04
Nyssa sylvatica 0.17 0.20 12.65 0.21 0.38 10.71 0.04 106
Pinus rigida 0.17 0.11 6.70 0.15 0.14 3.00 0.04 1/05
Pinus taeda 0.31 0.84 17.51 0.25 0.96 14.24 0.05 106
Quercus alba 0.14 0.06 11.84 0.11 0.22 5.07 0.06 1,06
Quercus falcata 0.15 0.17 14.29 0.10 0.15 4.24 0.07 1,08
Qquercs phellos 0.15 0.06 10.71 0.10 0.16 5.%7 0.06 1,08
Quercus prinus 0.16 0.20 36.25 0.14 0.61 15.17 0.15 1104
Quercus rubra 0.15 0.07 11.0%1 0.14 0.48 9.%6 0.06 1107
Quercus virginiana 0.15 0.05 9.15 0.12 0.22 4.87 0.06 1|09
Ulmus alata 0.12 0.04 19.59 0.11 241 204.91 0.07 105
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Table 1.2: Mean estimated effects of covariates on diameter gwth d;j; (mm yr') for
20 species. Standard deviations for posterior paraeter distributions are presented
in parentheses. Blank cells indicate the effect d¢ifie predictor variable on the

response of a given species was not included in thealysis.

diameter growth effects (mmjy

Species
P Intercept I—j,t Mj m;¢ Wt hij,t—l I—j,txhij,t—l ijhij,t—l
A barbatum | 021 043 |0.32 |003 |004 |o0.72
: (0.12) | (0.56) | (0.25) | (0.03) | (0.04) | (0.42)
A rubrum -0.01 144 | 029 |004 |010 |-0.39 |9.90
: (0.06) | (0.26) | (0.19) | (0.03) | (0.04) | (0.32) | (4.08)
A saccharam | 015 029 |023 |004 |005 |1.20 27.43
: (0.06) | (0.28) | (0.21) | (0.03) | (0.04) | (0.62) | (11.54)
C. glabra 0.29 033 |0.18 |00l |0.05 |-1.03
: (0.07) | (0.33) | (0.20) | (0.01) | (0.04) | (1.26)
C illonensis | 927 1.08 |1.38 |008 |0.10 |-549 |28.30 50.84
: (0.38) | (1.93) | (2.28) | (0.09) | (0.11) | (8.04) | (22.31) (22.56)
C. ovata 0.14 219 |0.15 |0.04 |0.07 |-5.42
: (0.35) | (1.96) | (0.10) | (0.04) | (0.07) | (4.95)
£ arandifolia | - 217 |0.15 [002 |003 |=201 5.25
-9 (0.07) | (0.41) | (0.14) | (0.02) | (0.03) | (0.29) | (3.01)
L styracifiza | 015 167 |063 |007 |009 |1.70 1.93
: (0.07) | (0.26) | (0.23) | (0.04) | (0.05) | (0.36) (1.79)
L tiipfera | 049 341 |039 |026 |0.34 |4.34 19.22
: (0.12) | (0.46) | (0.31) | (0.10) | (0.10) | (0.59) | (8.79)
M. arandifiora. | 2:95 220 |124 |013 |0.19 |-13.34
-9 (0.28) | (2.01) | (0.90) |(0.12) | (0.15) | (7.05)
N syvatica | 051 440 |016 |0.11 |o0.18 |-1.28
: (0.41) | (2.66) | (0.13) | (0.10) | (0.16) | (4.13)
. rigida -0.10 1.51 009 |0.16 |5.83 31.94
: (0.15) | (0.79) (0.07) | (0.13) | (1.49) | (14.32)
b tacda -0.14 159 | 004 |020 |002 |8.60 15.32
- (0.10) | (0.40) | (0.04) | (0.08) | (0.02) | (0.47) | (5.75)
0. alba 0.17 1.00 |0.08 |0.02 |002 |-059 |3.74 1.13
: (0.06) | (0.28) | (0.09) | (0.02) | (0.02) | (0.25) | (3.20) (1.02)
0. falcata 0.04 0.75 |0.16 |0.03 |005 |1.71 1.86 5.97
- (0.04) | (0.27) | (0.11) | (0.02) | (0.03) | (0.46) | (1.65) (4.13)
0. phellos 0.15 064 |006 |002 |0.02 |-043 1.13
- (0.04) | (0.25) | (0.05) | (0.01) | (0.02) | (0.24) (1.02)
. 0.07 1.13 0.05 |0.08 |1.45 16.67
Q. prinus (0.10) | (0.52) (0.04) | (0.06) | (0.60) | (5.13)
o. rubra 0.10 138 | 003 |00l |002 |0.03 0.26
- (0.03) | (0.17) | (0.03) | (0.01) | (0.02) | (0.16) (0.25)
- 0.26 043 |025 |003 |0.03 |-254 |10.97
Q.virginiana | 13) | (0.58) | (0.28) | (0.04) | (0.03) | (2.06) | (11.82)
-0.10 137 | 028 |004 |005 |0.38 5.03 1.33
U. alata (0.08) | (0.42) | (0.21) | (0.03) | (0.03) | (0.18) | (4.69) (1.21)
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Table 1.3: Mean estimated effects of covariates ameight growth h;j; (cm yrd).
Standard deviations for posterior parameter distributions are presented in
parentheses. Blank cells indicate the effect of thgredictor variable on the response
of a given species was not included in the analysis

