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Abstract 
 The effects of climate change on forest dynamics will be determined by tree 

responses at different life-stages and different scales -- from establishment to maturity 

and from individuals to populations. Studies incorporating local factors, such as natural 

enemies, competition, or tree physiology, with sufficient variation in climate are lacking. 

The importance of global and regional climate variation vs. local conditions and 

responses is poorly understood and may only be addressed with large datasets capturing 

sufficient environmental variation. This dissertation uses several large datasets to 

examine tree demographic and ecophysiological responses to light, moisture, predation, 

and climate in eastern temperate forests of North Carolina.  

 First, I use a 19-yr seed rain record from 13 forest plots in the piedmont, transition 

zone, and mountains to examine how climate-mediated seed maturation and density-

dependent seed predation processes increase population reproductive variation in nine 

temperate tree species (Chapter 1). I address several hypotheses explaining interannual 

reproductive variation, such as resource matching, predator satiation, and pulse resource 

dynamics. My results indicate that (1) interannual reproductive variation increased as a 

result of seed maturation and seed predation processes, (2) seed maturation rates 

increased under warm, wet conditions, and (3) seed predation rates exhibited negative 

and positive density-dependence, depending of tree species and type of seed predator 

(specialist insects vs. generalist vertebrates). Because positive density-dependent seed 

predation dampened and negative density-dependent seed predation amplified the effects 
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of climate-mediated maturation on reproductive variation, this study showed evaluations 

of tree reproduction need to incorporate both climate and seed predation. 

 Next, I use an 11-yr record of annual tree seedling growth and survival in 20 tree 

species planted in the piedmont and mountains to quantify individual tree seedling 

growth and survival responses to spatial variation in resources and temporal variation in 

climate (Chapter 2). First, I tested whether height-mediated growth provides an 

advantage to large individuals in all environments by amplifying responses to light and 

moisture or only when those resources were plentiful. Second, I tested whether allometric 

and survival responses differed among species based on life-history strategies. Individual 

height amplified tree seedling growth. However, some species exhibited amplification at 

moderate to high resource levels as well as depression of growth in large individuals 

growing in low light and moisture environments. Shade intolerant species exhibited an 

increasing ratio of height to diameter growth and increasing survival probability with 

both increasing light and moisture resources. Conversely, shade tolerant species exhibited 

decreasing height to diameter ratio with increasing light, possibly because of biomass 

allocation toward acquisition of limiting light resources. Despite relative small effects of 

drought and winter temperature of tree seedling demography, the results of this study 

indicate that individual tree seedlings sensitive to light and moisture environments, such 

as large seedlings and seedlings of shade intolerant species, growing in shaded or xeric 

sites may be particularly vulnerable to climate induced mortality.  
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 Finally, I examine interannual and interspecific variation in canopy conductance 

using four years of environmental (vapor pressure deficit, above canopy light, and soil 

moisture) and stem sap flux data from heat dissipation probes for six co-occurring tree 

species. I developed a state-space modeling framework for predicting canopy 

conductance and transpiration which incorporates uncertainty in canopy and observation 

uncertainty. This approach is used to evaluate the degree to which co-occur deciduous 

tree species exhibited drought tolerating and drought avoiding canopy responses and 

whether these patterns were maintained in the face of interannual variation in 

environmental drivers. Comparisons of canopy conductance responses to environmental 

forcing across species and years highlighted the importance of tree sensitivity to moisture 

limitation, both in terms of high vapor pressure deficit and low soil moisture, and tree 

hydraulic characteristics within diverse forest communities. The state-space model 

produced similar parameter estimates to the more traditional boundary line analysis, 

performed well in terms of in-sample and out-of-sample prediction of sap flux 

observations, and provided for coherent incorporation of parameter, process, and 

observation errors in predicting missing data (i.e., gap-filling), canopy conductance, and 

transpiration. 

 Much needs to be learned about forest community responses to climate change, 

however these responses depend on local growing conditions (light and moisture), the 

life-stage being examined (seedlings, juveniles, or mature trees), and the scale of 

inference (individuals, canopies, or populations). Because climate change will not occur 
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in isolation from other factors, such as stand age or disturbance, studies must characterize 

tree responses across multidimensional gradients in growing conditions. This dissertation 

addresses these challenges using large demographic and ecophysiological 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 forest dynamics will be determined by 

tree response at different life-stages and different scales -- from reproduction to maturity 

and from individuals to populations. Yet studies of local dynamics that include sufficient 

variation in climate while examining numerous species are lacking (Parmesan and Yohe 

2003, IPCC 2007). Furthermore, predictive models integrating demographic and 

physiological responses to global change are needed to guide conservation policy and 

management (Dawson et al. 2011, McMahon et al. 2011). This dissertation used large-

scale and longterm data with synthetic modeling approaches to examine tree 

demographic and ecophysiological responses to resources and climate in eastern 

temperate forests of North Carolina. My research centered on the question, “How are 

forest community responses to climate mediated by local factors?” In this dissertation, I 

describe the motivation and background for this dissertation research, followed by the 

presentation of three studies I executed, and finishing with concluding remarks regarding 

the significance of this work. 

 Anthropogenic climate change is rapidly altering our world. While there is still 

uncertainty in climate change predictions, there is little doubt that changes will be 

dramatic and rapid in many regions (IPCC 2007). During the next century in the 

southeastern US, minimum and maximum winter temperatures are predicted to increase 

and mean summer precipitation is predicted to decrease (Mearns et al. 2003). Climate 

change may alter the frequency and severity of extreme events, such as heat waves and 
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droughts (IPCC 2007, Sterl et al. 2008, Barriopedro et al 2011). In the midst of these 

changes, plant communities will respond. 

 The responses of forest communities to climate change depends upon the risks 

faced not by species, but by individuals (Clark 2010). Increasing availability of forest 

inventory data from widely dispersed forest monitoring networks, such as the USDA 

Forest Inventory and Analysis program, has increased the attractiveness of climate 

envelope modeling as a method of understanding and predicting tree species responses to 

climate change (e.g., Canham and Thomas 2011). Tree responses to spatial vs. temporal 

variation in climate are fundamentally different and lead to divergent predictions of risk 

(Ibañéz et al. 2006, Morin et al. 2007, Clark et al. 2011a). Tree species range shifts have 

already begun (Woodall et al. 2009, Zhu et al. in press), but the extent, direction, and 

timing of these shifts depends upon individual- and population-level responses to both 

climate and local growing conditions. 

 Tree community responses to climate are mediated by local demographic and 

physiological processes (Bazzaz 1996). Trees experience risk throughout their lives 

(Boege and Marquis 2005), but the processes mediating that risk differ among life-stages. 

Interannual variation in tree seed initiation, pollination, and maturation are often 

observed to match variation in growing conditions, such as climate (Sork et al. 1993, 

Cecich and Sullivan 1999, Espelta et al. 2008, Mund et al. 2010), resulting in high 

sensitivity of individual fecundity to climate (Clark et al. 2011a, in press). Even after 

successful maturation, seeds must escape seed predation before seed germination and 
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establishment can begin (Janzen 1971, Silvertown 1980, Ostfeld and Keesing 2000). 

After seedlings germinate, individuals face highly variable competitive environments 

both along gradients in light, moisture, and nutrients and in time with variation in 

temperature and drought (Bazzaz 1991, Schupp et al. 1995, Jackson et al. 2009). Seedling 

morphological or physiological variation, such as increased height in certain 

environments, changes responses to growing conditions (Hutchings and de Kroon 1994, 

Claveau et al. 2002, Poorter et al. 2008). Thus, interannual variation in climate 

contributes to risks for seeds and seedlings.  

 While adult trees may be better buffered against variation in climate than tree 

seedlings (Grubb 1977, Cavender-Bares and Bazzaz 2000, Jackson et al. 2009), their 

responses to interannual variation in climate are still severe. For example, a growing 

body of evidence highlights the balance between assimilation of carbon and avoidance of 

vascular dysfunction in tree responses to drought and temperature (McDowell et al. 2008, 

2011, Adams et al. 2009). Studies of canopy conductance and transpiration using stem 

sap flux are particularly well-suited to examining interannual and interspecific 

differences in tree responses to atmospheric and soil water limitations produced by 

drought (Phillips and Oren 2001, Breda et al. 2006). 

 In order to separate the influences of interannual variation in climate from 

individual- or population-level factors that mediate forest community responses to 

climate, research must incorporate both spatial (individual- and population-level) and 

temporal variation. Therefore, multi-year experiments in natural systems are ideal. Forest 
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ecology has a rich history of longterm forest research, including forest inventory plots 

dating from the early days of USDA Forest Service at the Fort Valley Experiment 

Station, AZ (Woolsey 1912, Olberding 2000), and the establishment of private research 

forests, such as the Duke Forest, NC (Korstian and Coile 1938, Peet and Christensen 

1987). My research benefits from the legacies of public and private longterm research: I 

have had access to longterm forest demographic data from research sites at the Coweeta 

Longterm Ecological Research site (LTER), Mars Hill College, and the Duke Forest 

(Clark et al. 2010). These demographic data include 19 years of tree seed collection 

(Clark et al. 1998, 2010) and 4 to 11 years of tree seedling growth and survival data 

(Mohan et al. 2007, Ibañéz et al. 2008, 2009, Hersh et al in press). I have also had the 

opportunity to utilize a four-year data stream of tree ecophysiological responses of six co-

occurring species at a bottomland site in the Duke Forest (Pataki and Oren 2003, Stoy et 

al. 2006, Oishi et al. 2008, 2010). These datasets offer a unique opportunity to examine 

both demographic and physiological responses of trees to climate as well as the 

mediating effects of individual- and population-level processes. 

Objectives 
 The maintenance of forest biodiversity is a high-dimensional process influenced 

by climatic variation and local pressures on individual trees, requiring longterm datasets 

and synthetic modeling approaches to separate influences operating at different spatio-

temporal scales. This dissertation addresses the question: How are forest community 

responses to climate mediated by local factors? I address this question using three sources 
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of longterm forest demographic and physiological data. First, I use a 19-year seed archive 

collected in 13 North Carolina forests ranging from the piedmont to the mountains to 

quantify the influences of spring temperature and summer drought on seed maturation 

processes, and then examine how population-level, density-dependent seed predation 

amplifies or dampens the climate-mediated reproductive process (Chapter 1). Next, I use 

an 11-year record of tree seedling growth and survival in a subset of the forest stands 

mentioned above to examine how height-mediated growth in 20 species of tree seedlings 

determines individual risk to variation in winter temperature and summer drought 

(Chapter 2). Finally, I use a four-year study of tree sap flux in a bottomland forest to 

quantify the degree of interannual and interspecific variation in canopy conductance 

responses to atmospheric and soil moisture conditions varying from severe drought to one 

of the wettest years on record for the region (Chapter 3). I conclude this dissertation with 

a discussion of the implications of these results to forest community dynamics and 

identify important risks to continued species coexistence.
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1 Density-dependent seed predation alters 
reproductive variation caused by climate-mediated seed 
maturation 
1.1 Introduction 
 Recruitment is now recognized as the most important and poorly understood 

obstacle for tree populations confronted with climate change (Jackson et al. 2009, Clark 

et al. 2011a, in press). Climate-mediated processes, such as flower pollination and seed 

maturation, contribute to reproductive variation (Sork et al. 1993, Curran and Webb 

2000, Espelta et al. 2008, Peréz-Ramos et al. 2010). Because seed predators consume 

essentially the entire reproductive effort from populations of many tree species (Beal 

1952, Beaman 1981, Kolb et al. 2007, Perez-Ramos et al. 2008), tree recruitment depends 

upon seed escape from predation. Large interannual variation in seed production may be 

one of the few options for escaping predation (Janzen 1971, Sork et al. 1993, Bonal et al. 

2007, Koenig and Knops 2000, Koenig et al. 2003), but this response can be neutralized 

by a diverse community of seed predators, including generalist predators supported by a 

reservoir of alternative hosts (Ostfeld and Keesing 2000). It has long been suspected that 

recruitment success relies on inefficient tracking of variable reproductive effort by 

specialist predators (e.g., Janzen 1971).  However, the predation experienced by a tree 

population combines functional and numerical responses of its specialist predators with 

that of generalists that are simultaneously responding to co-occurring tree species. While 

many studies have examined interannual variation in reproductive effort in tree species 

(e.g. Herrera et al 1998, Koenig and Knops 2000), understanding the consequences of 

climate change in forest communities requires long-term data on the synthetic process: 

from reproductive variation of multiple host species, to climatic variation in flower 

pollination and seed development, to predation by generalists and specialists, and finally 
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seedling recruitment success. In this study, I show that tree reproduction for large-seeded 

tree species within diverse temperate forests depends upon warm and wet conditions 

during seed maturation as well as complex density-dependent patterns of seed predation 

by both specialist and generalist seed predators, capable of amplifying or dampening 

responses to climate.   

 Examinations of the degree of reproductive variation (i.e., coefficients of 

variation) have become common (Herrera et al. 1998, Koenig and Knops 2000, Koenig et 

al. 2003, Crone et al. 2011), but our understanding of how climate and density-dependent 

effects contribute to differences among species and populations is still limited. The 

approach presented here allows one to test hypotheses concerning both climate-mediated 

and density-dependent reproductive variation. 

 The resource-matching (RM) hypothesis posits that reproductive output responds 

to, or tracks, growing conditions, which vary from year to year and population to 

population (Sork et al. 1993). RM predicts that spatio-temporal variation in population 

reproductive effort should track climate, such as increasing seed maturation rates with 

moisture and temperature during spring and summer seed development. Patterns of tree 

flower initiation, pollination, and development into mature seed support RM in temperate 

forest tree species (Sork et al. 1993, Koenig et al. 1996, Cecich and Sullivan 1999, Houle 

1999, Knops et al. 2007, Espelta et al. 2008, Pérez-Ramos et al. 2010). 

 Economies of scale are reproductive strategies characterized by large, 

synchronous reproductive, or masting, events that are more efficient than small, non-

masting, events (Kelly and Sork 2002). In many temperate and tropical forests, high 

degrees of population-level variation and synchrony in seed production define economies 
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of scale (Janzen 1971, Koenig et al. 1996, Curran and Webb 2000, Koenig and Knops 

2000). For example, reproductive efficiency (i.e., the probability of seed survival) 

increases during mast years (1) if the probability of seed predation declines as tree 

reproductive effort increases and (2) if low reproductive effort during non-masting events 

depresses predator populations (predator satiation [PS]; Janzen 1971, Silvertown 1980). 

Predator satiation assumes a high degree of specialization (Janzen 1971), resulting in 

negative conspecific density-dependence of seed predation rates. However, both 

specialist and generalist animal species rely on tree seeds for all or part of their nutrition 

(Ostfeld and Keesing 2000, Shibata 2002, Lombardo and McCarthy 2008), including 

insects such as seed weevils (Curculionidae), birds such as American robins (Turdus 

migratorius), and rodents such as gray squirrels (Sciurus carolinensis).  

 In contrast to the predictions of PS, one might expect attack rates by generalist 

seed predators and frugivores to increase with plant seed density (e.g. Ehrlén 1996). 

Because generalist seed predators and frugivores rely on the seed production of many tree 

species, seed predation rates might (1) decrease with predator population size following 

non-mast years (numerical response) and (2) increase during mast years as predators alter 

their behavior in response to availability of seed (functional response). These numerical 

and functional responses are consistent with herbivore population limitation by pulsed 

resources (PR; McShea 2000, Ostfeld and Keesing 2000, Schnurr et al. 2002, Boutin et 

al. 2006). Because PR focuses on generalists, seed densities of more than one species 

must influence predation rates. Drupes, with their fleshy exterior, and nuts, with their 

large, nutritious seed, represent different functional groups of seed resources. Thus, 

density-dependent effects on predation were assumed to apply to seeds of a given type: 
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drupe seed density does not affect nut predation rates, and vice versa. Even though 

generalist seed predators and frugivores may exhibit similar functional and numerical 

responses to seed density, they have contrasting effects on seed survival (Sallabanks and 

Courtney 1992). To understand the consequences of seed predation and frugivory on 

climate-mediated tree reproduction, research must separate different forms of seed and 

fruit herbivory because of differences in numerical responses, functional responses, and 

consequences to seed viability. Without records of seed fate, separation of these effects is 

difficult to impossible, even with extensive partitioning of variation into individual, 

population, and species levels (e.g., Koenig et al. 2003) 

 Given the lack of clear masting and non-masting tree species (Herrera et al. 1998, 

Koenig and Knops 2000) and increasing evidence of both climate and density-dependent 

effects on seed crop size (Shibata et al. 2002, Richardson et al. 2005, Espelta et al. 2008, 

Péres-Ramos et al. 2010), studies of tree reproduction need to incorporate tests of both 

RM and density-dependent predation (PS and PR) hypotheses. Data providing 

information across a sufficient number of years and populations are rare. A handful of 

studies quantify both seed maturation and seed predation rates (Shibata et al. 2002, 

Espelta et al. 2008, Pérez-Ramos et al. 2010), but none studied populations or the causes 

and consequences of reproductive variation over large geographic regions and decadal 

time-scales. Without data collected across long time-scales and large geographic areas, 

reliable inference on reproductive variation using traditional methods, such as 

coefficients of variation, would be difficult. I quantified seed maturation, frugivory, and 

seed predation by specialist insects and generalist vertebrates on nine large-seeded 

species for a seed archive from a series of longterm forest inventory plots located along a 
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500 km gradient from the North Carolina Piedmont to the Southern Appalachian 

Mountains.  

 The analysis in this study focuses on pre-dispersal seed predation on large-seeded 

species that provide the most important resource for seed predators and frugivores. Pre-

dispersal seed predation offers stronger selective pressure for increasing variation in seed 

production than post-dispersal seed predation (Sallabanks and Courtney 1992, Bonal et 

al. 2007) and modifying tree seedling establishment rates (Espelta et al. 2009). Post-

dispersal seed predators, such as rodents, deer, turkey, and pigs, consume or hoard 

substantial quantities of seed, limiting both seed survival and dispersal (Howe 1989, 

Curran and Webb 2000, Pérez-Ramos et al. 2008). No study of long-term seed production 

can account for seed removal either through hoarding by post-dispersal seed predators or 

complete consumption of the seed, which is not observed. The fate of removed seed, and 

thus the influence of post-dispersal seed removal on plant reproduction, is highly 

uncertain (Vander Wall et al. 2005). However, high rates of seed removal can be 

accompanied by high rates of damage on seeds that remain (Marquis et al. 1976, Howe et 

al. 1989, Yi et al. 2011). Therefore, I assume that pre-dispersal predation rates reported 

here represent an index of seed predation at large. 

 To understand the complexity of tree reproductive responses, I separate RM, PS, 

and PR effects by relying on longterm records of seed fate. In the current study, I 

quantified seed maturation, insect seed predation, and vertebrate seed predation and 

frugivory in a 19-year archive of seed collected at 13 plots located in the North Carolina 

piedmont, foothills, and mountains to determine the rates of seed maturation and seed 

predation for nine large-seeded tree species: two with drupes, Cornus florida, and Nyssa 
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sylvatica, and seven with nuts, Carya glabra and Quercus species. The objectives were to 

determine whether or not (1) seed maturation rates increase under warm, wet conditions 

as predicted by RM, (2) insect seed predation rates decline with current seed density and 

increase with previous seed density, as predicted by PS, and (3) vertebrate seed predation 

and frugivory rates increase with both current and previous year’s density, as predicted 

by PR. If warm, wet climate conditions increase maturation rates, and thus mature seed 

density, and density-dependent predation alters undamaged seed density, then climate-

mediated variation in reproduction will be amplified or dampened following seed 

predation, depending on the type of density-dependence. 

1.2 Methods 
1.2.1 Study Area and Data Collection 
 This study was carried out at a series of longterm forest inventory plots in the 

North Carolina piedmont (Duke Forest; near Durham, NC, 35°58’N,  79°05’W and 

mountains (Coweeta LTER; near Otto, NC,  35°04’N / 83°26’W). Some forest plots were 

transitional between the piedmont and mountain, in terms of elevation, climate, and 

species composition (Mars Hill College; Mars Hill, NC, 35°50’ N, 82°33’W) I used 13 

forest plots ranging in size from 0.34 to 4.11 ha, which represented a variety of climate 

regimes, and included 9 to 128 seed traps (0.16 m2 per trap) for quantifying tree 

reproduction (Table 1.1). Each seed trap captures seed falling on a 0.16 m2 area of the 

forest floor and is covered in chicken wire to exclude seed removal by vertebrate seed 

predators. Because these traps collect seed in the process of dispersal and protect the seed 

from further predation, most of the predation is considered pre-dispersal predation. Seed 

collection at each plot began between 1992 and 2004 (Table 1.1); data after March 2011 
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are not included in this analysis. Thus, the sampling period differed somewhat among 

forest stands. All seeds from this 19-year study are archived at Duke University. 

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

Region Plot First 
Year 

Elev. 
(m) 

Area 
(ha) 

Seed 
Traps 

Precip 
(cm) 

Tj 
(C) 

S
o

ut
he

rn
 A

pp
al

ac
hi

a
n 

M
ou

nt
a

in
s 

C1 1992 780 0.64 20 194 14.9 

C2 1992 820 0.64 20 194 14.4 

C2 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 

CU 2000 1140 1.45 43 245 13.1 

T
ra

ns
iti

o
n 

Z
on

e
 MF 2004 770 0.5 36 

102 13.5 
MP 2004 710 0.5 36 

P
ie

dm
on

t 

DB 2000 155 4.11 128 

121 
 

17.1 
DE 2008 155 0.34 9 

DH 1999 170 2.40 66 

DW 2004 180 3.21 69 

Tj = mean April spring temperature from 1991-2010 for plot j 

 Seed maturation and seed predation damage were quantified for each seed 

collected for nine species over the 19-year history of the study. Seeds from each forest 

plot j collected during year t were evaluated for maturation and predation damage for 

species k = 1, …, K with K = 9 (Table 1.2). When Quercus or Carya seeds could not be 

identified to species, data were grouped by genus and counted, but not included in the 

analysis. Unidentified seed were not included in this analysis because predation and 

maturation processes were assumed to operate at the species-level, not the genus-level. I 

recorded the number of immature seeds sjk,t and the number of mature seeds mjk,t for each 
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species. Seeds were judged to be immature based on seed morphology and size. Because 

it is often difficult to ascertain pollination of small female reproductive structures (Sork 

et al. 1993), immature seeds sjk,t may include both unpollinated and underdeveloped 

seeds. Seed predation damage is common and identified by visual inspection. Insect 

damage is characterized by 1 to 2mm circular exit wounds and vertebrate damage is 

characterized by removal or damage to the shell and partial or complete consumption of 

the seed inside, Thus, mature seeds were further classified by damage status: wjk,t is the 

number of seeds with insect predation, fjk,t is the number of seeds exhibiting frugivory 

(pericarp removed), ajk,t is the number of seeds exhibiting vertebrate (bird or rodent) seed 

predation, yjk,t is the number of undamaged seed, and ojk,t is the number of seeds with 

unidentified damage. For insect attacked seed, I also counted the subset of seeds 

exhibiting vertebrate predation in addition to insect predation r jk,t. Total raw seed counts 

are presented in Table 1.2 for reference.  

Table 1.2: Cumulative seed counts for each species and seed fate combination. 
Species abbreviations used throughout chapter 1 are listed in parentheses. 

Species                                      (abbr) Plots 

al
l s

ee
d

s 

im
m

at
ur

e 
se

ed
s 

in
se

ct
 

pr
ed

at
io

n
 

fr
ug

iv
or

y 

an
im

al
 

pr
ed

at
io

n
 

in
se

ct
 a

n
d 

an
im

al
 

pr
ed

at
io

n 

un
id

e
nt

ifi
e

d 
da

m
a

ge
 

Carya glabra (Mill.) (cagl) 8 124 67 19  17 0 0 

Cornus florida L. (cofl) 9 528 47  175 101  0 

Nyssa sylvatica Marsh (nysy) 12 3026 62  327 1549  0 

Quercus alba L. (qual) 8 1818 1407 165  21 1 30 

Quercus coccinea Muenchh. (quco) 9 240 119 30  47 0 13 

Quercus phellos L. (quph) 3 523 195 45  53 0 36 

Quercus prinus L. (qupr) 9 165 41 18  44 0 40 

Quercus rubra L. (quru) 10 1575 440 196  436 111 128 

Quercus velutina Lam. (quve) 9 201 11 11  3 88 1 
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 Seeds completely removed by predators could not be accounted for in this study, 

thus pre-dispersal predation rates are taken as an index of seed predation at large. I 

commonly observed portions acorn shells in samples, including the remains of the style at 

the apical tip of the acorn. Thus, shell fragments were considered predated by vertebrates 

only when the remains of the style were present. This indicates that the data may still 

represent pre-dispersal consumption, as opposed to removal for the purposes of hoarding.  

1.2.2 Statistical Analysis 
 To test the influences of maturation and predation on variation in tree 

reproductive processes, I examined the degree of population-level variation and the 

influences of climate and seed density on that variation. I calculated population 

coefficients of variation (CVp; Buonaccorai et al. 2003) for all species-plot combinations, 

referred to as populations in this study, jk using all seeds njk,t, mature seeds mjk,t only, and 

undamaged seeds yjk,t only. Coefficients of variation for all seed, mature seed, and 

undamaged seed represent the degree of interannual variation in tree reproduction at 

different stages of the reproductive process: pre-maturation, post-maturation, and post-

predation, respectively. Coefficients of variation have known limitations (Buonaccorai et 

al. 2003, Knops et al. 2003, Crone et al. 2011), but they are reported throughout the 

literature and provide a metric for comparing populations and species. I compared the 

coefficients of variation of individual populations to determine how seed maturation and 

seed predation contribute to overall reproductive variation. 

 The statistical approach presented in this paper represents a marked improvement 

over traditional metrics of reproductive variation. Individual forest stands differ in 

species composition, and thus seed density, as well as length of sampling interval (Table 

1.1). Because CVp measures the degree of interannual variation among years for an 
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individual population, this metric depends upon the length of the sampling period in 

relation to the masting cycle. Thus, studies lasting only a few years may produce poor 

estimates of variation, especially if no masting events occur. By relating reproductive 

variation to spatial and temporal variation in climate and seed density, the analysis is not 

as sensitive to differing sample period length. I excluded observations with no seed for a 

given species from the following analysis. 

 The probability of seed maturation for population jk in year t is assumed to be 

dependent upon variation in climate. Previous studies have found a strong influence of 

drought on seed abortion rates (Sork et al. 1993, Espelta et al. 2008). I incorporated 

interannual and spatial variation in summer Palmer drought severity index (PDSI) Pj,t for 

forest plot j in year t and mean annual precipitation Pj (cm) for forest plot j. I included 

April temperature Tj,t for plot j in year t to represent the influences of temperature, 

including effects on tree demography (Knops et al. 2007, Adams et al. 2009, Mund et al. 

2010) as well as increases in pollination success (Sork et al. 1993, Cecich and Sullivan 

1999). The total number of seeds njk,t from sample jkt are partitioned into mature seed 

mjk,t with probability θjk,t and immature seed sjk,t with probability 1 – θjk,t (Figure 1.1a). 

Thus, the probability of seed maturation θjk,t conditioned on climate and njk,t was modeled 

as a binomial process with a logit link function  

( )tjktjktjk nBinomialm ,,, ,~ θ
  

(1.1)
  

( ) jktjktjkktjk PPT 3,2,10,logit ααααθ +++=  (1.2) 

where α0k is the intercept for species k, and α 1k, α 2k, and α 3k are the effects of Tj,t, Pj,t, and 

Pj for species k, respectively. The effect of mean April temperature for each plot, as 

opposed to interannual variation in temperature Tj,t, was not incorporated because it was 
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highly correlated with Pj in the current study. Otherwise, correlations between climate 

variables were low to moderate (|r|  < 0.39). 

 

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

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

are placed above the line pointing from the initial count to the outcome. (a) Tree 
seeds njk,t are either mature mjk,t or immature sjk,t with probabilities θjk,t and 1 – θjk,t, 
respectively. (b) Mature seeds with known damage type (mjk,t – ojk,t) are predated by 

insects wjk,t, predated by vertebrates ajk,t, or undamaged yjk,t with probability )1(
,tjkπ , 

)2(
,tjkπ , and )3(

,tjkπ , respectively. Additionally, insect predated seed wjk,t are predated 

by vertebrates rjk,t with probability λjk,t. (c) Mature seeds with known damage type 
(mjk,t – ojk,t) experience frugivory fjk,t, are predated by vertebrates ajk,t, or are 

undamaged yjk,t with probability )1(
,tjkµ , )2(

,tjkµ , and )3(
,tjkµ , respectively. 

 

 The probability of seed predation depends upon seed density for all tree species, 

but the model structure differs by tree seed guilds (G = 1 or 2). Because generalist seed 

predators respond to seed densities of several tree species, I summed seed counts for all 

nuts (C. glabra and Quercus species; G = 1) and drupes (C. florida and N. sylvatica; G = 

2) at plot j during year t and divided by the summed cross-sectional area of the seed traps 

at plot j (0.16 m2 × number of traps; Table 1.1) to calculate log intraguild seed density 
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MjG,t (seeds m-2). Log conspecific seed density Cjk,t is calculated in the same fashion, but 

for each species k at plot j during year t. For species with nuts G = 1, I model the effects 

of current and previous year’s log seed density on seed predation as a multinomial 

process with a logit link function followed by a binomial process for the probability of 

vertebrate seed predation on insect predated seed (Figure 1.1b). The multinomial seed 

predation process was modeled as 

( )tjktjktjktjk omlMultinomiaz ,,,, ,~ π−  (1.3)
 

where zjk,t is a 1 by 3 vector of seed counts in each damage status category Q for plot j 

and species k during year t (zjk,t = [wjk,t  ajk,t  yjk,t]), πjk,t is a 1 by 3 vector of probabilities of 

damage status category Q for plot j and species k during year t where 

[ ])3(
,

)2(
,

)1(
,, tjktjktjktjk ππππ = , and mjk,t – ojk,t is the number of mature seeds minus seeds 

excluded due to unidentified damage for forest plot j and species k during year t. Seeds 

with unknown damage ojk,t account for 0 to 8% of observed seed for each species (Table 

1.2). Because this damage class incorporates a variety of processes, including pathogen 

attack, unidentified seed predation, and physical damage, ojk,t are excluded from the 

analysis. 

 The probabilities )(
,

Q
tjkπ  of each damage category Q and observation jkt are 

calculated using a multinomial logit function (Appendix A). The predictor variables are 

the current year’s log intraguild mature seed density MjG,t, the previous year’s log 

intraguild mature seed density MjG,t-1, the current year’s log conspecific mature seed 

density Cjk,t, and the previous year’s log conspecific mature seed density Cjk,t-1. Thus, the 

1 by 5 vector of covariates is xjk,t = [1  MjG,t  MjG,t-1  Cjk,t  Cjk,t-1] and the 1 by 5 vector of 

logistic regression parameters for each damage class Q is 
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k ββββββ = . The number of seed attacked by vertebrates 

following insect attack r jk,t (Figure 1.1b) was modeled as a binomial process with a logit 

link function 

( )tjktjktjk wBinomialr ,,, ,~ λ  (1.4)
 

( ) 1,2,10,logit −++= tjGktjGkktjk MM γγγλ  (1.5) 

where λjk,t is the probability of vertebrate attack on insect predated seed, and γ0k, γ1k, and 

γ2k are species-specific parameters for the effect of log intraguild seed density (MjG,t and 

MjG,t-1). 

 For species with drupes (G = 2; C. florida and N. sylvatica), I use a multinomial 

distribution with a multinomial logit link function (Figure 1.1c) of the same form as 

found in eqns. 1.3, A.1, and A.2. In this case, zjk,t = [fjk,t  ajk,t  yjk,t], µjk,t is a 1 by 3 vector 

of probabilities for damage status Q for sample jkt where [ ])3(
,

)2(
,

)1(
,, tjktjktjktjk µµµµ = , 

and the logit of )(
,

Q
tjkµ  depends on )(

,
Q

ktjkx δ  where )(Q
kδ  are logistic regression 

parameters for damage category Q. The vector of regression parameters for each damage 

class Q is [ ])(
2

)(
1

)(
0

)( Q
k

Q
k

Q
k

Q
k δδδδ =  and species k and xjk,t = [1  MjG,t  MjG,t-1]. Thus, 

intraguild, but not conspecific, log seed densities were used as predictors.  Parameters in 

the binomial and multinomial models were fit using a metropolis algorithm within a 

Gibbs sampler (Appendix B) 

 For the purposes of this study, I refer to significant positive or negative effects if 

95% credible intervals of the posterior mean parameter values do not include zero. For 

undamaged seed counts yjk,t, the baseline for the multinomial, I report differences in mean 
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predicted probabilities )3(
,tjkπ  and )3(

,tjkµ  if the predicted differences in probability over the 

range of covariate values is greater than 0.2 (increase) or less than -0.2 (decrease). Model 

fits were assessed by comparing predicted response variables to observed responses (mjk,t, 

fjk,t, ajk,t, wjk,t, and r jk,t) and by examining Pearson deviances for homogeneity and 

magnitude of deviances (Appendix C). 

1.3 Results 
1.3.1 Population Coefficients of Variation 
 Seed maturation and seed predation increased population variation in fecundity, 

though the effects of each process differed by taxonomic group. Empirical densities of 

CVp for all seed njk,t, mature seed mjk,t, and undamaged seed yjk,t overlapped broadly, but 

maturation and predation tended to skew the distribution of data toward greater CVp 

(Figure C.1). Mean differences in population coefficient of variation CVp between all 

seed and mature seed in population jk were small for C. florida and N. sylvatica (0.00 and 

-0.02, respectively; Figure C.1a). The CVp for mjk,t was greater than for njk,t in Carya and 

Quercus populations. On average, the seed maturation process increased CVp by 0.19 for 

C. glabra, and 0.12 for Quercus species (Figure C.1b). I observed increases in variation 

following seed predation. Mean increases in CVp within a given population jk caused by 

seed predation were 0.08 for C. glabra, 0.55 for C. florida, 0.31 for N. sylvatica, 0.50 for 

Quercus species. 

1.3.2 Model Performance 
 The binomial and multinomial models performed well, both for the climate-

mediated maturation and the density-dependent seed predation processes. The models 

predicted maturation, frugivory, and predation in seed well (r2 > 0.75; Appendix D). 
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Pearson deviances were close to zero and showed little to no trend with predicted 

probabilities, supporting homogeneity of deviances (Appendix D).  

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

many species. The mean spring temperature effects α1,k were positive for seven of nine 

species (Figure E.1) with the probability of maturation increasing significantly in four 

species (N. sylvatica, Q. alba, Q. coccinea, and Q. rubra; Figure 1.2a). The mean 

summer drought effects α2,k were positive for all species except Q. velutina (Figure E.1), 

with the probability of maturation increasing significantly in six species (C. glabra, N. 

sylvatica, Q. alba, Q. coccinea, Q. phellos, and Q. rubra; Figure 1.2b). The mean annual 

precipitation effects α3,k were positive for seven of nine species (Figure E.1) with 

probability of maturation increasing significantly in four species (C. florida, Q. coccinea, 

Q. rubra, and Q. velutina; Figure 1.2c). Over the range of observed variation in Tj,t, Pj,t, 

and Pj, mean seed maturation probability increased by as much as 90% (Figure 1.2). Seed 

maturation probability declined significantly with climate variables for only two species: 

C. glabra declined with Tj,t (Figure 1.2a) and Q. alba declined with Pj (Figure 1.2c). 

1.3.4 Seed predation and frugivory 
 Frugivory of drupes (G = 2) varied with current and past intraguild seed density. 

For C. florida, mean current and previous year’s log intraguild seed density (MjG,t and 

MjG,t-1) effects on frugivory probability )1(
,tjkµ  were positive (Figures 1.3a and 1.3b, Table 

E.1). Mean effects of MjG,t and MjG,t-1 on )1(
,tjkµ  for N. sylvatica were negative (Figures 

1.3a and 1.3b, Table E.1).  Thus, probabilities of frugivory on C. florida and N. sylvatica 

diverged as MjG,t and MjG,t-1 increased. 
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Figure 1.2: Mean predicted probability of seed maturation presented as a function 
of (a) spring temperature Tj,t, (b) summer PDSI Pj,t, and (c) mean annual 

precipitation Pj. Dashed lines indicate that 95% credible intervals for main effects 
were positive and did not include zero and solid lines indicate that 95% credible 

intervals for main effects were negative and did not include zero. Species with non-
significant effects re not presented. Mean predictions were calculated with the logit 
function and mean parameter values from the Gibbs sampler, holding all covariates 
besides the covariate of interest (on the x-axis) constant. For species abbreviations, 

see Table 1.2. 
 