height growth effects (cm V)

Species
Intercept Lt M; Myt Wit hij -1 Lj,exhijt M;xhij 1
-0.37 9.02 1.85| 0.76 0.35 21.90
A. barbatum 0.68)| (3.71)| (1.22)| (057) | (0.31) | (2.91)
A. rubrum -4.49| 25.54| 13.74|0.76 2.27 -3.38 39.66

(0.75)| (2.34)| (3.96)| (0.65) | (0.98) | (7.56) | (34.07)

0.05 8.33 3.49| 0.15 0.14 21.98 933.29

A-saccharum | 5 55)| (1.56)| (2.12)| (0.14) | (0.13) | (4.06) | (84.66)

1.54 1.19 5.06| 0.60 0.32 -37.16

C. glabra (0.36)| (0.85)| (2.06)| (0.33) | (0.24) | (7.25)
- 183| 1411| 1371|135 |122 |-3539 |100.16 |439.99
: ©0.92)| (3.47)| (5.08)| (0.76) | (0.68) | (10.46) | (69.34) | (144.82)
085| 177| 149|045 |066 |-12.54

C.ovata (0.84)| (1.58)| (0.46)| (0.32) | (0.56) | (17.91)

— 1.02| 2211| 193|132 |124 |5094 |168.64
Froandiola | 77| (13| (1.66)| 073 |©.77) | (344 | (4059)

_ 656| 4014| 1238 106 |2.76 |12.92 21.60
L. styracifiua ©0.92)| (2.60)| (4.40)| (0.86) | (1.25) | (7.92) (20.70)
 winfera 111.70| 56.58| 28.64|297 |402 |23.68 |381.91

(1.46)| (4.84)| (6.76)| (1.95) | (2.04) | (11.88) | (119.16)

0.37 6.49 9.45| 0.55 0.44 -14.92

M grandfiora | 084)| (43| 4.93| (050 | (0.40) | (20.77)

10.36| 31.92 1.03| 0.75 0.94 -103.19

N. sylvatica 2.78)| (12.24)| (0.89)| (0.68) | (0.91) | (38.00)

P. rigida 2.47 16.51 2.12 2.10 68.09 188.73

: (1.04)| (2.80) (1.08) | (1.38) | (9.00) | (82.62)

b taeda 097| 1017| 128]/065 [1.71 [51.19 |[3504
(0.53)| (1.37)| (1.11)| (0.51) | (0.69) | (3.24) | (26.17)

Q. alba 1.07 8.54 1.911| 0.07 1.38 4.29 52.90 10.57

' (0.32)| (1.18)| (0.91)| (0.07) | (0.31) | (2.22) | (25.91) | (9.10)

Q. falcata -0.04| 13.25 4.46| 0.07 1.94 -34.23 296.15 130.04

' (0.31)| (1.44)| (1.33)| (0.07) | (0.33) | (4.91) | (38.82) | (56.69)