 Mean MjG,t effects on seed predation of drupes )2(
,tjkµ  were significantly positive 

for C. florida and N. sylvatica (Table E.1), leading to slight increases up to 0.05 in seed 

predation probabilities for C. florida and larger increases of 0.35 in seed predation 

probability for N sylvatica (Figure 1.3c). Mean MjG,t-1 effects on )2(
,tjkµ  were significantly 

positive for C. florida and negative for  N. sylvatica (Table E.1), though predicted change 

in )2(
,tjkµ  over the full range of observed MGj,t-1 were less that 10% (Figure 1.3d). These 

results indicate that, while significant, the effects of MjG,t and MjG,t-1 can be minor. 
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Previous Page: 

Figure 1.3: Mean predicted probabilities of fruit or seed predation are presented as 
a function of current and previous year’s log seed density. The probability of 

frugivory )1(
,tjkµ  with respect to (a) MjG,t and (b) MjG,t-1, the probability of vertebrate 

seed predation on drupes )2(
,tjkµ  and nuts )2(

,tjkπ  in relation to (c) MjG,t and (d) MjG,t-1, 

the probability of insect seed predation on nuts )1(
,tjkπ  with respect to (e) Cjk,t and (f)  

Cjk,t-1, and the probability of vertebrate seed predation on insect infested nuts λjk,t in 
relation to (g) MjG,t are presented. Dashed lines indicate 95% credible intervals for 
seed density effects were positive and did not include zero and solid lines indicate 
95% credible intervals for seed density effects were negative and did not include 

zero. Species with non-significant effects are not presented. Mean predictions were 
calculated with the multinomial logit function and mean parameter values from the 
Gibbs sampler, holding all covariates besides the covariate of interest (on the x-axis) 

constant. For species abbreviations, see Table 1.2. 
 

 Seed predation on nuts (G = 1) both increased and decreased with log seed 

density. Mean current year’s conspecific log seed density Cjk,t effects on the probability 

of insect seed predation )1(
,tjkπ  were negative for all species except Q. rubra and Q. 

velutina (Table E.2). Insect seed predation probability )1(
,tjkπ  declined significantly with 

Cjk,t for three species (Q. alba, Q. coccinea, and Q. phellos) while only Q. velutina 

showed a significant increase in )1(
,tjkπ  (Figure 1.3e). The probability of insect seed 

predation )1(
,tjkπ increased significantly with previous year’s conspecific log seed density 

Cjk,t-1for Q. coccinea, Q. phellos, and Q. velutina (Figure 1.3f). The mean effects of Cjk,t-1 

on )1(
,tjkπ  were positive for all species (Table E.2).  

 Probability of vertebrate seed predation increased and decreased with both current 

and previous year’s intraguild log seed density (MjG,t and MjG,t-1), though responses were 

not consistent across tree species (Figures 1.3c and 1.3d, Table E.2). For C. glabra, Q. 
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prinus, and Q. rubra, probability of vertebrate seed predation )2(
,tjkπ  increased with MjG,t 

(Figure 1.3c). For Q. alba, Q. prinus, and Q. rubra, )2(
,tjkπ  increased significantly with 

MjG,t-1 (Figure 1.3d). For, Q. alba and Q. phellos, )2(
,tjkπ  declined with MjG,t while no 

species exhibited significant declines in )2(
,tjkπ  with MjG,t-1 (Figure 1.3c-d). Probability of 

vertebrate attack on insect predated seed λjk,t increased significantly with MjG,t for Q. 

rubra while Q. velutina and MGj,t-1 had no effect (Figure 1.3g, Table E.2). 

The probability that nuts (G = 1) and drupes (G = 2) were undamaged ( )3(
,tjkπ  and )3(

,tjkµ , 

respectively) exhibited diverse responses to log conspecific and intraguild seed densities, 

resulting from the combined effects of diverse seed predator communities. Mean 

predicted )3(
,tjkπ  increased with Cjk,t for C. glabra, Q. alba, and Q. phellos (Figure 1.4a). 

Mean predicted )3(
,tjkπ  decreased with Cjk,t for Q. velutina and declined with Cjk,t-1 for Q. 

phellos, Q. prinus, and Q. velutina. Mean predicted )3(
,tjkπ  increased with MjG,t for Q. 

phellos (Figure 1.4c). Mean predicted )3(
,tjkπ  decreased with MjG,t for C. glabra and Q. 

prinus and decreased with MjG,t-1 for Q. prinus (Figure 1.4c-d). Mean predicted )3(
,tjkµ  

decreased with MjG,t and MGj,t-1 for C. florida and increased with MjG,t-1 for N. sylvatica 

(Figure 1.4c-d).  

1.4 Discussion 
 Both climatic-mediated resource matching in seed maturation and density-

dependent seed predation increased variation in seed availability in forest tree 

populations. As shown in Mediterranean oaks (Espelta et al. 2008, 2009) and temperate 
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deciduous forests (Shibata et al. 2002), different ecological processes that lead to 

reproductive failure increase population variation in fecundity. The magnitude of and 

variation in fecundity determines the availability of viable seed (Clark et al. 1998, 1999). 

The causes of this variation may be difficult to identify from population seed counts 

alone (Buonaccorsi et al. 2003, Koenig et al. 2003), making studies of actual seed fates 

for diverse communities of tree species essential. The study not only showed that seed 

maturation, seed predation, and frugivory processes increase reproductive variation 

(Figure C.1), but showed that the influences of climate on seed maturation and density on 

seed predation could be separated when seed fate was quantified. 

 The influences of climate on seed maturation provided strong support for the RM 

hypothesis. Many studies have correlated climatic cues with fecundity (Koenig et al. 

1996, Schauber et al. 2002, Lamontagne and Boutin 2007, Clark et al. 2011a, in press) or 

pollination success (Sork et al. 1993, Cecich and Sullivan 1999, Knops et al. 2007). A 

few studies related seed maturation rates, rather than total seed crop size, to climate 

variation (Sork et al. 1993, Espelta et al. 2008, Pérez-Ramos et al. 2010). However, none 

of these studies dealt with more than three species and populations distributed across 

broad spatial scales with data collected over more than 10 years. The current study deals 

with the seed maturation process in populations of nine species belonging to four genera 

spread across a broad climatic gradient, with individual forest stands sampled from 6 

years to 19 years. Thus the duration and spatial scale of this study was similar to meta-

analyses (e.g., Koenig and Knops 2000, Liebhold et al. 2004), but with a more focused 

scope. 
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Figure 1.4 Mean predicted probabilities of drupes and nuts experiencing no damage 

( )3(
,tjkµ  and )3(

,tjkπ , respectively) in response to (a) Cjk,t, (b), Cjk,t-1, (c) MjG,t, and (d)  

MjG,t-1. Dashed lines indicate 95% credible intervals for seed density effects were 
positive and did not include zero and solid lines indicate 95% credible intervals for 

seed density effects were negative and did not include zero. Species with non-
significant effects are not presented. Mean predictions were calculated with the 
multinomial logit function and mean parameter values from the Gibbs sampler, 

holding all covariates besides the covariate of interest (on the x-axis) constant. For 
species abbreviations, see Table 1.2. 

 

 I showed that the probability of seed maturation increased during warm, wet years 

and on plots with greater precipitation (Figures 1.2 and E.1). Species differences in the 

slopes of these responses could be due to physiological differences between trees of 

different species. Masting cycles and the length of time required to mature seed differ 

among coexisting species (Sork et al. 1993). If trees reproduction depends of 

carbohydrate storage (Isagi et al. 1997, Satake and Bjørnstad 2008, Mund et al. 2010), 

species-specific differences in resource allocation may cause interspecific variation in 

seed maturation responses to climate. Because local competitive environment influences 

tree fecundity directly as well as interactively with climate (Clark et al. in press), 
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differences in stand characteristics, such as fertility, moisture, and age, almost certainly 

play a role in seed maturation rates. 

 In contrast, maturation probability declined with spring temperature for C. glabra 

and with mean annual precipitation for Q. alba. Such deviations may be the result of 

interactions among climate variables capable of amplifying or dampening demographic 

responses (Clark et al. in press). In addition, the majority of observations for C. glabra 

and Q. alba in this study were from dry, upland habitats and warm piedmont forests, 

suggesting a source of potential bias in the current study. Alternatively, C. glabra and Q. 

alba reproduction may respond to different climatic cues than the other species studied 

here. Despite the length of this study and the incorporation of 13 forest stands, separating 

interspecific differences in seed maturation from habitat preference may require the 

inclusion of additional stands with similar composition to the warm, dry sites where C. 

glabra and Q. alba are more commonly found. Still, these results highlight the 

importance of spring temperature and moisture availability on seed maturation and 

provide evidence for the generality of the RM hypothesis. 

 Seed predation increased population variation and examination of predation rates 

offered evidence of density-dependent mechanisms. The wide range of seed predation 

rates observed in this study (Figure 1.3) is consistent with values reported in the literature 

(Kolb et al. 2007). Insect attack rates provide evidence of PS for four species (Q. alba, Q. 

coccinea, Q. phellos, and Q. prinus): the probability of insect predation generally 

declined with current year’s conspecific log seed density and increased with previous 

year’s conspecific log seed density (Figures 1.3e and 1.3f, Table E.2). The other three 

species (C. glabra, Q. rubra, and Q. velutina) exhibit one, but not both of the predicted 
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responses to conspecific seed density. Insect seed predators in oak forests are diverse 

(Shibata et al. 2002, Riccardi et al. 2004, Lombardo and McCarthy 2008). While the high 

predator diversity could decrease the strength of density-dependent effects for both the 

current and previous year’s seed density, it appears that the observed trends in density-

dependent seed predation are consistent with predator satiation. 

 Evidence of density-dependent effects of intraguild seed density on generalist 

seed predation and frugivory provide support of functional and numerical responses to 

pulsed resources. Increases in vertebrate seed predation rates with previous year’s seed 

density are consistent with fluctuations predicted by population regulation by PR (Ostfeld 

and Keesing 2000) and observed for rodent populations in temperate forests of the 

eastern North America (Ostfeld et al. 1996, Schnurr et al. 2002, Kelly et al. 2008). 

Increasing attack rates during years with large reproductive effort are also predicted 

(Liebhold et al. 2000, Ostfeld and Keesing 2000, Deveny and Fox 2006). I observed both 

increasing and decreasing trends in seed predation ( )2(
,tjkπ  and )2(

,tjkµ ) in response to 

current and previous year’s seed density (Figures 1.3c, 1.3d, and 1.3 g), but only C. 

florida, Q. prinus, and Q rubra exhibited both positive functional and numerical response 

to intraguild seed density predicted by PR (Table E.2). In two species, Q. alba and Q. 

phellos, I observed positive numerical and negative functional trends consistent with PS, 

not PR. Many of the observations for Q. alba and Q. phellos represent xeric and mesic 

plots in the piedmont (DW and DH, respectively) where these two species make up 71% 

and 30% of the Carya and Quercus species basal area and account for a large proportion 

of nut seed density. In this case, because interannual variation in the seed resource is 

dominated by a single species, generalist seed predators may respond more like 
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specialists. In contrast to both PR and PS, N. sylvatica and Q. velutina exhibited both 

negative functional and numerical responses for vertebrate seed predation, though all 

effects were not significant (Tables E.1 and E.2). Spatial variation in tree community 

composition and tree reproduction can influence seed predator responses, but, to date, has 

been addressed only in theoretical work (Sataki and Bjørnstad 2004). While functional 

groupings, such as “generalist”, may be technically correct, the response of these seed 

predators is conditional upon local forest community composition. 

 Patterns of frugivory observed in this study provided mixed support for PR 

(Figures 1.3a and 1.3b). C. florida exhibited predicted positive numerical and functional 

responses, however N. sylvatica exhibited negative responses not consistent with PR. 

Migratory birds rely on drupes of C. florida and N. sylvatica trees in eastern forests 

during seasonal migrations (Burns and Honkala 1990). If the timing of bird migration 

does not coincide with fruit set and dispersal, patterns of seed production and predation 

will decouple (Eriksson and Ehrlén 1998, Sherry et al. 2007). This decoupling is 

particularly important to forest tree populations when seed dispersal, and thus gene flow, 

is determined by a small number of mobile frugivores (e.g., Jordano et al. 2007). If the 

density-dependence also depends on the phenology of seed production, this decoupling 

may explain the lack of consistent patterns in tree species producing drupes and the lower 

observed r2 values (Figures D.5 and D.6). 

 The representation of lagged numerical effects by previous year’s seed density 

may be overly simplistic. Even with the 19-year archive of seed production at the study 

sites, some tree species may produce few masting events, making the examination of 

large arrays of covariates and lagged effects impractical, even though tree responses are 
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highly complex. When masting cycles are predictable or masting events follow 

environmental cues (Allen et al. in press), insect seed predators can match tree 

reproductive cycles through diapause, making seed predation responses to previous seed 

densities difficult to identify (e.g., Maeto and Ozaki 2003). When tree populations are not 

highly synchronized (Herrera et al. 1998, Koenig and Knops 2000), the lack of synchrony 

within and among populations buffers seed predator populations against collapse (Satake 

and Bjørnstad 2004). Still, the fact that seed predation rates conformed to PS and PR 

hypotheses for so many species supports the use of previous year’s seed density. 

 My results indicate that knowledge of the mode of predation, especially with 

regards to the degree of specialization, are necessary for understanding the role that pre-

dispersal predation plays in climate-mediated variation in tree reproduction. Previously 

reported sensitivity of tree fecundity to climate (Clark et al. 2011a, in press) might be 

attributed, in part, to climate-mediated seed maturation (Figure 1.2). However, density-

dependent seed predation processes (Figure 1.3) both amplify and dampen or reverse 

climate-mediated masting events. For example, large Q. phellos seed crops experience 

less predation than small seed crops (Figures 1.3c and 1.3e), and thus are less often 

damaged during masting events (Figures 1.4a and 1.4c). Alternatively, large Q. velutina 

seed crops experience much higher predation rates than small seed crops (Figure 1.3e), 

and rarely escape seed predation during masting events (Figure 1.4a). Thus, positive 

density-dependence (e.g., PR) dampens and negative density-dependence (e.g., PS) 

amplifies interannual variation in tree reproduction.   

 Plant reproduction is a complex series of processes involving responses to biotic 

and abiotic factors. Much has been learned about the influence of tree reproduction on 
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forest community dynamics in eastern forests by examining different portions of the 

reproductive process, including tree fecundity (Clark et al. 2004, 2010, 2011a, in press), 

dispersal (Clark et al. 1998, 1999, HilleRisLambers and Clark 2003, Wright et al. 2005), 

and seed and seedling predation (Howe 1989, Curran and Webb 2000, Beckage and Clark 

2005, Kolb et al. 2007). By providing an examination of the effects of climate and 

predation on pre-dispersal seed fate, I highlight the importance of separating components 

of reproductive variation. These results imply that the climate-mediated seed maturation 

will be amplified by predator satiation and dampened or reversed by pulsed resource 

dynamics. However, the degree to which either PS or PR control successful tree seedling 

establishment is unclear. In order to determine the importance of these processes to forest 

dynamics, more work is needed to quantify how maturation 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 forests 
2.1 Introduction 
 Ontogeny could play a central role in future forest biodiversity, particularly if 

changing climate has its largest impact on recruitment in competitive forest understories.  

Seedlings fundamentally differ from large trees, both in terms of allocation demands and 

access to limiting resources (e.g., Cavender-Bares and Bazzaz 2000). Allometric 

constraints change with size and age, resulting from differing competitive responses to 

growing conditions (Westoby et al. 2002, Poorter et al. 2008, Woods 2008). While large 

trees have more direct access to light and moisture (Beaudet and Messier 1998, Claveau 

et al. 2002, Niinemets 2006, Woods 2008), the cost of maintaining biomass becomes a 

disadvantage under poor growing conditions (Westoby et al. 2002, Kneeshaw et al. 

2006). If ontogenetic differences in tree responses reduce niche overlap of differing life-

stages, reproductive failures could become more common (Jackson et al 2009). 

Furthermore, ontogenetic shifts in demography may alter the structure and composition 

of seedling banks, an important facet of forest succession (Hubbell 1998, Comita and 

Hubbell 2009). Few longterm studies are available which provide much insight on 

responses of tree seedling communities to climate change (Ibañéz et al. 2006, Dawson et 

al. 2011, McMahon et al. 2011). I am unaware of any that provide insight on how 

ontogenetic changes differ among species in terms of their responses. In this study, I used 

an individual-based demographic approach to quantify size-mediated tree seedling 

growth and survival responses to natural and experimental variation in resources and 

climate across eight forest stands and 11 years in temperate forests of the southeastern 

US.  The results indicate that ontogenetic changes in tree seedling sensitivity to light and 
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moisture are common and can be used to define tree populations most at risk from 

climate change induced mortality. 

 

Figure 2.1: Hypothetical interactions are presented representing (a) the 
amplification of growth responses to resource q by tree seedling size (Hij,t) and (b) 
both amplification of growth responses at high resource levels and depression of 

growth responses at low resource levels. In addition, I present changes in (c) growth 
ratio (hij,t / dij,t) and (d) survival (ζij,t) from low to high light levels for shade tolerant 

and intolerant tree species. 
 

 The degree of risk posed to tree seedlings by variation in climate depends of inter- 

and intraspecific demographic responses in the context of their competitive environment. 

Tree seedling growth, and thus carbon balance, is limited by a relatively narrow set of 

resources varying spatially and temporally within and between forests, including light, 

moisture, and nutrients (Givnish 1988). Climate alters plant carbon balance by causing 

temporal variation in growing conditions, such as phenological shifts associated with 
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winter temperatures (Houle 1999, Kon and Noda 2007, Masaki et al. 2008, Hwang et al 

2011) or carbon starvation during protracted droughts (McDowell et al. 2008, 2011). 

Because slow tree growth is associated with increased mortality risk (Peet and 

Christensen 1987, Waring 1989), growth responses to resources and climate determine 

tree survival (Kobe et al. 1995, Kobe 1997, 1999, Kobe and Coates 1997, Pacala et al. 

1996, Canham et al. 1999, Clark et al. 2010). While interspecific variation in tree 

seedling physiology and morphology causes differing demographic sensitivities to 

resource limitation (Kitajima 1994, Walters and Reich 2000, Niinemets and Valladares 

2006, Wright et al. 2007, Poorter et al. 2008), intraspecific variation in ontogeny 

contributes to individual responses. 

  Ontogenetic effects on tree seedling growth can be described by the interactive 

effects of height on responses to light and moisture availability. Size-mediated growth 

responses are expected to increase the sensitivity of large seedlings to environmental 

variation compared to smaller seedlings (Claveau et al. 2002, Ammer et al. 2008). 

Though large seedlings have greater access to light and moisture, and thus amplified 

growth rates compared to small seedlings (Figure 2.1a; Givnish 1988), the respiratory 

cost of maintaining higher biomass may depress growth responses under poor growing 

conditions (Figure 2.1b; Westoby et al. 2002). As growth rates decline, the probability of 

dieback, or even death, will increase (Waring 1987). Thus, the incorporation of height 

and height by resource interactions in tree seedling demographic studies offers a powerful 

method of assessing the advantages and disadvantages of tree size. 