Q. phellos -1.29 7.55 2.70| 0.06 1.71 -3.17 33.92
(0.24)| (1.00)| (0.62)| (0.06) | (0.26) | (2.32) (19.95)

Q. prinus 091! 30.14 1.12 1.99 -74.14 720.19

: (1.00)| (4.09) (0.78) | (1.14) | (7.87) | (63.72)

0. rubra -0.62 9.31 0.791| 0.06 1.07 22.80 2.15
(0.18)| (0.62)| (0.53)| (0.06) | (0.24) | (1.48) (2.12)

o 069 423| 665|042 [049 [-12.58 |302.52
Q. virginiana (059)| (2.56)| (3.44)| (0.35) | (0.36) | (12.16) | (338.49)
U. alata 0.29| 35.37 8.82| 1.13 2.75 -19.94 | 44.55 31.69

(1.50)| (4.22)| (4.94)| (0.95) | (1.17) | (6.23) | (39.40) | (29.52)
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Table 1.4: Means and standard deviations for posterior paramedr distributions of
CO; fumigation (Cj), nitrogen fertilization (f;), herbivory cages ¢;), and planting
method (o) on diameter and height growth. Blank cells indicte the effect of the

predictor variable on the response of a given spexs was not included.
Species diameter growth effects (mrifyr height growth effects (cm V)

G fi Gt P« G fit Gt Pit

A barbatum | 0.04 | 006 |004 |-021 |087 |020 |294 |-430
(0.04) | (0.05) | (0.04) | (0.09) | (0.44) | (0.19) | (0.54) | (0.76)

A. rubrum 0.01 0.04 0.01 -0.17 | 0.19 0.59 2.14 -4.01
(0.01) | (0.03) | (0.01) | (0.24) | (0.18) | (0.50) | (0.75) | (3.16)
A. saccharum 0.03 0.89
(0.02) (0.34)
C. glabra 0.12 0.56
(0.07) (0.35)
C. illionensis 0.41 5.18
(0.18) (1.34)
C. ovata
F. grandifolia 0.06 0.12 0.75 -1.34
(0.05) | (0.11) (0.59) | (1.29)

L. styraciflua | 0.01 | 0.03 |001 |-011 |032 |060 |350 |-567
(0.01) | (0.03) | (0.01) | (0.10) | (0.29) | (0.54) | (0.74) | (2.27)

L. tulipifera 0.03 |0.05 |002 |-0.10 |039 |296 |471 |-17.54
(0.03) | (0.04) | (0.02) | (1.03) | (0.36) | (1.98) | (1.13) | (18.78)

M. grandiflora 0.20 0.83
(0.14) (0.58)
N. sylvatica -1.10 -11.99
(0.25) (2.40)
P. rigida
P. taeda 0.02 0.21 0.01 -0.17 | 0.98 |4.21 0.39 0.27
(0.02) | (0.19) | (0.01) | (0.54) | (0.61) | (3.13) | (0.28) | (4.08)
. alba 0.01 0.03 0.00 0.00 0.13 0.09 1.24 -2.57
(0.01) | (0.03) | (0.00) | (0.05) | (0.11) | (0.09) | (0.23) | (0.41)
. falcata 0.04 | -0.06 155 |-0.87
(0.03) | (0.06) (0.36) | (0.51)
. phellos 0.01 0.02 0.01 0.09 0.06 0.21 1.97 0.15

(0.01) | (0.02) | (0.01) | (0.03) | (0.06) | (0.18) | (0.19) | (0.28)

Q
Q
Q
Q. prinus
Q
Q
U

. rubra 0.00 0.01 0.00 0.13 0.07 0.06 0.15 0.83
(0.00) | (0.01) | (0.00) | (0.04) | (0.07) | (0.06) | (0.11) | (0.32)
. virginiana 0.04 0.40
(0.03) (0.30)
. alata 0.01 0.03 0.30 | 0.36
(0.01) | (0.02) (0.27) | (0.32)
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Table 1.5: Means posterior parameter estimates for seedling suval. ¢ is the
intercept and 1 is the effect of height;j; in the logit link function logit( ij,t)'l = ot
1hijt. Standard deviations for posterior parameter distrbutions are presented in

parentheses.
Species 0 !
2.34 0.09
A. barbatum (0.17) (0.03)
1.66 0.09
A. rubrum (0.06) (0.01)
A ] 2.09 0.02
-saccharum | 5g)  (0.02)
1.94 0.04
C. glabra (0.09) (0.02)
i . 1.35  0.04
. illionensis (0.11)  (0.02)
c . 4.03 0.27
. ovata (0.46) (0.16)
o 2.71 0.06
F. grandifolia (0.14)  (0.02)
L <ora 1.32 0.08
. styraciflua (0.06)  (0.01)
L wiioi 1.23  0.06
. tulipifera (0.08)  (0.01)
) 0.92 0.26
M. grandiflora (0.32) (0.11)
\L svivat 2.34 0.03
. sylvatica (0.29) (0.02)
- 1.13 0.02
. rigida (0.15)  (0.02)
0.83 0.06
P. taeda (0.07) (0.01)
3.30 0.05
Q. alba (0.13)  (0.02)
talcat 2.17 0.02
Q. falcata (0.07)  (0.01)
1.97 0.10
Q. phellos (0.05) (0.01)
_ 2.29 0.02
Q. prinus (0.13)  (0.01)
2.30 0.07
Q. rubra (0.05)  (0.01)
o 1.42 0.04
Q. virginiana (0.11) (0.02)
U al 3.42 0.06
. alata (0.13) (0.01)
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Additional Tree seedling survival figures

Figure J.1 The effects of light and moisture on the probabiliy of tree seedling
survival are separated into three groups: (a,d) spres exhibiting increases in
survival along the resource gradient iz ; /dq > 0025), (b,e) species with survival

probabilities below 0.95 and relatively unresponsie to resource gradients (
dzj ; /dq £ 0025), and (c) species with survival probabilities aboer 0.95. Seedlings

were assumed to be 100cm in height.
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Figure J.2 The effects of light and moisture on the probabiliy of tree seedling
survival are separated into three groups: (a,d) spres exhibiting increases in
survival along the resource gradient iz ; /dq> 0025), (b,e) species with survival

probabilities below 0.95 and relatively unresponsi® to resource gradients (
dzjj; /dq £ 0025), and (c) species with survival probabilities abowr 0.95. Seedlings

were assumed to be 10cm in height.
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K Allometric Relationships
Sap flux densityj;; generally declines with xylem depth (Phillips et1®96, Ford et al

2004a, 2004b, Oishi et al 2008). Thus, sap fluxssdiers of the outer xylem should not be
scaled by total sapwood area. This analysis seal@sood area according to xylem
functionality. In order to estimate the total shpxfthrough the sapwood given estimates
of mean sap flux density in the outer xylegnone must rescale sapwood area to sapwood
area equivalent to outer xylem. First, | calculatesl sapwood arefs; of the tree in

which probe was installed as the cross-sectional area inbel®ark minus the area of
the heartwood (Table K.1). To estimate heartwoadnéiter, | measured the radius of tree
heartwood on increment cores collected at threg term research sites in the Duke
Forest forCaryaspeciesr{ = 14),L. styraciflua(n = 22),L. tulipifera (n = 19), and
Quercusspeciesrf = 42). | estimated heartwood diameter as doukdetiweod radius

and regressed it on diameter inside bark (dib; #&bl). Heartwood diameter for sap

flux trees was taken as the mean regression valie given dib (Table K.1). | rotated
the radial sap flux profileZ(d;)) using Pappus’ second theorem for calculating the
volume of a rotated geometric sohd;, as described in Oishi et al. (2008). Finally, the
ratio of the summed volume of the geometric sotid the sapwood areg= Agi/ Asi

provides a constant which scales actual sapwob@dhtgional sapwood.
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Table K.1: Regressions of diameter inside bark (dijpon diameter at breast height
(dbh) from Qishi et al. (2008) and heartwood diametr on dib

Species Diameter Inside Bark (dib; cm) Heartwoodngter (cm)
Caryaspecies | dbh- 2° (0105 dbh+ 3070 /10 -5.1282 + 0.8322 x dib
L. styraciflua | dbh- 2" (3580 exg0021 dbH)/10 | -2.1939 + 0.4795 x dib
L. tulipifera dbh- 2° (9687 exg 0019 dbH)/10 | -0.6551 + 0.5143 x dib
Quercusspecies | dbh- 2° (0199 dbh+ 1323 /10 -2.9962 + 0.9551 x dib
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L Prior specification, joint posterior distribution , and model
computation for canopy conductance modeling