 Given that height mediates tree growth responses, ascertaining conditions under 

which tree seedlings experience elevated risk requires the identification of demographic 
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processes leading to greater individual height. For example, trees improve their capacity 

to acquire light and moisture resources by altering allocation of biomass (Cannell and 

Dewar 1994, Kitajima 1994), such as increasing the ratio of height-to-diameter-growth 

(i.e., growth ratio) to prioritize light capture. However, species differences in 

demographic strategies, such as shade tolerance vs. intolerance, could result in differing 

allometric and survival responses. Some studies have found that shade intolerant species 

exhibit greater morphological plasticity at the cost of greater mortality in shade (e.g., 

Sánchez-Gómez et al. 2006) while other studies have found little difference among 

functional groups (Kitajima 1994). Thus, shade intolerant species may exhibit large 

increases in both growth ratio (Figure 2.1c) and survival (2.1d) across the light gradient. 

Conversely, shade tolerant species are characterized by high survival in all light 

environments and commonly exhibit etiolation (i.e., reduced taper) in shade to improve 

light capture (Hutchings and de Kroon 1994, Berkowitz et al. 1995, Chen 1997, Chen and 

Klinko 1998, Woods 2008, Kobe et al. 2010). Thus, shade tolerant species could increase 

growth ratio in low light environments to improve light capture (Figure 2.1c), but 

changes in allometry and survival should be smaller than for shade intolerant species 

(Figure 2.1d). Phenotypic plasticity, such as diverse allometric and survival responses to 

environmental heterogeneity, depends upon the individuals’ abilities to buffer themselves 

against poor conditions (Valladares et al. 2007). 

 It is within this context of the tree seedling competitive environment that one 

must consider responses to climate and other perturbations. Previous work on juvenile 

and adult trees has found that tree growth and survival are more sensitive to local 

competitive environment than to climate (Clark et al. 2011a, in press). However, 
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individuals in subpar growing conditions may be particularly vulnerable interannual 

variation in temperature and drought. In these conditions, slight variations in growth may 

represent a substantial increase in mortality risk. Even perturbations causing relatively 

small changes in tree seedling growth, such as elevated CO2, may alter mortality risk 

(Mohan et al. 2007). Even though tree seedlings are expected to be more sensitive to 

local light and moisture availability, climate and experimental factors will be particularly 

important in marginal habitats. 

 A synthetic modeling approach is needed to address how the relationships 

between tree seedling size, allometry, growth, and survival contribute to species 

responses to resources (light and moisture) and climate (temperature and drought). Given 

the limitations and risks confronted by tree seedlings (Grubb et al. 1977, Bazzaz 1991, 

Boege and Marquis 2005), the importance of demographic studies of this vulnerable life-

stage provide much needed information regarding forest community responses to climate 

change. In this study, I examined the influence of natural and experimental variation in 

local resource availability and climate on tree seedling growth, allometry, and survival 

for 20 temperate tree species. Specifically, I addressed the following questions:  

(1) Does tree seedling size amplify light and moisture responses at all resource levels or 

only when resources are abundant? 

(2) Are allometric and survival responses characteristic of divergent life-history 

strategies, such as shade tolerance vs. intolerance? 

I adapted the demographic modeling approach developed by Clark and colleagues (2010) 

to analyze annual diameter, height, and survival data for 7104 individual tree seedlings 

measured up to 11 years. This method takes advantage of the longitudinal nature of this 
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rich dataset. Assuming that growth indicates tree vigor, I model the influence of height 

growth on seedling survival. I model tree seedling diameter and height growth as being 

constrained by spatial variation in light and moisture resource levels at the subplot-scale, 

interannual variation in climate at the plot-scale, amplification and depression of resource 

responses with individual height, and random effects at the individual-scale.  

2.2 Methods 
2.2.1 Field Sites 
 This research was carried out at eight forest plots located the North Carolina 

piedmont (Duke Forest; descriptions available online; http://www.env.duke.edu/forest) 

and the southern Appalachian mountains (Coweeta LTER; descriptions available online; 

http://coweeta.ecology.uga.edu) representing a range of habitat types, soil characteristics, 

and elevations (Table 2.1). In the Duke Forest, sites were located in 20-30 year old 

loblolly pine (Pinus taeda L.) stands (GAP and FACE), 80 year pine stands with 

hardwood understories (BW and HW), and mixed hardwood and oak-hickory stands of 

unknown age (BW, EE, EW, and HW). This area is characterized by rolling topography, 

with an elevation of approximately 150-180 m above sea level and soils are mostly 

Ultisols and Alfisols. At Coweeta, sites were located in mixed-oak forests of unknown 

age on varying topography with soils comprised primarily of Ultisols and Inceptisols. 
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Table 2.1: Description of plot characteristics and sampling effort at Coweeta LTER 
and Duke Forest. For seedling origin, T indicates that the seedling was transplanted 

and S indicates that the seed germinated in situ from a planted seed. 

 
Mountains 

(Coweeta LTER) 
Piedmont  

(Duke Forest) 

 CL CU BW EE EW FACE GAP HW 

Planting 
Years 

2002-
2004 

2000-
2004 

2000-
2004 

2006-
2007 

2006-
2007 

1998 1998 
2006-
2007 

Census 
Years 

2000-
2009 

2000-
2009 

2000-
2009 

2006-
2009 

2006-
2009 

2006-
2009 

1998-
2000 

2006-
2009 

Number of 
Species 

17 17 14 10 10 10 10 10 

Number of 
Subplots 

28 23 70 12 27 48 20 24 

Seedling 
Origin 

T T T S S T T S 

UTM (m) 35°04’N, 83°26’W 35°58’N,  79°05’W 

Elevation 
(m) 

1030 1140 155 170 170 150 150 170 

 

 Our sample design provided a large degree of natural variation in light, soil 

moisture, and climate (Appendix F). To further increase variation in understory light, 20-

m and 40-m diameter canopy gaps were created at four sites: BW, GAPS, LG, and UG 

(Mohan et al. 2007, Dietz and Clark 2008). Experimental treatments associated with past 

research, including deer exclusion for subplot j and year t (if deer excluded, cj,t = 1, 

otherwise cj,t = 0; Ibanez et al 2008, 2009, Hersh and Clark in press), atmospheric CO2 

enrichment (plus 200 ppm CO2) for subplot j (if elevated CO2 then Cj = 1, otherwise Cj = 

0; Mohan et al. 2007), and N-fertilization (11.2 g N m-2 yr-1) for subplot j and year t (if 

fertilized fj,t = 1, otherwise fj,t = 0; Oren et al. 2001), were incorporated in this work 

because they provide additional variation, but they are not the primary focus of this 

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

A matrix of fixed growth effects (mm yr-1 or cm yr-1) 

Bij  diameter and height random effects for seedling ij  (mm yr-1 or cm yr-1) 

cj,t indicator variable for herbivore treatment; 0 for control, 1 for excluded 

Cj indicator variable for CO2 treatment; 0 for control, 1 for elevated 

dij,t diameter growth of seedling i in subplot j from year t-1 to year t (mm yr-1) 

Dij,t modeled diameter of seedling i in subplot j from year t-1 to year t (mm) 
)(

,
o
tijD  observed diameter of seedling i in subplot j from year t-1 to year t (mm) 

fj,t indicator variable for fertilization treatment; 0 for control, 1 for fertilized 

hij,t height growth of seedling i in subplot j from year t-1 to year t (cm yr-1) 

Hij,t  modeled height of seedling i in subplot j from year t-1 to year t (cm) 
)(

,
o
tijH  observed height of seedling i in subplot j from year t-1 to year t (cm) 

Lj,t relative light availability at subplot j during year t 

mj,t relative Palmer  drought severity index 

Mj relative precipitation index 

pij,t indicator variable for planting method; 0 for seed, 1 for seedling 

VB error covariance for random effects, composed of a11, a12, and a22 

wd variance for diameter observations 

wh variance for height observations 

wj,t relative winter temperature 

zij,t observed survival status of seedling ij  in year t 

γ logistic regression parameters for survival process 

ζij,t probability of survival for seedling ij  in from year t-1 to year t 

Σ error covariance for growth process, composed of s11, s12, and s22 

 

2.2.2 Data Collection 
 Seedling subplots were initiated between 1998 and 2006 (Table 2.1). Seedling 

subplots varied in size (0.81 m2 to 10 m2), number per forest plot (12 to 70), and seedling 

origin (transplanted first-year seedlings vs. planted seed; pij = 0 and pij = 1, respectively), 

but in all cases, seedling densities were no greater than 100 per m-2 (Table 2.1; Mohan et 

al. 2007, Ibanez et al. 2008, 2009, Hersh et al. in press). Each seedling subplot j was 
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planted with a number of different species. A total of 30 different species was planted at 

the eight forest plots. Each study had different objectives (Mohan et al. 2007, Ibanez et 

al. 2008, 2009, Hersh et al. in press), such that species lists and seed sources differed 

somewhat at each site and at each seedling subplot. The 20 most common species were 

used in this study to ensure sufficient variation in resource and climate gradients (Table 

2.3). Each individual seedling i at seedling subplot j was censused for diameter (mm;

)(
,
o
tijD ), height (cm; )(

,
o
tijH ), and survival status (zij,t) each year t during July or August. 

Diameter was measured to the nearest 0.1 mm at ground-level with calipers and height to 

the nearest 0.1 cm with a ruler or measuring tape. 

 Environmental data were acquired through direct measurements at each subplot, 

topographically derived data, and measurements at nearby climate stations. Spatially and 

temporally heterogeneous light conditions common to forest understories (Canham et al. 

1990, Ibanez et al. 2008) were quantified using hemispherical photography. At each 

seedling subplot j, hemispherical canopy photos were taken each year t and the global site 

factor (% open sky; Lj,t) was calculated using Hemiview software (Delta-T Devices, 

Cambridge, UK). Missing and unreliable light measurements were predicted using a loess 

spline of the available data for each plot (data not shown). To characterize the spatial 

variation in soil water, topographic convergence index (Beven and Kirkby 1979) was 

calculated using ArcGIS 9.3 (ESRI, Redlands, CA) and multiplied by mean annual 

precipitation to estimate a precipitation index (Mj; Clark et al. 2011a). The precipitation 

index Mj provides a reasonable metric of spatial variation in moisture availability across 

the seedling plots in the eight forest sites as a function both topographic influences on 

drainage and mean moisture inputs from precipitation for forest plot j. 
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Table 2.3: Species names and abbreviations, number of seedlings monitored, 
number of seedling-year observations, and the best model based on predictive loss 

for height growth hij,t. 

Species (abbr) 
No. of 

Seedlings 
Seedling-

Years 
Model Selected 

Acer barbatum Michx. acba 139 795 Hij,t 

Acer rubrum L. acru 654 3582 Hij,t, Lj,t×Hij,t 

Acer saccharum Marsh. acsa 286 1615 Hij,t, Lj,t×Hij,t 

Carya glabra (Mill.) cagl 260 1490 Hij,t 

Carya illionensis (Wangenh.) cail 133 655 Hij,t, Lj,t×Hij,t,, Mj×Hij,t 

Carya ovata(Mill.) K. Koch caov 148 486 Hij,t 

Fagus grandifolia Ehrh. fagr 181 1331 Hij,t, Lj,t×Hij,t 

Liquidambar styraciflua L. list 683 3194 Hij,t, Mj×Hij,t 

Liriodendron tulipifera L. litu 394 1831 Hij,t, Lj,t×Hij,t 

Magnolia grandiflora L. magr 40 182 Hij,t 

Nyssa sylvatica Marsh. nysy 50 172 Hij,t 

Pinus rigida Mill. piri 83 291 Hij,t, Lj,t×Hij,t 

Pinus taeda L. pita 531 2227 Hij,t, Lj,t×Hij,t 

Quercus alba L. qual 446 3036 Hij,t, Lj,t×Hij,t,, Mj×Hij,t 

Quercus falcata Michx. qufa 449 2420 Hij,t, Lj,t×Hij,t,, Mj×Hij,t 

Quercus phellos L. quph 896 5066 Hij,t, Mj×Hij,t 

Quercus prinus L. qupr 129 826 Hij,t, Lj,t×Hij,t 

Quercus rubra L. quru 1185 7147 Hij,t, Mj×Hij,t 

Quercus virginiana Mill. quvi 138 666 Hij,t, Lj,t×Hij,t 

Ulmus alata Michx. ulal 279 2543 Hij,t, Lj,t×Hij,t,, Mj×Hij,t 

 

 In addition to spatial variation in light and moisture, I quantified temporal 

variation in climate. One climate station at Duke Forest (FACE; Orange County, NC) and 

two climate stations at Coweeta LTER (CL and CU; Macon County, NC) provided data 

for calculating annual variation in January to March winter temperatures (wj,t) and July to 
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August Palmer Drought Severity Index (PDSI; mj,t). Interannual variation in winter 

temperature wj,t alters tree phenology and thus growing season length. For example, 

increasing winter temperatures are linearly related to spring phenology at the Coweeta 

LTER, resulting in longer growing seasons (Hwang et al. 2011). Interannual variation in 

moisture contributes to temporal variation in growing conditions by causing tree xylem 

dysfunction and carbon starvation, reducing growth and increasing mortality risk 

(McDowell et al. 2008, 2011). The PDSI quantifies deviation from average moisture 

conditions as a function of temperature and precipitation (Keyantash and Dracup 2002).  

2.2.3 Hierarchical Demographic Model 
 The model builds upon previous work assimilating demographic observations 

(Clark et al. 2010, 2011a, in press). Inference is made on tree seedling diameter growth 

(mm yr-1), height growth (cm yr-1), and survival (annual probability) responses to spatial 

variation in resources (Lj,t and Mj) and temporal variation in climate (wj,t and mj,t) 

experienced by individual tree seedlings. I used a multivariate state-space model for tree 

growth incorporating resource availability, climate, and individual size. This model 

differs from the previous models (Clark et al. 2010, 2011a, in press) in that (1) I 

incorporate both diameter and height growth as response variables and (2) fecundity is 

not addressed because tree seedlings were not mature. For diameter and height growth, I 

incorporate variation from individual random effects in addition to uncertainties in 

parameter estimates, observations, and model specification. Individual survival is 

modeled as a logistic regression responding to lagged height growth (hij,t-1). In this study, 

I fit the model to each species separately, such that all parameter estimates are species-

specific: I do not differentiate among species in the specification of the model below. 



 

 

43

 In the state-space model, annual diameter and height change (dij,t and hij,t) for 

individual ij  during year t equal the change in modeled diameter (Dij,t) and height (Hij,t) 

between year t – 1 and t 

tijtijtij yYY ,1,, += −  (2.1) 

where [ ]Ttijtijtij HDY ,,, =  and [ ]Ttijtijtij hdy ,,, = . The submodel for change in diameter 

dij,t and height hij,t accounts for the effects of resource availability (Lj,t and Mj), temporal 

variation in climate (wj,t and mj,t), experimental factors (Cj, fj,t, cj,t, and pij), plant size 

(Hij,t), and interactions between size and resource availability (Lj,t×Hij,t and Mj×Hij,t) as a 

bivariate mixed-effects model 

( )Σ+ ,~ ,2, ijtijtij BAxNy  (2.2) 

where xij,t is the 1 by Q vector of covariates for each tree seedling ij  at time t 

[ ]tijjtijtjtijijtjtjjtjtjjtjtij HMHLHpcfCmwMLx ,,,,,,,,,, 1 ××= , A 

is the Q by 2 matrix of fixed effects, Bij is a 1 by 2 vector of random effects on individual 

ij , and Σ is the 2 by 2 process error covariance matrix. Interactions are calculated based 

on centered covariates (Hij,t, Lj,t, and Mj) to minimize colinearity among covariates and 

interaction terms. The random effects are modeled as a bivariate normal distribution 

centered at zero ),0(~ 2 Bij VNB , where VB is 2 by 2 covariance matrix for the random 

effects. The rows of A correspond to Q predictor variables (xij,t) and the columns 

correspond to the response variables (yij,t). Each predictor q ∈ {1, …, Q} influences both 

changes in diameter dij,t and height hij,t. All covariates included in xij,t were normalized to 

the range 0 to 1 so that the effect sizes represent the change in growth across the observed 

range of each covariate for direct comparisons of parameter values (Appendix F). 

Covariates in the vector xij,t were not included in the analysis of a given species if the 
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observed range of covariate values for a given species was less than 10% of the total 

observed range. 

 I used model selection to determine whether or not to include interactions 

between resources and height. I used predictive loss, which compares models based on 

goodness of fit and a penalty term (Gelfand and Ghosh 1998), to choose between a null 

model (no interactions), a model with light by height interactions (Lj,t×Hij,t), a model with 

moisture by height interactions (Lj,t×Mij,t), and the full model with both interactions. The 

model with the smallest predictive loss for a given species was chosen. 

 In addition to uncertainty in parameters, process error covariance, and random 

individual effects, measurements of both diameter and height involve observation error. I 

modeled observations of diameter )(
,
o
tijD  and height )(

,
o
tijH  as normally distributed 

[ ] [ ]( ))(,,2
)(

,
)(

,
)(

, ,~ otijtij
o
tij

o
tij

o
tij VHDNHDY =  (2.3) 

where 







=

h

d
o w

w
V

0

0
)( . The observation model is further constrained to allow only 

positive diameter growth (dij,t ≥ 0). 

 Individual tree survival depends on the maintenance of a positive carbon balance 

(Givnish 1988) and this relationship is incorporated into tree seedling demographic 

models by relating increased survival to increased growth (e.g., Kobe 1999, Clark et al. 

2010). I modeled survival (zij,t) of tree seedling ij  from year t – 1 to year t as a Bernoulli 

process with a logit link function 

( )tijtij Bernoulliz ,, ~ ζ  (2.4)
 

( ) γζ 1,,logit −= tijtij g  (2.5)
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where ζij,t is the probability of seedling ij  surviving from year t – 1 to year t, γ is a 1 by 2 

vector of logistic regression parameters, and [ ]tijtij hg ,, 1= . Technical details of the 

modeling, including (i) prior specification and computation and (ii) the joint posterior 

distribution are discussed in the appendices (Appendix G and H, respectively). 

Convergence was assessed visually (Clark 2007). 

 In addition to examining growth and survival processes directly, I used the Gibbs 

sampler output to estimate mean height-to-diameter growth ratio, or growth ratio 

tijtij dh ,, /  (cm mm-1). The demographic modeling approach allows one to predict mean 

responses of both diameter dij,t and height hij,t to variation in a single covariate conditional 

on the value of the other covariates. By randomly sampling realizations of parameters 

from the Gibbs sampler output and calculating tijtij dh ,, /  for that set of parameter values, 

one can estimate the mean and uncertainty of the growth ratio without explicitly 

modeling the quantity. To ensure that the growth ratios were positive, realizations 

resulting in negative estimates of diameter or height growth were excluded from 

calculations of growth ratio tijtij dh ,, / .  

2.3 Results 
2.3.1 Model Selection and Uncertainty 
 Growth models incorporating interactions between height (Hij,t) and resource 

availability (Lj,t or Mj) were selected for all but five species. Based on comparisons of 

predictive loss for height growth hij,t, models with light interactions (Lj,t×Hij,t), moisture 

interactions (Mj×Hij,t), or both were selected for eight, three, and four of the twenty 

species, respectively (Table 2.3). Model selection included height by resource 

interactions in tree seedling growth models for species from a variety of genera and life-

history strategies.  For example, models incorporating height by moisture interactions 
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(Mj×Hij,t) were selected for species generally found on mesic (e.g., L. styraciflua and Q. 

phellos) and xeric sites (e.g., Q. alba). 

 Uncertainty in the demographic model was partitioned into several sources, 

including observation uncertainty, individual random effects, and process error. Strong 

priors on observation uncertainty produced similar observation error across species for 

diameter wd (0.04 to 0.15) and height wh (0.97 to 1.09) (Table I.1). Variation in diameter 

growth among individuals a11 ranged from 0.09 to 0.26, except for L. tulipifera (0.75; 

Table I.1). In contrast, variances for individual random effects of height growth a22 

ranged from 1.38 to 320.48 (Table I.1) with the largest values of a22 observed for species 

where individuals experienced the greatest variation in light Lj,t (A. rubrum, L. 

styraciflua, L. tulipifera, and U. alata).  Uncertainty in the diameter growth process 

varied little across species, with s11 ranging from 0.12 to 0.31, while process error 

variance for height growth s22 ranged from 4.39 to 40.42 (Table I.1).  

2.3.2 Tree Seedling Growth  

 Tree seedling diameter and height growth responded to resource availability (Lj,t 

and Mj), climate (wj,t and mj,t), and experimental factors (Cj,t, fj,t, cj,t, and pj). Diameter and 

height growth increased most in response to increases in light Lj,t, followed by moisture 

Mj and winter temperatures wj,t, with only slight increases in growth with PDSI mj,t 

(Figure 2.2, Tables I.2 and I.3). Mean effects of light Lj,t on diameter and height growth 

were 0.22 to 4.40 mm yr-1 (Table I.2) and 1.19 to 56.58 cm yr-1 (Table I.3), respectively. 

In contrast, mean effects of moisture Mj on diameter growth (0.15 to 1.38 mm yr-1; Table 

I.2) were less than light effects for all species except C. illionensis. Mean moisture effects 
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on height growth (0.79 to 28.64 cm yr-1; Table I.3) were higher than light effects for a 

handful of species, including C. glabra, M. grandiflora, and Q. virginiana.  

 Species differences in light and moisture effects altered species growth ranks 

across the observed resource gradients. In figure 2.2, I present height growth responses 

for six well-replicated species with individuals experiencing a broad range of 

environmental variation as examples of general patterns among disparate species. Mean 

height growth rate of the shade-tolerant F. grandifolia was higher than other species in 

low-light understory conditions (Lj,t < 0.1) while mean growth rates of shade-intolerant L. 

tulipifera and L. styraciflua were higher than other species at moderate and high light 

levels. Similar qualitative patterns were observed for growth responses to moisture Mj, 

though with a lesser magnitude than for light Lj,t (Figure 2.2). 

 Climate effects were generally smaller than light and moisture effects (Figure 2.2, 

Tables I.2 and I.3). The mean effects of winter temperatures wj,t ranged from 0.02 to 0.34 

mm yr-1 for diameter growth and 0.14 to 4.02 cm yr-1 for height growth. Mean effects of 

winter temperature of diameter growth exceeded 0.2 mm yr-1 only for L. tulipifera and 

mean effects on height growth exceeded 2 cm yr-1 in five species: A. rubrum, L. 

styraciflua, L. tulipifera, P. rigida, and U. alata (Tables I.2 and I.3). The effects of 

summer PDSI were usually small, causing 0.01 to 0.13 mm yr-1 mean diameter growth 

for all species except L tulipifera (0.26 mm yr-1) and P. taeda (0.20 mm yr-1). The effects 

of summer PDSI on mean height growth was less than 1 cm yr-1 for 13 species, from 1 to 

2 cm yr-1 for five species, and greater than 2.0 cm yr-1 for only L. tulipifera and P. rigida 

across the full range of observed summer drought conditions. 
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Figure 2.2: I present 95% credible intervals for mean height growth for A. rubrum, 
F. grandifolia, L. tulipifera, L. tulipifera, Q. alba, and Q. rubra as a function of 
environmental gradients (light Lj,t, precipitation index Mj, PDSI mt, and winter 
temperature wt). For each panel, all covariates are held constant at mean values 
experienced by each species except for seedling height (Hij,t = 25.4 cm; average 

height among all seedlings) and the environmental gradient of interest. 
 

 Experimental factors explained some of the variation in tree seedling growth, but 

the magnitude of these effects was small in relation to the effects of light and moisture 

resource availability (Table I.4). For most species, CO2-enrichment Cj,t and N-

fertilization fj,t produced little to no change in diameter or height growth, though there 

were notable exceptions. Liriodendron tulipifera exhibited mean increases of 2.96 cm yr-1 

height growth while P. taeda showed 0.21 mm yr-1 mean increases in diameter growth 

and 4.21 cm yr-1 mean increases in height growth with N-fertilization. Tree seedlings 
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located in herbivore exclosures cj,t exhibited mean increases in height growth, ranging 

from 0.15 to 5.18 cm yr-1, while herbivore exclosures increased mean diameter growth by 

more than 0.10 mm yr-1 for only C. glabra and M. grandiflora. The effect of tree 

seedlings originating from seed (pij,t = 1) were generally negative and greater in 

magnitude than the other experimental factors (Cj, fj,t, and cj,t). Negative growth responses 

were strongest for small-seeded tree species (A. barbatum, A. rubrum, L. styraciflua, L. 

tulipifera, and N. sylvatica) with mean decreases in diameter growth ranging from 0.11 to 

1.10 mm yr-1 and mean decreases in height growth ranging from 4.01 to 17.54 cm yr-1.  

2.3.2.1 Height by Resource Interactions  

 Tree seedling height both amplified and depressed tree seedling growth responses 

to light and moisture. Mean tree seedling diameter and height growth were maximized for 

large tree seedlings growing in high resource environments (Figure 2.3). Interactions 

between plant size and resource availability, particularly light Lj,t, on growth were 

common (Table 2.3, Appendix I) and lead to amplification of light Lj,t and moisture Mj 

responses by tree height Hij,t (Figure 2.3).   For example, large L. tulipifera (Hij,t = 200 

cm) under high light (Lj,t = 0.8) exhibited mean height growth of 160 cm yr-1, while 

smaller seedlings (Hij,t = 40 cm) grew by only 25 cm yr-1.  For species with both light by 

height Lj,t×Hij,t and moisture by height Mj×Hij,t interactions (Table 2.3), the magnitudes of 

Lj,t×Hij,t  effects were greater than Mj×Hij,t effects on height growth for three of four 

species (Q. alba, Q. falcata, and U. alata; Table I.3) and two of four species for diameter 

growth (Q. alba and U. alata; Table I.2). 
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Figure 2.3: Contour plot of the mean predicted tree seedling height growth hij,t (cm 
yr -1) as a response surface of relative height Hij,t and relative spatial variation in 

light Lj,t and moisture Mj for six tree species: A. saccharum, F grandifolia, L. 
styraciflua, L. tulipifera, Q. alba, and Q. falcata. Contours are presented only over 
the ranges of height Hij,t and resource (Lj,t and Mj) observed for each species. For 
each panel, all covariates are held constant at mean values experienced by each 

species except for seedling height (Hij,t = 25.4 cm, average height among all 
seedlings) and the environmental gradient of interest. 

 

 The presence of negative main effects of height Hij,t and strong positive 

interactions with light Lj,t×Hij,t or moisture Mj,t×Hij,t (Tables I.2 and I.3) resulted in 

slower, and sometimes negative, mean growth of large seedlings compared to small 

seedlings in resource-poor environments (Figure 2.3). Some species, such as A. 

saccharum and L. tulipifera, exhibited mean height growth depression for large tree 

seedlings in low light conditions (Lj,t < 0.1). Conversely, Q. falcata experienced mean 
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height growth depression in large seedlings at moderate light levels (Lj,t < 0.25) as well as 

moderate moisture (Mj < 0.35) levels. 

2.3.2.2 Tree Seedling Growth Ratio 

 Patterns of growth ratio tijtij dh ,, /  with respect to light and moisture resource 

availability differed among species and appeared to be correlated with USDA shade 

tolerance categories (Figure 2.4). Changes in mean species growth ratio between 10th and 

90th percentile light Lj,t ranged from negative to positive, with a slight trend toward 

greater increases in growth ratio for shade intolerant species compared to other species. 

Conversely, comparisons at 10th and 90th percentile moisture Mj indicated increases or no 

change in mean species growth ratio, with shade intolerant and intermediate shade 

tolerance species showing increased growth ratio with increasing Mj while species 

exhibiting no change in growth ratio were generally shade tolerant. 
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Figure 2.4: Mean change in growth ratio from 10th percentile resource conditions to 
90th percentile resource conditions for each species. For each panel, all covariates 
were held constant at mean values except for the resource in question (light Lj,t, 
moisture Mj). Species are sorted based on mean change in growth ratio. Shade 

tolerances, from the USDA PLANTS database (USDA 2011), are indicated by color. 
 

2.3.3 Tree Seedling Survival 
 Because height growth hij,t increased with both light Lj,t and moisture Mj for most 

species (Tables I.2 and I.3) and the effects of height growth on survival were positive 

(Table I.5), mean survival ζij,t increased or remained constant with increasing resource 

availability (Figures 2.5 and 2.6, Appendix J). More species exhibited significant 

increases in survival with increasing light Lj,t than moisture Mj (Figure 2.6). For species 

showing at least a 2.5% increase in mean survival ζij,t across resource gradient q (

025.0, >dqd tijζ ), the change in survival with increasing light Lj,t was greater compared 

to the change observed with increasing moisture Mj, except in small (Hij,t = 10 cm) M. 
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grandiflora and Q. virginiana seedlings and large (Hij,t = 100 cm) C. glabra, C. 

illionensis, M. grandflora, and Q. virginiana seedlings (Appendix J). The remaining 

unresponsive species ( 025.0, ≤dqd tijζ ) exhibited either low to moderate survival (

9.0, <tijζ ) or high survival ( 9.0, ≥tijζ ) rates across all light and moisture levels 

(Appendix J). 

 

Figure 2.5: Mean change in survival from 10th percentile resource conditions to 90th 
percentile resource conditions for each species. For each panel, all covariates were 
held constant at mean values except for the resource in question (light Lj,t, moisture 
Mj). Species are sorted based on mean change in growth ratio from figure 2.4 and 
color coded based shade tolerances from USDA PLANTS database (USDA 2011). 
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Figure 2.6: Predicted mean probability of survival as a function of light Lj,t (a and c) 
and moisture Mj (b and d) for species with at least 2.5% projected mean increases in 

survival probability across the full range (i.e., 0 to 1) of a covariate q 
 ( 025.0, >dqd tijζ ). All covariates besides the variable of interest (Lj,t or Mj) were 

held constant at the mean values except for seedling height: Hij,t = 10 cm represents 
small seedlings (a and b) and Hij,t = 100 cm represents large seedlings (c and d). 

Broken lines point from species abbreviations to mean survival response curves. See 
table 2.3 for species abbreviations. 

 

2.4 Discussion 
 As the southeastern US becomes a warmer, drier region, competition for light and 

moisture will continue to play a dominant role in tree seedling communities. The main 

effects of winter temperature wj,t and summer drought mj,t were modest in comparison to 

the effects of light Lj,t and spatial variation in moisture Mj at the subplot scale (Figure 
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2.2), consistent with the dominant role that light and moisture competition have on tree 

seedling demography (Augspurger 1984, Kobe and Coates 1997, Ibañéz et al. 2008, 

2009). However, Mj will decrease in the future as annual precipitation declines during 

winter, summer, and fall across much of the southeast (Mearns et al. 2003). Thus, xeric 

conditions will expand downslope into previously mesic habitats.  

 Direct growth responses to wj,t and mj,t were modest – a surprising result given the 

general assumption in the literature that tree seedlings should be susceptible to 

interannual variation in resource conditions (Grubb 1977, Bazzaz 1991, Schupp 1995, 

Jackson et al. 2009). The sensitivities of juvenile and mature tree growth and survival to 

winter temperature and summer PDSI were small in comparison to light and moisture 

effects (Clark et al. 2011a), but it was expected that seedlings – with small storage of 

non-structural carbohydrates, limited rooting depth, and rare access to high light-levels of 

the upper canopy (Kobe 1997, Canham et al. 1999, Kobe et al. 2010) – would exhibit 

greater demographic sensitivity to climate. While, tree sensitivity to moisture stress, 

nutrient availability, and light availability has been shown to of increases, decreases, and 

not change with ontogeny (Cavender-Bares and Bazzaz 2000, He et al. 2005, Lenoir et al. 

2009, Bertrand et al. in press), these results indicate that ontogenetic effects are 

conditional on habitat. 

 Because the greatest risks of mortality occurs in shaded and xeric habitats where 

the competitive environment already limits tree growth, tree seedlings in these habitats 

may experience the greatest responses to variation in climate. Increased growth 

sensitivity to resource availability among larger individuals not only amplified growth 

responses at high resource levels, but depressed growth at low, and sometimes moderate, 
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resource levels (Figure 2.3). For shade intolerant and some intermediate tolerance 

species, survival was highly sensitive to light and moisture (Figures 2.5 and 2.6, 

Appendix J). Thus, small growth effects caused by climate may have important 

implications for tree seedling survival in shaded and xeric habitats. In contrast, survival 

changed little with increasing light and moisture for many shade tolerant species, 

indicating that despite both resource and ontogenetic effects on growth, some species 

tolerate or avoid environmental stress (Delucia 1998, Niinemets and Valladares 2006, 

Valladares 2008). Differences in persistence and allometry could have important 

implications for forest succession. 

 Seedling banks provide the reservoir of new individuals which may take the place 

of adult trees dying during canopy disturbance (Hubbell 1998, Beckage and Clark 2005, 

Comita and Hubbell 2009), but their structure and composition may change under future 

climate. Seedlings that maintain positive growth in deep shade or on xeric sites when 

small will progressively grow less each year as the proportion of carbon allocated to 

maintenance rises, but the depression of growth may not necessarily exclude these 

species as persistent members of the seedling bank. For example, while A. saccharum 

exhibited large growth depression in shade, survival was consistently high for this species 

across observed resource gradients (Figures J.1 and J.2). Conversely, L. tulipifera 

exhibited large growth depression in shade, but achieved high survival only in high light 

environments. Similar patterns of growth and survival were observed for large Q. falcata 

seedlings (growth ratio hij,t / dij,t could not be calculated for small seedlings; Figure 3.4). 

Key to future understanding will be wedding density-dependent demographic approaches 
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(Comita and Hubbell 2009) with this size-dependent approach to better understand the 

role of plant competition in seedling bank persistence. 

 By examining changes in growth ratio hij,t / dij,t, this study sheds new light on the 

demographic importance of allometric responses in tree seedlings. With increasing light 

and moisture, increasing growth ratio (Figure 2.4) was associated with increasing 

survival (Figure 2.5). In fact, mean species changes in growth ratio and changes in 

survival across light Lj,t and moisture Mj were positively correlated (Pearson correlations 

of 0.38 and 0.45, respectively). Shade intolerant species exhibited the greatest variation in 

growth ratio and survival across resource gradients, supporting the idea that shade 

intolerance is associated with increased phenotypic plasticity (Sánchez-Gómez et al. 

2006). Declining growth ratios and small increases in survival with light availability were 

consistent with increasing allocation to light acquisition in shady environments for more 

shade tolerant species, most notably F. grandifolia, Q. alba, and Q. rubra (Figures 2.4 

and 2.5). However, the majority of shade tolerant species exhibited little change in 

growth ratio and small to moderate increases in survival, many of which exhibited 

survival probability greater than 0.9, even on the shadiest and driest sites (Figures J.1 and 

J.2). Thus, low resource persistence strategies appear to be decoupled from aboveground 

allometric in many species. 

 The results support two explanations for the commonly observed patterns of 

increasing height-to-diameter ratio (decreased taper) with declining light availability in 

tree seedlings and saplings. The traditional explanation involves increasing allocation to 

height growth to capture limiting light resources in forest understories (Givnish 1988, 

Cannell and Dewar 1994, Hutchings and de Kroon 1994). Allometric patterns consistent 
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with this explanation were observed for a few species, including species of intermediate 

shade tolerance, such as Q. alba. However, I also observed increases in growth ratio with 

light availability in shade-intolerant species. At first, this seems contradictory, but if one 

considers patterns of growth ratio and survival together (Figures 2.4 and 2.5), one sees 

that while these shade intolerant species have lower growth ratios in shade, they also 

have lower survival, indicating that these individuals are not likely to persist. Thus, 

increasing height to diameter ratio in shaded environments in shade tolerant species as 

opposed to intolerant species indicates that trees either have the ability to increase 

resource acquisition in the shade through shifting allometric growth or they die.  

 If climate influences demography by modifying plant responses to resource 

availability, temperature and drought effects may be better represented as interactions. 

For example, recent examinations of demographic responses of juvenile and adult trees 

(>2 m height) have indicated that the incorporation of climate by resource interactions led 

to increased estimates of climate sensitivity among individuals and species (Clark et al. 

2011a, in press). Furthermore, some factors may dominate all responses, such that 

colimitation by some factors are only observable at high values of another factor, such as 

moisture or nutrient colimitation developing in northern hardwood tree seedlings at high, 

but not low light levels (Canham et al. 1996, Kobe and Coates 1997, Schreeg et al. 2005). 

Experimental factors – CO2-fertilization, N-fertilization, and herbivore exclosures –

exhibited small impacts on tree seedling demography (Table I.4). In contrast, the origin 

of the seedlings played an important role for small-seeded species: A. barbatum, A. 

rubrum, L. styraciflua, L. tulipifera, and N. sylvatica averaged 4 to 18 cm yr-1 greater 

height growth for planted seedlings than for seedlings originating from planted seed. 
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Larger-seeded tree species, such as Quercus species, exhibited smaller differences in 

growth between planted seedlings and seed, potentially due to the high the larger initial 

carbohydrate reserves available upon germination (Walters and Reich 2000, Moles and 

Westoby 2004). 
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3 A state-space modeling approach for quantifying 
interannual and interspecific variation in forest canopy 
conductance 
3.1 Introduction 
 Understanding water use by forests requires methods that accommodate variation 

and uncertainty. Protracted and severe drought has emerged as an early and dramatic 

impact of climate change, probably contributing to global dieback episodes (Breshears et 

al. 2005, Breda et al. 2006, McDowell et al. 2008, 2011).  Variation in drought response, 

among species, spatially and over time, controls landscape carbon, water, and energy 

cycles (Schäfer et al. 2003, Hadley et al. 2008, Oishi et. al. 2010), and ultimately 

biodiversity (Clark et al. 2011a). Species differ in their stomatal regulation, which 

balances the risk of cavitation at the cost of reduced carbon fixation (McDowell et al. 