L.1 Prior specification

The hierarchical Bayesian model used here offeosnhain advantages over
traditional approaches: partitioning of error toltiple levels and application of prior
knowledge regarding the parameter space. This numsislists of a joint distribution of
latent states and parameters, which make intetgmetanore straightforward than
traditional methods (see L.1 Joint Posterior Digiton; Calder et al. 2003; Cressie et al.
2009). The Bayesian paradigm accommodates extiemoalledge in the form of prior
distributions. Priors for the data model are nedded;, by, & andV;. As mentioned
above, priors means fog andb, were taken from the literature. Thus, the prioanmse
for C. tomentosalL. styraciflug L. tulipifera, Q. albg Q. michauxij andQ. phellosareB;
=[0.08, 0.22, 0.06, 1.00, 1.00, 1.00] d= [0.40, 0.34, 0.57, 0.40, 0.40, 0.40]. Prior
variances were taken to be 0.0001, making thegdnorthe sap flux profile strong. The
mean random effect is 1 and the estimates afe allowed to range from 0.25 to 6. The
prior density for the observation error variaMgavas represented as an inverse gamma
with prior mean taken to be equal to 5 and therpvigight scaled with the number of sap
flux measurements.

Based on theory and prior empirical evidence pleex that the effect d; on G;

should be similar to /G,es » 06 whenD; ranges from 1 to 4 kPa (Oren et al. 1999,

Ewers et al. 2005) and thal G¢ £ max(ID;), ensuring tha® andG; are positive.
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Prior mean for are equal to 0.63+. | set the minimum value for this ratio at 0.4 and
maximum of 0.8, providing a range which seems mempass most hardwood tree
species in the area (Oren et al. 1999). Prior miarG.s (Go) were taken from (Oren et
al. 1999) and are equal to 44 mmof st for C. tomentosa85 and 97 mmol ihs* for L.
styracifluaandL. tulipiferaand 18, 18, and 126 mmols™” for Q. alba Q. michauxij
andQ. phellos Large variances (100 along the diagonal of botladance matrices)
make these priors un-informative. For light and smisture =[ 1 » 3 4 the prior
is the same for all species

pla) = Nla |aoVa)l(a <a <ap) (L)
where the mean vectordg =[ 09250,02025, the limits arey, = [ 08100,02007,

an =[ 099 00Qmax\¢ ),0.4], and the prior covariance \§, = Diag{l;LO0,0.lO.S]. The
ranges for these parametersgnd ) were chosen to allow for realistic light and
moisture responses. Nighttime conductance was asktorvary from 1-20% of daytime
conductance for a giveD ( 1). The response to increasiQgwas assumed to approach
unity only at highQ;, because only a fraction of the canopy is exposelirect sun,
resulting in a high upper limit o&. Reductions ir5; associated witM; were assumed
to begin at som#/; observed during the study period (0.28;< 0.40) and declining in
a concave manner 8% decreased below; such that 4, was allowed to vary between
0.02 and 0.4. Within these ranges, | set priorarares to be relatively large to make the
priors weakly informative. The prior distributionrfthe process error variancewas
represented as an inverse-gamma distribution withn mean equal to 5 and the prior

weight scaling to the number of time steps for Whianopy conductance is calculated.
11>



Steady state conductanc«éS and actual conductan& were assumed to range from 0 to
500 mmol nf s* during the day and 0 to 100 mmoFrs! at night.

L.2 Joint posterior distribution

Bayesian statistical analyses incorporate theiémite of data through the
likelihood and existing knowledge about the questibinterest through prior parameter
distributions (Appendix L.1). Based on model stawetdescribed in chapter 3 (see 3.2.3

Model Structure), the joint posterior distributifor the model is

p(Gtvjt’Gref v 131132133134,52% X ’Va’blib2|‘]i,t1 Dt,Q, My f &, PinfS)u

‘Gt L+ (G - Gy 1)/ Vs 2

Oz—|

,_..
Ul
N

é o[zl ) v, )

(L.2)