2008, 2011). Quantifying the important differences requires inference on canopy 

conductance and transpiration in response to variation in natural environments within and 

between species and years (Oren et al 1999a, Phillips and Oren 2001, Ewers et al. 2007, 

Mackay et al. 2007) as well as observation uncertainty (Ewers and Oren 2000).  Coherent 

inference has to begin with a joint specification of observations, environmental inputs, 

responses, and model uncertainty (Clark et al. 2011b). In this study, I specify a fully 

coherent model and use it to quantify interannual and interspecific variation in canopy 

conductance and its sensitivity to vapor pressure deficit, above-canopy light, and soil 

moisture in a deciduous bottomland forest.  This approach is used to evaluate the degree 

to which co-occur deciduous tree species exhibited drought tolerating and drought 

avoiding canopy responses and whether these patterns were maintained in the face of 

interannual variation in environmental drivers. 
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 Tree species not only differ in their stomatal sensitivity, but alter leaf phenology 

and hydraulic characteristics in response to drought. Species differences in conductance 

and its sensitivity to vapor pressure deficit are common, but drought response is better 

described by relative stomatal sensitivities (the ratio of the latter to the former), with 

drought tolerant species exhibiting low relative sensitivities in comparison to drought 

avoiding species (Oren et al. 1999). During drought, trees may also avoid extreme leaf 

and xylem water potentials through leaf abscission or senescence (Marchin et al. 2010, 

Hoffman et al. 2011). Thus, stomatal closure and drought deciduousness are components 

of drought avoidance strategies common in shade intolerant, bottomland tree species, 

such as Liquidambar styraciflua L. (sweetgum) and Liriodendron tulipifera L. (tulip 

poplar), while shade and drought tolerant species, such as Carya (hickory) and Quercus 

(oaks) species, can maintain more extreme xylem and leaf water potentials in the face of 

drought (Pezeshki and Chambers 1986, Ni and Pallardy 1991, Hoffman et al. 2011). 

Because the continuous measurement of leaf-level gas exchange in natural systems is 

impractical, stem sap flux methods provide a unique opportunity to examine both 

interannual and interspecific difference in tree water use. 

 There is increasing awareness of the need for more rigorous treatment of sap flux 

data, a principle source of current water use understanding (Ford et al. 2005, Ward et al 

2008). Boundary line analysis (e.g. Jarvis 1976, Chambers et al. 1985) improved on 

previous efforts to link canopy conductance to environmental drivers. However, it soon 

became apparent that this technique could produce biased predictions (Chambers et al. 

1985), and it was not appropriate for sub-diurnal fluctuations (Whitehead 1998). More 

generally, it does not build from a coherent probabilistic specification.  Uncertainty in the 
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estimated responses, the typically large amount of missing data, and potentially large 

errors in scaling from sap flux measurements to canopy processes (Ewers and Oren 2000, 

Lu et al. 2004) all require a joint probability of inputs (variables and parameters), model, 

and outputs. Proper analysis with forest carbon assimilation models (Schäfer et al. 2003, 

Kim et al. 2008) requires uncertainty in both the measurements and processes. To 

illustrate we summarize key challenges of sap flux data and conductance modeling. 

 Thermal dissipation probes used to monitor sap flux density (Granier 1985, 

Granier 1987, Goulden and Field 1994) pose unique challenges for inference. 

Quantification of canopy conductance (Vincke et al. 2005, Bréda et al. 2006, Oishi et al. 

2008, 2010, Ward et al. 2008) and carbon assimilation (Schäfer et al. 2003, Kim et al. 

2008) requires a scaling from probe measurements to canopy transpiration or 

conductance. Errors in transpiration estimates arise from the fact that one or a few probes 

capture only part of the variation in xylem function (Phillips et al. 1996, Clearwater et al. 

1999, Ewers and Oren 2000, Ford et al. 2004a, Ford et al. 2004b, Oishi et al. 2008). 

Information is lost when sensors or whole networks fail (Lu et al. 2004, Clark et al. 

2011b). Models of transpiration response to weather can be complex and are further 

complicated by capacitance and internal water storage (e.g., Loustau et al. 1998, Daley 

and Phillips 2006, Phillips et al. 2009).  These considerations preclude coherent inference 

using traditional time series methods or Kalman filtering and suggest a hierarchical state-

space framework (Carlin et al. 1992, Wikle et al. 2001, Clark and Bjørnstad 2004, 

Cressie and Wikle 2011, Clark et al. 2011b). Ogle and Barber (2008) advocate 

hierarchical modeling in physiological ecology. 
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 In this paper, we introduce a hierarchical state-space framework that 

accommodates the time-series nature of sap flux data, the canopy conductance process, 

and error associated with variation in xylem conductivity, missing data, and measurement 

error. Our objective is to quantify variation in canopy conductance in response to 

variation in environmental conditions and interspecific differences in sensitivity to vapor 

pressure deficit, soil moisture, and above-canopy photosynthetically active radiation. 

Specifically, we expected that L. styraciflua and L. tulipifera would avoid drought by 

reducing canopy conductance more so than drought tolerating Carya and Quercus species 

in response to increasing vapor pressure deficits and decreasing soil moistures 

experienced during protracted droughts.  Data collected from 2002 to 2005 at a mature, 

bottomland hardwood stand located in the piedmont of North Carolina provides a range 

of conditions, including both unusually dry and wet years (2002 and 2003, respectively; 

Oishi et al. 2008, 2010) and species that differ in drought-sensitivity (Pataki and Oren 

2003). Results show (1) large interannual and interspecific variation in canopy 

conductance indicates differing degrees of drought avoidance and tolerance, (2) they 

highlight the influence of water storage and capacitance on forest canopy conductance 

during a protracted drought, and (3) they demonstrate that 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 period (2002-2005) in a one-hectare 

bottomland forest stand at the Duke Forest Ameriflux Hardwood site (Pataki and Oren 

2003, Stoy et al. 2006, Oishi et al. 2008, 2010), Orange County, North Carolina 

(36°58’41.430”N, 79°05’39.087”W). The 100 year-old stand is dominated by hickory, 
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including mockernut hickory (Carya tomentosa (Poir.) Nutt.) , sweetgum (Liquidambar 

styraciflua L.), yellow poplar (Liriodendron tulipifera L.), and various oaks (Quercus 

alba L., Q. michauxii L., and Q. phellos L.). Leaf area for these dominant species varied 

interannually (Figure 3.1D) and accounted for 64% of the peak leaf area index (LAI) 7.0 

m2 m-2 (Table 3.1). Soil is Iredell gravely loam with most of the rooting zone restricted to 

the upper 0.35m of soil depth (Oren et al. 1998).  Mean annual precipitation is 1146mm 

(www.ncdc.noaa.gov). 

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

(Granier 1985, 1987) every 30 seconds, with 30-minute averages stored on a CR23X 

datalogger (Campbell Scientific, Logan, UT, USA). A probe-set i is a pair of probes, each 

consisting of a 20-mm, modified hypodermic needle containing a type-T thermocouple 

sheathed in an aluminum sleeve. The two thermocouple junctions (one in each probe) are 

connected in series, so that the measured voltage yields an estimate of the temperature 

difference between the probes’ encapsulating xylem. One probe in each probe-set also 

contains a heating wire between the needle and the sleeve. All probes were installed in 

the outer xylem (0-20mm depth). A previous study indicated that the probes in the outer 

xylem likely did not come in contact with the heartwood (Oishi et al. 2008), and thus did 

not require a correction for non-conductance tissue (Clearwater et al. 1998). Each probe-

set measures the difference in temperature ∆Ti,t for probe-set i at time t between the 

heated and unheated probe, and thus the sap flux density Ji,t at time t. There are i = 1, …, 

n probe pairs located in hydroactive xylem for each of six species (Table 3.1): C. 

tomentosa, L. styraciflua, L. tulipifera, Q. alba, Q. michauxii, and Q. phellos. Before 

calculating sap flux density Ji,t for probe-set i at time t from temperature differences ∆Ti,t, 
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∆Ti,t was normalized to maximum temperature differences when: average, minimum 2-

hour vapor pressure deficit was <0.05 kPa and (2) the standard deviation of the four 

highest temperature differences was less that 0.5% of the mean values (Oishi et al. 2008). 

sap flux density was calculated based on the commonly used relationship between Ji,t and  

∆Ti,t (Granier 1985, 1987, Lu et al. 2004). 

 Vapor pressure deficit Dt (kPa) was calculated from air temperature (Tt; C°) and 

relative humidity measured at two-thirds canopy height using HMP35C probes 

(Campbell Scientific, Logan, UT, USA). Photosynthetically active radiation Qt (mmol m-

2 s-1) was monitored above canopy at 42 m. Volumetric soil moisture (mm3 mm-3) was 

measured with 12 sensors (ThetaProbe, Delta-T Devices, Cambridge, UK), four in each 

of two subplots and four near the eddy covariance tower near the center of the hectare 

plot. Because differences in soil moisture measurements among the subplots were small 

(Oishi et al. 2010), measurements for each 30-minute time period were averaged, 

resulting in a single time-series of volumetric soil moisture Mt. Leaf area index for all 

species (AL; m
2 m-2) for the hectare stand was calculated based on specific leaf area and 

total leaf mass for each species from leaf litter baskets in the hectare plot, as described by 

Oishi et al. (2008). 
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Figure 3.1: Variation in vapor pressure deficit Dt, soil moisture Mt, and leaf area 
index summed across the six study species ΣAL during the four-year study period. 

Non-growing season data (cross-hatched areas of figure) were not used in this 
analysis. 

 

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

Species number of 
trees 

diameter 
range (cm) 

AS 
(cm2 m-2) 

Peak LAI 
(m2 m-2) 

Basal Area 
(m2 ha-1) 

C. tomentosa 5 12.7 – 58.4 3.41 2.39 6.20 
L. styraciflua 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. alba 5 13.7 – 57.7 0.52 0.62 1.73 
Q. michauxii 5 16.1 – 54.4 0.59 0.64 1.95 
Q. phellos 5 43.1 – 63.6 0.27 0.12 0.99 

 

3.2.3 Model Structure 
 Data from sap flux probes and environmental data were used to estimate canopy 

conductance Gt and parameters that relate it to environmental variables. I developed a 

hierarchical model (Calder et al. 2003, Clark and Bjørnstad 2004, Cressie et al. 2009, 
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Clark et al. 2011a) to incorporate the effects of light and moisture conditions on canopy 

conductance as well as uncertainty in the canopy process and observations. Each species 

and year was modeled separately such that symbols are indexed by time t (years) and sap 

flux probe i. To avoid periods of minimal leaf area, I used only growing season data, 

defined as day of year 110 to 291 during each year (Figure 3.1). Prior information, joint 

posterior distribution, and computation are detailed in Appendix L. Definitions of terms 

are given in table 3.2. 

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

ai random effect for probe i 

AL average leaf area per unit ground area (m2 m-2) 

AS,i effective sapwood area for tree with probe i (cm2) 

AS average sapwood area per unit ground area (cm2 m-2) 

AR,j ratio of leaf area to sapwood area (m2 m-2) 

di relative depth of probe i in relation to the total depth of the sapwood  

Dt vapor pressure deficit at time t (kPa) 

EC canopy transpiration for species j at time t (mm s-1 or mm month-1) 

EL transpiration per unit leaf area for species j at time t (mm s-1 or mm month-1) 

Et transpiration per unit sapwood area for species j at time t (mm s-1 or mm month-1) 

Gt canopy conductance at time t (mmol m-2 s-1) 

Gref canopy conductance at 1 kPa vapor pressure deficit (mmol m-2 s-1) 

GS
t steady-state canopy conductance at time t (mmol m-2 s-1) 

Ĵt mean sap flux density relative to outer xylem at time t (g m-2 s-1) 

Ji,t sap flux density for probe i at time t (g m-2 s-1) 

Mt volumetric soil moisture at time t (mm3 mm-3) 

Qt photosynthetically active radiation at time t (µmol m-2 s-1) 

rS sapwood scaling ratio (see Appendix K) 

α1, α2 model parameters in g(Qt)  

α3, α4 model parameters in h(Mt)  

β capacitance lag parameter which depends of dt and κ 

κ capacitance time constant (Appendix L) 

λ vapor pressure deficit sensitivity (mmol m-2 s-1 ln[kPa]-1) 

τ stomatal lag time constant 
 

 The process model follows current understanding, the key innovation being that it 

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

Steady-state conductance S
tG  (mmol m-2 s-1) at time t is a function of vapor pressure 

deficit Dt, photosynthetically active radiation Qt, and volumetric soil moisture Mt 

)()()( ttt
S
t MhQgDfG =  (3.1) 

The effect of Dt of canopy conductance is represented by the empirical relationship 

treft DGDf ln)( λ−=
 
  (3.2) 

where Gref (mmol m-2 s-1) is the value of S
tG  when Dt = 1 kPa, and λ (mmol m-2 s-1 

ln[kPa]-1) is the rate of decline in
 

S
tG  with increasing tDln  (Oren et al. 1999). The 

relative effect of Qt on S
tG  is 

( )[ ]21 exp1)( αα tt QQg −−=  (3.3)
 

where α1 allows for non-trivial nighttime conductance and α2 determines the saturating 

increase in S
tG  with increasing Qt. The effect of Mt on S

tG  is 
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where α3 represents the value below which Mt limits S
tG  and α4 controls the rate and 

shape of the reduction in StG  with declining Mt. 

 The relationship between steady-state conductance S
tG  and the actual 

conductance Gt assumes dampened stomatal responses (Rayment et al. 2000, Ward et al. 

2008)  

( ) tdtt
s
tdttt VGGGG −− −+=  (3.5) 
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where the time interval is dt = 5.7×10-5 years (30 minutes) and )/exp(1 τtVt ∆−−=  forces 

a dampened response (see Rayment et al. 2000). I set τ equal to 1.9×10-5 years (10 

minutes) based on previous observations (Naumburg and Ellsworth 2000), such that lags 

were relatively short in comparison to the frequency of measurements. The forcing 

associated with the stomatal response time constants is imprecise and accommodated in 

the model by stochastic process error t
s
tt GG ε+= , where ),0(~ 2σε Nt . The variance in 

conductance scales as tV2σ . As the elapsed time increases, the variance tends to σ2.  

 The basic model of conductance is the basis for our full hierarchical specification. 

The canopy-level process described above is informed by sap flux measurement {Ji,t}. It 

requires scaling from sap flux per unit sapwood area (AS) to transpiration per unit leaf 

area (AL), while accounting for dampening caused by capacitance. It must allow for error 

associated with sensor failure, sampling design, and variation in xylem activity. 

Transpiration per m2 leaf area EL is related to Gt as follows (Monteith and Unsworth 

1990, Phillips and Oren 1998) 
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Equation 3.6 can be simplified to EL = Gtqt , if  
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Transpiration per unit leaf area EL can then be converted to transpiration per unit 

sapwood area ( ) ( )sSLLt rAAEE = , where rs is a scaling constant which rescales AS based 

on radial variation in sap flux density (Appendix K; Oishi et al. 2008). 
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 Several factors influence how Ji,t relates to mean sap flux in the outer xylem Ĵt (g 

m-2 s-1), including capacitance and variation among sap flux sensors. Sap flux measured 

at the probe height responds only indirectly to atmospheric demand.  Transpiration from 

leaves creates a deficit in the volume of water stored in the canopy above the sensor 

location Wt.  This deficit determines sap flux at the probe site.  Reduction in atmospheric 

demand (e.g., at night) allows recovery of Wt.  The deficit Wt that develops during 

transpiration means that sap flux measured at i lags atmospheric demand, depending on 

the size of the deficit and how far i is from the point of transpiration, the leaf surfaces. 

Rate of change in this deficit is governed by the difference between transpiration and 

replenishment. Wt – Wt-dt = Ĵtδ – Etδ, where Wt = 0 indicates no tissue water deficit. 

Because Ĵt and Et are reported as rates per second, they are multiplied by the number of 

seconds δ in the time increment dt (3.15×107 seconds). We expect sap flux to be 

proportional to the deficit. Assuming sap flux proportional to the deficit tt WJ βδ −=ˆ , we 

have   

 Wt = Wt-dt – βWt – Etδ  (3.8) 

Equation 3.8 can be rewritten as 

β
δ

+
−= −

1
tdtt

t
EW

W  (3.9) 

Thus, one can track both Ĵt and Wt as functions of Et and a single parameter β. With 

respect to electrical analogue models (e.g., Phillips et al. 1997, Steppe et al. 2002), it can 

be shown that β is related to the time constant κ (Appendix M) as 

( )( )
( )( ) dt

dt

/
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In the remainder of the paper, we will refer to the time constant κ, rather than β, because 

time constants have appeared widely in the literature (Phillips et al. 1997, 2004, Steppe et 

al. 2002, 2005, Meinzer et al. 2004, 2009). 

 In addition to dampening caused by capacitance, three probe-level sources of 

variation were incorporated in this study. First, I used sapwood profiles developed in a 

previous study at this site (Oishi et al. 2008) that related relative sapwood depth di for 

probe i to flux density for C. tomentosa, L. styraciflua, L. tulipifera, and Quercus species. 

Second, Ji,t of a given area of xylem can vary for unobservable reasons. For example, 

sensors may have been placed in damaged xylem, presumably reducing the flux rates past 

that probe-set (Clearwater et al. 1998, Tateishi et al. 2008). Unobserved influences are 

accounted for using probe-level random effects ai for probe i. Finally, I included a 

Gaussian measurement error with variance VJ, in addition to the error in the Gt process. 

Combining these sources of variation, I modeled sap flux observations of a given probe i 

at time t as 

( )( )Jiitti VadZJNJ ,ˆ~,  (3.11)
 

where Z(di) is the sapwood depth sub-model. This data model translates the sap flux 

contributed by species at the stand-level to the measurement taken by a given probe-set. 

Values of Ji,t decrease with di (cambium at zero and sapwood-heartwood boundary at 

one), such that 
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where 1( ) is the indicator function, equal to 1 when its argument is true and zero 

otherwise, Z(di) = 1 when di ≤ b1 and Z(di) declines montonically when di > b1 (Oishi et 
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al. 2008). It is important to note that for species with b1 = 1 (i.e., Quercus species), b2 

does not influence the analysis. Random effects ai are centered on unity with variance va, 

such that ),1(~ ai vNa , where the mean random effect for each species equals unity.  