Ol:: ||' Ob

N(a 1LVa)" N(by/By 00009 N(B0.0009

1l
[u=y

N(Gref Go 100) N(/‘O.GGref ,25)' N(a|ag.Vs)l(a) <a<ap)
Gammél(s Ar5 (T- 1)) Gammalﬁ/ﬂ 0 ¢ 5 ( 0t - 1))
Gamma *Vn1" (n- 1)

L.3 Model Computation

Where possiblea(, 2 V;, andG,) parameter values and latent states were
sampled directly from posterior distributions. Ro®tr simulation of all other parameters
and latent states was accomplished with Metropeiisin-Gibbs (Gelman et al. 2004),

the Metropolis steps being adaptive. Sibgeneasurement error increase when relative
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humidity is low (Ewers and Oren 2000), parameters were agttnonly wher; < 0.6
kPa. Initial values for each parameter were takem fthe prior means discussed above.

The Gibbs sampler was iterated 25000 times an@irdte. 0000 steps were discarded.
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M Incorporating time constants from electrical anal ogue
The time constant is the length of time following a step change tak@ a

delayed time-serieg to exhibit a 63.2% response to a step chandeeinltiving force
(Phillips et al. 1997, 2004, Rayment et al. 200@)relate (equation 3.10) to, one
must find the value of for which change in sap fluX — J.q:= (1 — exp(-1)) X E; — Ji.q0)

over the time intervalt. If one reorganizes the equation o+ J.4;, One can show that

-b
Ji - Jdt :E(Wt'wt-dt)
-~ b Wi g - Eqdt
=— ———— - Wqt
dt 1+ b
dt 1+ b '
b Egdt- 3 gt
dt 1+ b6
b
= E; - J;
1+b( ¢~ e at)

Thus, (1 + )™ is change i as a proportion off; —J.q). If is the length of time

taken for the proportionate change to equal 1 (&Xxphen

ib = (1- expl- )<

=(1- exd- ))k/dt+b(1 exp- ))k/dt
@ (1- exil- 1) k/dt):(l_ exql- 1))4/ 0t (M.2)

. (- exgl- )F/dt
1- (1- exg- 1)</ 4t

Thus, can be related to the time constant for electacalogue models, allowing for

incorporation of priors derived from the literature
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N Effects of Capacitance Time Constant on Parameter
Estimates

Figure N.1: Parameters for (a)Gret vS. / Grer, (0) 1VS. 2 and (c) vs.V; for

Caryatomentosan each year as a function of capacitance time cstant . Value of
the time constant , from 5 minutes to 120 minutes, is denoted by thHegure symbols
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Figure N.2: Parameters for (@)Grer VS. / Grer, (0) 1VS. 2, and (c) vs..V; for L.

styracifluain each year as a function of capacitance time cstant . Value of the
time constant , from 5 minutes to 120 minutes, is denoted by tHeggure symbols.
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Figure N.3: Parameters for (a)Grer VS. / Grer, (D) 1VS. 2,and (c) vs.,V; for L.

tulipifera in each year as a function of capacitance time cstant . Value of the time
constant , from 5 minutes to 120 minutes, is denoted by tHegure symbols
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Figure N.4: Parameters for (a)Grer VS. / Grer, (0) 1Vs. 2 and (c) vs.V; for Q.

albain each year as a function of capacitance time calasit . Value of the time
constant , from 5 minutes to 120 minutes, is denoted by tHegure symbols

1/=



Figure N.5: Parameters for (a)Gref VS. / Grer, (0) 1Vs. » and (c) vs. V; for Q.

michauxii in each year as a function of capacitance time cstant . Value of the
time constant , from 5 minutes to 120 minutes, is denoted by thH&gure symbols
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Figure N.6: Parameters for (a)Grer VS. / Grer, (0) 1Vs. » and (c) vs. V; for Q.

phellosin each year as a function of capacitance time cstant . Value of the time
constant , from 5 minutes to 120 minutes, is denoted by tHegure symbols
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O Parameter estimates for light and moisture effect s on
canopy conductance

Figure O.1: Mean parameter estimates and 95% credible intervaléor Gy, ,
and / G for each species-year combination.
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Figure O.2: Mean parameter estimates and 95% credib intervals for the effects of
light ( 1and ») and soil moisture ( 3 and 4) on canopy conductance for each
species-year combination.
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