 Because state-space models allow for imputation of latent variables when 

observations are missing, the analysis produces gap-filled Ji,t and inference on canopy 

processes simultaneously. Values of Gt are modeled with all estimates benefiting from all 

observations. The state-space framework provides a natural and coherent basis for 

predicting missing observations and states (Clark et al. 2011b). Let oi,t
 = 1 denote the 

event that there is an observation from probe i at time t, and oi,t
 = 0 denote the event that 

the observation is missing. Then the likelihood is 

( )[ ]∏∏
t i

o
Jiitti

ti
VadZJJN

,
,)(ˆ

,  (3.13) 

meaning that the observation model contributes information only when observations are 

present: the likelihood exists only for non-missing values. Periods with no measurements 

from any sensor for two consecutive days (96 30-minute intervals) are excluded from the 

analysis as are periods when Dt < 0.6 (Ewers and Oren 2000). For all other portions of the 

study period missing Ji,t were imputed from the predictive distribution (equation 3.11). 

Computation was accomplished with Markov chain Monte Carlo simulation, with out-of-

sample prediction used to evaluate fit (Clark 2007). Detailed description of computation 

is presented in appendix L. 

 For comparison with current methods, Gref and λ were also estimated using 

boundary line analysis (e.g. Martin et al. 1997, Schaffer et al. 2000). I excluded all 

observations from periods with Qt <500 mmol m-2 s-1 and soil moisture Mt < 0.2 mm3 
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mm-3. Assuming no dampening by capacitance (Ji,t = Ei,t), I estimate Gi,t = Ji,t / qt. The 

upper boundary line was derived by: (1) partitioning Gi,t into 0·2 kPa vapour pressure 

deficit intervals, (2) calculating the mean and standard deviation of Gi,t in each interval, 

(3) removing outliers (P < 0·05; Dixon’s test according to Sokal & Rohlf 1995), (4) 

selecting the data falling above the mean plus one standard deviation, and (5) averaging 

the selected data for each D interval with n ≥ 5 remaining Gi,t values. Excluding intervals 

with n < 5 was done to prevent D intervals with too little information from affecting the 

relationship. For each tree, Gref and λ were estimated using equation 3.2, Gi,t values from 

step (5), and the lm function in R statistics (R Development Core Team 2010).  For each 

species-year combination, Gref and λ values for each tree were averaged to estimate mean 

parameters for each species. 

3.3 Results 
3.3.1 Comparing Boundary Line Analysis and the State-Space 
Approach 
 The state-space model and the traditional boundary line analysis produced similar 

estimates of reference conductance Gref, absolute sensitivity λ and relative sensitivity λ / 

Gref. The boundary line analysis estimated higher mean Gref and λ than the state-space 

model for most species-year combinations (Figure 3.2). However, the high uncertainty in 

boundary line estimates caused 95% confidence intervals for most species to overlap the 

1:1 line, indicating no difference in parameter estimates.  Across most species-year 

combinations, the ratio of the two parameters (λ / Gref) was also similar (data not shown). 

Note that 95% credible intervals for the state-space model (vertical lines in Figure 3.2) 

are hardly noticeable. Uncertainties in the estimates from the boundary line analysis were 

greater than for state-space estimates, reflecting the partitioning of uncertainty in the 
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state-space model to other processes (light and soil moisture), model specification 

(process error σ2), and the observation model. 

3.3.2 Predictive Performance 
 The model explained a high degree of variation in observed sap flux 

measurements. Assuming a time constant κ of 30 minutes, average explained variation 

for in-sample predictions (r2; squared Pearson correlation coefficients) for individual sap 

flux probes averaged 0.87, with 25th and 75th percentile r2 equal to 0.82 and 0.93, 

respectively. Predictions were unbiased for 85% of sap flux sensors (Figure 3.3a), but 

10% of sap flux probes under-predicted for moderate sap flux densities (20<Ji,t < 40 g m-2 

s-1; Figure 3.3b) and 5% of sap flux probes under-predicted at low sap flux densities (Ji,t 

< 20 g m-2 s-1; Figure 3.3c). The latter two cases occurred primarily for sensors exhibiting 

lower maximum sap flux densities. Examination of random effects indicated limited 

correlation between tree diameter and magnitude of Ji,t for C. tomentosa, L. styraciflua, 

and L. tulipifera. Positive correlations between tree diameter and ai were observed in Q. 

alba and Q. michauxii while Q. phellos displayed negative correlations. Under-prediction 

at moderate sap flux (Figure 3.3b) occurred during mornings as Qt increased in advance 

of Dt. Conversely, under-prediction of low sap flux observations (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 analysis estimates of Gref 
and λ are presented, with line segments representing 95% credible intervals for 

state-space parameter and 95% confidence intervals for boundary line estimates. 
Note, that the 95% credible intervals for the state-space parameters are much 

narrower than estimates from the boundary line analysis. The dashed line 
represents a 1:1 line. 

 

 

Figure 3.3: Observed vs. predicted sap flux density Ji,t for three probes representing 
(a) unbiased estimates (Q. phellos during 2004, probe #1), (b) under-prediction at 

moderate flux rates (L. styraciflua during 2005, probe #2), and (c) under-prediction 
at low flux rates (C. tomentosa from 2005, probe #3). The dashed red line represents 

the 1:1 line. 
 

 Out-of-sample prediction showed that the state-space model produced reasonable 

estimates of missing data and it showed that different sources of error contributed to 
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uncertainty at different times during the diurnal cycle (Figure 3.4). Data withheld from 

out-of-sample prediction generally fell within the predictive intervals for sap flux density. 

However, predicted morning increases in sap flux slightly lagged observations. During 

the day, most of the uncertainty in predictions arose from uncertainty in the canopy 

conductance process (i.e., variation in parameter estimates and σ2). Even though the 

predictive interval associated with the canopy conductance process narrowed at night, 

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

 

Figure 3.4: Mean predicted Ji,t (solid line), 95% predictive intervals incorporating 
parameter uncertainty and process error (dashed line), and 95% predictive 

intervals incorporating all uncertainty in the model (dotted line) are presented for 
comparison with observed Ji,t for a single tree (C. tomentosa, probe #2) in 2005.  

Filled circles represent observations in the predictions and open circles represent 
observations withheld for model validation in the out of sample predictions. 

 

3.3.3 Time constants and parameter estimates 
 Variation in the capacitance time constant κ caused dramatic shifts in most 

parameter estimates, regardless of year or species (Appendix N), though only during 

2002 did increasing κ produce smaller estimates of both process and observation error 

uncertainty (σ2 and VJ). I present results for C. tomentosa as an example of general trends 

(Figure 3.5). Increases in the time constant κ resulted in increases in λ / Gref at low values 

of κ, followed by increases in Gref at higher values of κ (Figure 3.5a), indicating that as 

time constants increase, the sensitivity and magnitude of canopy conductance responses 
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to Dt must intensify to explain a given sap flux density. Estimates of light parameters (α1 

and α2) increased with κ for most species-year combinations, though these shifts were 

often non-linear (Figure 3.5b). Changes in both moisture parameter estimates (α3 and α4) 

with κ tended to decrease initially, though at higher values of κ, α3 increased as α4 

remained constant near 0.2 (Figure 3.5c). As κ increased, process error variance σ2 

declined and observation error variance VJ increased, though during 2002, VJ decreased 

initially before increasing after κ = 60 minutes (Figure 3.5d). In contrast to the other 

parameters, random effects variances were robust to variation in time constants κ. These 

results indicate that during protracted droughts, sap flux behavior may be better explained 

by models incorporating greater dampening of the effects of canopy conductance Gt on 

stem sap flux Ji,t. 



 

 

78

 

Figure 3.5: Parameters for (a) Gref vs. λ / Gref, (b) α1 vs. α2, and (c) σ vs. JV  for C. 
tomentosa in each year as a function of capacitance time constant κ. Arrows indicate 

changes in parameter values with increasing κ from 5 minutes to 120 minutes at 
approximately 30 minute intervals. 

 

3.3.4 Interannual variation in canopy conductance and transpiration 
 Assuming a time constant κ of 30 minutes, I observed a large degree of variation 

in interannual and interspecific magnitude of canopy conductance Gt and sensitivity to 

vapor pressure deficit Dt. Quercus phellos exhibited the highest canopy conductance 

during three of four years, followed by L. styraciflua and L. tulipifera, while C. 

tomentosa, Q. alba, and Q. michauxii, exhibited the lowest canopy conductance (Figure 
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3.6). Interannual variation in canopy conductance was greatest among three bottomland 

species L. styraciflua, L. tulipifera, and Q, phellos. Sensitivity to vapor pressure deficit in 

some years was low (λ / Gref < 0.6) for L. styraciflua (2002 and 2003) and L. tulipifera  

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

 

Figure 3.6: Mean steady-steady state canopy conductance S
tG  response to vapor 

pressure deficit Dt with 95% credible intervals (dashed lines) for each species-year 
combination. 

 

 Canopy conductance responses to light varied by species and year. Generally, 

Carya and Quercus species achieved maximum relative canopy conductance at lower 

above-canopy light levels Qt, followed by C. tomentosa, L. styraciflua, and L. tulipifera 

(Figure 3.7). For all species except Q. phellos, relative canopy conductance was highest 

at a given Qt in 2002 and lowest in 2005 (Figure 3.7). In 2002, species segregated into 

two groups: species achieving maximum conductance at low Qt (C. tomentosa and Q. 

alba) and species achieving maximum conductance at high Qt (L. styraciflua, L. 
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tulipifera, and Q. phellos), though all species exhibited higher predicted nighttime 

conductance. In 2005, all species exhibited low nighttime conductance and required 

higher Qt to achieved maximum canopy conductance relative to other years (Figures 3.7 

and O.2). 

 

Figure 3.7: Mean estimated relative effect of light Qt on canopy conductance and 
95% credible intervals for each species-year combination. 

 

 Bottomland tree species exhibited greater relative reductions in canopy 

conductance with declining soil moisture than other tree species. L. styraciflua, L. 

tulipifera, and Q. phellos exhibited the greatest declines in canopy conductance with soil 

moisture Mt (Figure 3.8). While most species experienced reductions in canopy 

conductance in 2002 and 2004, canopy conductance reductions associated with soil 

moisture limitation in 2003 or 2005 were observed for only L. styraciflua, L. tulipifera, 

and Q. phellos (Figure 3.8). The soil moisture Mt at which canopy conductance began to 
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decline and the rate of decline differed among years (Figures 3.8 and O.2). I did not have 

sufficient samples to examine the response of Q. michauxii during the 2002 drought, but 

soil moisture responses during 2004 and 2005 were similar to observed responses for Q. 

phellos. 

 

Figure 3.8: Estimated mean relative effect of soil moisture Mt on canopy 
conductance for each species and year with 95% credible intervals. 

 

 Mean predicted canopy conductance (Gt) and transpiration (EL and EC) during the 

study period is presented in Figure 3.9. Though patterns of canopy transpiration EC varied 

among years, C. tomentosa and L. tulipifera tended to exhibit the greatest values of EC, 

with other species contributing less to stand-level water flux (Figure 3.9). The 

contributions to EC were determined by both (1) differences in species responses to Dt 

and Mt (Figure 3.6 and 3.8) and (2) the fact that C. tomentosa and L. tulipifera account 

for 59% of the sapwood area AS and 61% of the leaf area AL of the six species studied 
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(Table 3.1). Examination of transpiration per unit leaf area indicated that L. styraciflua, L. 

tulipifera, Q. michauxii and Q. phellos had higher EL than C. tomentosa and Q. alba 

(Figures 3.6 and 3.9), except in 2002 when L. styraciflua and L. tulipifera canopy 

conductance Gt was depressed by drought conditions (Figures 3.6, 3.8, and 3.9).  
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Figure 3.9: Mean monthly canopy transpiration EC, transpiration per unit leaf area 
EL, and mean canopy conductance Gt for each species during the four years of the 
study. Monthly EL and Gt are presented only for growing season months used to fit 

the model (see Figure 3.1) while EC is presented for all months during the study 
period. 
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3.4 Discussion 
 Interspecific and interannual variation in canopy conductance observed in this 

study emphasized the importance of water limitations on forest community responses to 

drought. Tree species displayed differing degrees of drought avoidance, with L. 

styraciflua, L. tulipifera, and Q. phellos avoiding drought by reducing canopy 

conductance in response to moisture stress, while other species exhibited greater 

tolerance to drought, presumably allowing them to continue photosynthesis and avoid 

carbon starvation (McDowell et al. 2008, 2011). However, responses during the 2002 

drought were dramatically different from other years, possibly due to variations in factors 

such as hydraulic capacitance or hydraulic conductivity. These interspecific and 

interannual differences have important implications for canopy transpiration, and thus 

ecosystem water cycling. The state-space modeling framework presented here allowed 

for the quantification of these responses while still incorporating uncertainty in 

observations and the canopy-level processes. First, I discuss interspecific and interannual 

variation in conductance and transpiration as it relates to tree responses to moisture 

limitation. Next, I discuss the performance and utility of the state-space model for 

analyzing canopy responses to environmental drivers and identify potential limitations of 

this method. 

 In this study, three species, L. styraciflua, L. tulipifera, and Q. phellos, exhibited 

strong sensitivities to vapor pressure deficit and soil moisture consistent with drought 

avoidance. These three drought avoiding species displayed high canopy conductance Gt 

and large declines in Gt with increasing vapor pressure deficits Dt, while the remaining 

species (C. tomentosa, Q. alba, and Q. michauxii) showed lower, less responsive Gt 

(Figures 3.6). In addition, L. styraciflua, L. tulipifera, Q. michauxii, and Q. phellos 
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showed the greatest declines in Gt with declining soil moisture (Figure 3.8). Carya 

tomentosa, Q. alba, and Q. michauxii to achieve maximum Gt at lower irradiance levels 

than L. styraciflua, L. tulipifera, and Q. phellos. As a result, drought avoiding tree species 

average higher leaf-level transpiration EL than drought tolerant species during non-

drought years (2003 to 2005), but exhibit similar or lower EL than more drought tolerant 

Carya and Quercus species during the 2002 drought (Figure 3.9). Declines in canopy 

conductance associated with soil moisture and vapor pressure deficit varied among years 

(Figures 3.6 and 3.8). Similar variation in canopy responses across years have been 

attributed to variation in soil water availability (Mackay et al. 2007, Oishi et al 2010), 

phenology (Myneni et al. 1997, Phillips and Oren 2001), and whole-tree hydraulic 

conductivity (Ewers et al. 2007). Even with substantial interannual variation in Gt, and 

thus EL and EC, species rankings appear to be conserved across most years (Figure 3.9), 

indicating limitations on tree responses to environmental variation. 

 The results support the idea that bottomland species avoid drought by having 

greater canopy conductance and greater absolute sensitivities (Pataki and Oren 2003), but 

there was less variation among species in the degree of isohydry. The observed relative 

sensitivity of canopy conductance to vapor pressure deficit λ / Gref mostly ranged from 

0.6 to 0.7 (Figure O.1), indicating isohydric behavior that is consistent with the 

maintenance of leaf water potential above critical levels (Oren et al. 1998, Ewers et al. 

2005, Ewers et al. 2007). During years when Dt was generally no higher than 3 kPa (2003 

to 2005; Figure 3.1), the estimated relative sensitivities of Gt to Dt (λ / Gref) were between 

0.6 and 0.7, similar to the theoretical value (0.68; Oren et al. 1999). However, Carya and 

Quercus species displayed even higher values in 2004 (λ / Gref > 0.7), possibly due to low 
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boundary layer conductance relative to stomatal conductance (Oren et al. 1999, Pataki 

and Oren 2003). In addition, L. styraciflua (2002 and 2003) and L. tulipifera (2002) 

sometimes exhibited low relative sensitivities (<0.6). Though these low values are 

partially explained by the greater variation in Dt in 2002, it is odd that relative 

sensitivities of Carya and Quercus species did not also decline. Liquidambar styraciflua 

and L. tulipifera are drought deciduous tree species (Marchin et al. 2010). It is possible 

that drought deciduous species increase leaf-specific hydraulic conductivity during 

drought as leaf area declines, leading to lower relative sensitivities (Oren et al. 1999). 

This hypothesis is supported by observations that L. styraciflua and L. tulipifera, 

compared to Quercus species, displayed greater declines in leaf area and lesser declines 

in hydraulic conductivity during the historic drought of 2007 in another deciduous forest 

in the North Carolina piedmont (Hoffman et al. 2011). Alternatively, increasing values of 

the time constant κ during the 2002 drought reduced process and observation errors and 

increased the sensitivity of Gt to Dt (Figure 3.5, Appendix N). Thus, both hydraulic 

conductivity and the increasing importance of capacitance to dynamic water flux may 

explain lower than expected sensitivities of Gt to Dt in drought deciduous tree species. 

 This work shows declines in canopy conductance Gt for all species during 

drought, but previous work showed strong declines in Gt with soil water availability only 

for L. tulipifera and, to a lesser extent, Quercus species (Pataki and Oren 2003, Oishi et 

al. 2010). In particular, declines in Gt with soil moisture for L. styraciflua were some of 

the most severe (Figure 3.8), but this species was one of the least sensitive in the previous 

studies (Pataki and Oren 2003, Oishi et al. 2010). In all three cases, soil moisture was 

measured in surface soils because a clay pan restricts root penetration below 35 cm depth 
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(Oren et al. 1998). However, during the study period, trees were accessing deep water, 

accounting for 3% to 9% of stand evapotranspiration (Oishi et al. 2010). Thus, 

interannual variation in canopy conductance response to soil moisture is likely associated 

with poor representation of soil water available to trees during droughts by measurements 

in the upper soil (Wullschleger and Hanson 2006). However, these results do indicate that 

studies examining canopy conductance responses without incorporating prolonged 

droughts will not capture tree sensitivities to soil water availability. 

 By incorporating uncertainty in observed stem water flux and unobserved canopy 

conductance and transpiration, the novel approach presented in this study recovers both 

observed sap flux and unobserved canopy transpiration dynamics. These results indicate 

that the scaling of Ji,t to Gt and the representation of environmental influences on 

conductance were sufficient to capture variation in the process and sap flux 

measurements. The hierarchical state-space model predicted sap flux density well 

(Figures 3.3 and 3.4), a prerequisite for robust estimates of canopy dynamics. 

 A major advantage of the state-space framework described in this paper is the 

coherent incorporation of sampling issues confronted by all studies of sap-flux-scaled 

canopy conductance and the dampening of sap flux responses caused by lags in stomatal 

responses and capacitance. Water flux through xylem varies in predictable ways, as with 

depth of probe-set placement (Ford et al. 2004a, Ford et al. 2004b, Oishi et al. 2008), or 

in unpredictable ways, such as variation due to past damage to functional xylem (Tyree 

and Ewers 1991, Tateishi et al. 2008). Incorporation of individual random effects within a 

state-space modeling framework not only captured differences among sensors, but 

prevented sensor failures from altering parameter estimation independent of the process 
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drivers incorporated in the model (Figure 3.4). Stomatal lags and capacitance contribute 

to dynamic sap flux behavior, causing lags of minutes to hours (Williams et al. 1996, 

Rayment et al. 2000, Meinzer et al. 2004, Ward et al. in prep). Exclusion of these lags 

may create significant biases at 30-minute time scales (Ward et al. 2008), but are of 

limited importance when examining daily flux rates (Phillips et al. 1997, Phillips et al. 

2004). Though the statistical framework incorporated dynamic behavior, process and 

observation error (σ2 and VJ) both decreased with the time constant κ only in 2002 

(Figure 3.5), indicating that dynamic behavior is difficult to quantify in the absence of 

additional information (Burgess and Dawson 2008, Phillips et al. 2009). 

 At 30-minute scales, Jj,t was well predicted, but some sensors indicated under-

prediction during mornings and at night (Figures 3.3 and 3.4), patterns consistent with the 

important role that capacitance plays in xylem water flow in mature trees (Phillips et al. 

2009). For most sensors, κ ranging from 5 to 30 minute explained the most variation for 

individual sensors (based on squared Pearson correlation coefficients; data not shown), 

but some sensor-year combinations were best explained by models with much higher 

values of κ (60 to 90 minutes), especially during the drought of 2002. Interannual and 

interspecific variation in values of κ that produce the best model performance not only 

supports the need for incorporating the dampening effects of capacitance, but suggests 

that this dampening needs to be made dynamic, as it depends on variations in soil, xylem, 

and leaf water potentials (Loustau et al. 1996, Phillip et al. 2009, Ward et al. in prep). 

Careful exploration of parameter sensitivities to variation in the time constant κ 

highlights the importance of incorporating dynamic behavior in models of canopy 

conductance. A growing body of work shows that incorporation of dampening in 
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dynamic models of sap flux scaled canopy conductance is preferable to simply lagging 

sap flux data behind environmental drivers (Burgess and Dawson 2008, Phillips et al. 

2009), but better guidance is needed to utilize these models appropriately. 
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Conclusions 
 Because tree communities respond at population- and individual-scales, it is 

essential that ecologists address the effects of global and regional climate change in the 

context of local competitive environments. For example, elevated temperatures enhance 

growth, change allocation patterns, and modify the balance of photosynthesis and 

respiration (Way and Oren 2010). Climate change alters the frequency, duration, and 

timing of forest disturbances, directly impacting tree competitive environments (Dale et 

al. 2001) and leading to the potential for rapid transitions between biome states, such as 

forest savannification caused by drought and shifting fire regimes (Breshears et al. 2005, 

Hirota et al. 2011, Staver et al. 2011). The fact that trees respond in the context of local 

environments makes it essential that ecologists develop a better understanding of both the 

relative influences of and the potential interactions between climate and local factors on 

forest communities. By using longterm approaches and synthetic modeling frameworks, 

my dissertation emphasizes the important role that local factors play in tree response to 

climatic variation in eastern deciduous forests. 

 This research highlights several important individual- and population-level 

influences on tree responses to climate. I found that seed predation has the potential to 

amplify or dampen reproductive variation caused by climate-mediated seed maturation, 

depending upon the type of seed predator (Chapter 1). These responses have important 

implications for both tree and predator populations. For example, as summer drought 

becomes more common, the period between large mast years may increase as years with 

high maturation rates become rare. Thus, we might expect seed predator populations to 

decline, especially for specialist seed predators. The dynamic nature of these 

relationships cannot be examined using metrics of interannual variation or population 
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synchrony alone (Crone et al. 2011), but the unique nature of the seed rain dataset and the 

statistical methods used in this study allowed for much richer inference. 

 My research quantified size-mediated, individual tree responses to environmental 

variation and showed that these responses are related to oft-studied life-history strategies 

(Chapter 2). This study showed that tree seedling size-mediated competitive advantages 

become disadvantages in poor growing conditions for many species, with important 

implications for the composition and structure of seedling banks in temperate forest 

understories. The hierarchical model allowed for the separation of spatial and temporal 

variation in growing conditions; an improvement over climate envelope modeling and its 

reliance on climatic correlations in space (Ibáñez et al. 2006, Morin et al. 2007). The 

incorporation of individual variation can only be achieved by studies that follow 

individuals through time. Therefore, longitudinal studies of this nature are necessary in 

order to explicitly integrate known dimensions of niche space while accounting for 

unknown or immeasurable dimensions (Clark et al. 2007). Finally, longitudinal studies 

including individual variation in demographic responses and niche models identify 

differing degrees of climate-induced risk faced by tree species (Clark et al. 2011a). By 

incorporating longitudinal data with this hierarchical modeling framework, inference on 

individual responses to resource availability (i.e., light and moisture) and climate allowed 

for the assessment of individual- and population-level risks faced under future climate 

change. 

 Finally, quantifying interannual and interspecific variation in canopy conductance 

provides insight into differences in species responses to drought (Chapter 3). Using a 

particularly long sap flux data stream (4 years), tree species responses to vapor pressure 
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deficit and soil moisture supported differing drought response strategies: avoidance vs. 

tolerance. Even on the relatively mesic site where the data was collected, the drought of 

2002 caused major changes in canopy conductance behavior. This work integrated 

species differences in canopy conductance, but also emphasized the importance of tree 

hydraulic properties to drought response. In addition, the development of the hierarchical 

state-space model provides a tool for future study which allows researchers to examine 

forest responses to environmental drivers while explicitly quantifying uncertainty and 

introducing prior knowledge to refine inference and predictions (Clark et al. 2011b). 

These three studies all contribute to our understanding of the risks of climate change to 

forest communities. Furthermore, these results emphasize the strengths of marrying 

longterm ecological research with synthetic modeling techniques to understand the 

influences of climate on forest communities (Clark and Gelfand 2006, Ogle and Barber 

2008). 

 The mediation of tree climate responses by local growing conditions is not a new 

concept, but explicit incorporation of these effects has been hindered by the lack of 

synthetic research approaches and sufficiently long datasets (Dawson et al. 2011, 

McMahon et al. 2011). For example, to assess the risk posed by climate change to trees, 

we must understand how risk changes over the life of the tree. My research provides 

evidence regarding tree seed, seedling, and adult stages, but synthetic work connecting 

tree responses throughout their lives is needed. Longterm experiments, such as the ones I 

have discussed here, offer just such an opportunity. 
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Appendices 
A Multinomial logit function 
 The multinomial logit link function is a link function similar to the traditional 

logit function used with the Binomial distribution. The multinomial logit relates a matrix 

of covariates (xjk,t) for sample jkt to the proportion of each sample falling into a series of 

possible states, three in the case of this paper. I chose undamaged seed yjk,t as the baseline 

category for the multinomial logit. For the multinomial models, note that the baseline 

category (yjk,t) will have no parameters: the probability of a seed falling into this category 

is equivalent to unity minus the probabilities of the other states. Thus, the probability of 

seed predation (Q ∈ {1, 2}) is 
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and the probability of undamaged seed yjk,t (Q = 3) is 
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where xjk,t is the vector of covariates for plot j and species k during year t and )(Q
kβ  is the 

vector of parameter values for category Q and species k. 
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B Bayesian model fitting for logistic regressions 
 I fit the binomial and multinomial models using Bayesian methods. For each 

model, observation jkt was used for parameter estimation only if the sample size (njk,t, 

mjk,t – ojk,t, or wjk,t; see Figure 1.1) was greater than zero. In most cases, I assumed that 

weak prior distributions for regression parameters were normally distributed about zero 

with a standard deviation of 100. For insect seed predation, there are no effects of 

intraguild seed density MjG,t and MjG,t-1 ( )1(
1kβ  = 0 and )1(

2kβ = 0) because insect seed 

predators were assumed to be specialists. For vertebrate seed predation, there are no 

effects of conspecific seed density Cjk,t and Cjk,t-1 ( )2(
3kβ  = 0, )2(

4kβ  = 0) because 

vertebrates were assumed to be generalist feeders. I fit parameter values γ0k, γ1k, or γ2k 

only for species with sufficient observations of both insect and vertebrate damage r jk,t (Q. 

rubra and Q. velutina; Table 1.2). 

 I sample conditional posterior parameter distributions indirectly using an adaptive 

Metropolis algorithm within a Gibbs sampler (Gelfand and Ghosh 1998, Clark 2007). 

The proposal covariance matrices for the adaptive metropolis algorithm were updated 

every 1000 steps with the covariance of the parameters over the previous 999 steps of the 

Gibbs sampler. The analysis ran for 50000 steps to ensure parameter convergence. I 

estimated mean and standard deviations for posterior parameter distributions from the 

final 20000 steps of the Gibbs sampler. 
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C Population coefficients of variation 

 

Figure C.1: Comparison of empirical density functions of population coefficients of 
variation CV p for all, mature, and undamaged seed for site j and species k in (a) 

drupes (C. florida and N. sylvatica), and (b) nuts (C. glabra, Q. alba and Q. prinus, Q. 
coccinea, Q. phellos, Q. rubra, and Q. velutina). 
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D Seed maturation, predation, and frugivory model fits and 
diagnostics 
 Seed maturation, predation, and frugivory model fits were judged with two 

methods: comparing predicted vs. observed response variables and examination of 

Pearson deviances. The predicted response for observation jkt equals probability of the 

event (θjk,t, πQjk,t γjk,t or µQjk,t)  times the sample size (number of seeds; njk,t, mjk,t – ojk,t, or 

wjk,t). The probabilities were calculated with the mean posterior parameter estimates and 

covariates for each observation jkt. I also calculated r2 values, taken as the squared 

Pearson correlation coefficient between observations and mean predictions. 

The Pearson deviance provides both a measure of homogeneity and magnitude of the 

deviance in logistic models (Venables and Ripley 1997). Pearson deviances were 

calculated as 

))(1()()(

)()(

eventpeventpsizesample

observedeventpsizesample
Deviance

−××
−×

=  (D.1) 

In this appendix, I report the results of these diagnostic techniques and their implications 

for inference on seed maturation, predation, and frugivory processes. 

 The models performed well, predicting observations and showing no sign of 

inhomogeneity of variance. Seed maturation, large seed-fate, and fleshy seed-fate models 

predicted observations, exhibiting r2 values between 0.75 and 0.99. The best fit was 

reported for the seed maturation model (r2 = 0.99; Figure D.1), followed the large seed-

fate models, which ranged from r2 = 0.87 for insect attack (Figure D.2) to r2 = 0.91 for 

animal attack (Figure D.3) to r2 = 0.99 for animal attack given insect attack (Figure D.4). 

The drupe seed-fate model had r2 of 0.75 and 0.79 for frugivory and seed predation, 

respectively (Figures D.5 and D.6). Pearson deviances generally showed no trends with 
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the probability of the event and tended to be close to zero (Figures D.1 – D.6). One 

exception was for seed predation on drupes (C. florida and N. sylvatica): magnitudes of 

deviances appears to increase as the predicted probability of seed predation increases 

(Figure D.6). For seed maturation, there were a small number of large magnitude 

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

 

Figure D.1: Model diagnostics for the seed maturation model are presented (a) 
comparing observed and predicted mjk,t and (b) Pearson deviances across the range 

of predicted probabilities of maturation as a function of the mean predicted 
probability θjk,t. 



 

 

98

 

Figure D.2: Model diagnostics for estimates of insect seed predation are presented 
comparing (a) observed vs. predicted insect seed predation wjk,t and (b) Pearson 

deviances as a function of the mean predicted probabilities )1(
,tjkπ . 

 

Figure D.3: Model diagnostics for estimates of vertebrate seed predation are 
presented comparing (a) observed vs. predicted vertebrate seed predation ajk,t and 

(b) Pearson deviances as a function of the mean predicted probabilities )2(
,tjkπ . 
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Figure D.4 Model diagnostics for estimates of vertebrate seed predation on insect 
infested seed are presented comparing (a) observed vs. predicted vertebrate seed 

predation on insect infested seed rjk,t and (b) Pearson deviances as a function of the 
mean predicted probabilities λjk,t. 

 

Figure D.5: Model diagnostics for the models of frugivory on C. florida and N. 
sylvatica are presented comparing (a) observed vs. predicted frugivory fjk,t and (b) 

Pearson deviances as a function of the mean predicted probabilities )1(
,tjkµ . 
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Figure D.6: Model diagnostics for the models of vertebrate seed predation on C. 
florida and N. sylvatica are presented comparing (a) observed vs. predicted 

vertebrate seed predation ajk,t and (b) Pearson deviances as a function of the mean 

predicted probabilities )2(
,tjkµ . 
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E Binomial and multinomial logistic model parameters 

 

Figure E.1: Mean posterior parameter estimates and 95% credible intervals for the 
effects of climate on seed maturation. I present the intercepts, the effects of spring 
temperature Tj,t, the effects of summer drought Pj,t, and the effects of mean annual 

precipitation Pj on the probability of seed maturation (α0k, α1k, α2k, and α3k,  
respectively). Bold symbols indicate that the credible interval for the parameter 

estimate does not include zero. 
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Table E.1: Mean posterior parameter estimates for frugivory and seed predation on 
drupes with standard deviations inside parentheses. I present the intercepts, the 

effects of current intraguild seed density MjG,t, and the effects of previous intraguild 
seed density MjG,t-1 on the probability of frugivory ( )1(

0kδ , )1(
1kδ , and )1(

2kδ , respectively) 

and on vertebrate seed predation ( )2(
0kδ , )2(

1kδ , and )2(
2kδ , respectively). 

 Frugivory Seed Predation 

 )1(
0kδ  )1(

1kδ  )1(
2kδ  )2(

0kδ  )2(
1̀kδ  )2(

2kδ  

C. florida -1.48 
(0.37) 

0.47 
(0.12) 

1.28 
(0.20) 

-1.75 
(0.33) 

0.42 
(0.13) 

0.81 
(0.25) 

N. styraciflua 0.11 
(0.15) 

-0.18 
(0.04) 

-0.65 
(0.06) 

-0.56 
(0.13) 

0.27 
(0.03) 

-0.07 
(0.03) 

 

Table E.2: Mean posterior parameter estimates for seed predation by insects, 
vertebrate, or both insects and vertebrates on nuts (Carya and Quercus species) with 

standard deviations inside parentheses. I present the intercepts, the effects of 
current conspecific seed density Cjk,t, and the effects of previous conspecific seed 

density Cjk,t-1 on the probability of vertebrate seed predation on mature seed ( )2(
0kβ ,

)2(
1kβ , and )2(

2kβ , respectively). I present the intercepts, the effects of current 

intraguild seed density MjG,t, and the effects of previous intraguild seed density MjG,t-

1 on the probability of vertebrate seed predation on mature seed ( )1(
0kβ , )1(

3kβ , and )1(
4kβ , 

respectively) and on vertebrate seed predation on insect predated seed (γ0k, γ1k, and 
γ2k, respectively).  

 
Insect Seed Predation 

Vertebrate Seed 
Predation 

Insect and Vertebrate 
Seed Predation 

 )1(
0kβ  )1(

3kβ  )1(
4kβ  )2(

0kβ  )2(
1kβ  )2(

2kβ  γ0k γ 1k γ2k 

Carya 
glabra 

-0.13 
(0.44) 

-0.74 
(0.50) 

0.00 
(1.67) 

-1.96 
(0.86) 

0.96 
(0.47) 

-0.97 
(0.55)    

Quercus 
alba 

-1.48 
(0.19) 

-0.91 
(0.10) 

0.17 
(0.15) 

-1.75 
(0.44) 

-1.32 
(0.22) 

0.92 
(0.31)    

Quercus 
coccinea 

0.11 
(0.37) 

-0.68 
(0.24) 

0.56 
(0.25) 

-0.56 
(0.37) 

0.14 
(0.16) 

-0.19 
(0.17)    

Quercus 
phellos 

0.98 
(0.50) 

-1.34 
(0.36) 

0.76 
(0.30) 

-1.01 
(0.61) 

-2.11 
(0.33) 

0.43 
(0.31)    

Quercus 
prinus 

0.54 
(0.49) 

-0.10 
(0.36) 

0.46 
(0.50) 

0.30 
(0.61) 

1.36 
(0.32) 

0.69 
(0.32)    

Quercus 
rubra 

0.11 
(0.19) 

0.07 
(0.06) 

0.05 
(0.07) 

2.13 
(0.21) 

0.19 
(0.06) 

0.22 
(0.06) 

-3.43 
(0.45) 

0.75 
(0.11) 

0.11 
(0.08) 

Quercus 
velutina 

-0.69 
(0.33) 

0.95 
(0.19) 

0.69 
(0.33) 

-3.21 
(0.60) 

-0.23 
(0.24) 

-0.21 
(0.29) 

-2.73 
(0.57) 

1.66 
(0.28) 

-0.13 
(0.21) 

 

  



 

 

103

 

F Observed variation in covariates for 20 species of planted 
tree seedling 

 

Figure F.1: Box and whisker plots show that the distribution of covariates for the 20 
tree species in this study cover a wide range of the observed spatial variation at 
seedling plots (Lj,t and Mj) and temporal variation (wj,t and mj,t). Light Lj,t ranged 
from 0 to 78% open sky equivalent. Precipitation index Mj ranged from 2576 to 
95070. Winter temperature wj,t ranged from 0 to 8 °C. Summer PDSI mj,t ranged 

from -3.59 to 3.25. See table 2.3 for species codes. 
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G Prior specification and computation for tree seedling 
demographic model 
 Previous knowledge about tree seedling demography was incorporated into our 

hierarchical model. Prior parameter distributions were constructed for the effects of 

resources and climate on diameter and height growth (A), the effects of growth on 

survival (γ), the error covariance matrices for the growth process (Σ) and random effects 

(VB), and the variances for observations (wd and wh). In this section, I describe these 

priors and their justification. 

G.1 Height and diameter growth parameters 
 The prior parameter distribution for the growth regression parameters is vec(A) ~ 

Uniform(a1, a2), where a1 is the vector of lower bounds and a2 is the vector of upper 

bounds for the parameters. The resource (Lj,t and Mj) and climate (wj,t and mj,t) effects 

were assumed to have non-negative (a1qr = 0) influences on the diameter and height 

growth processes (Equation 2.2), where a1qr is the lower bound for covariate q and 

response r. Because I assume that large seedlings are both more capable of acquiring 

light and moisture resources and that they have greater respiration rates associated with 

the maintenance of more tissue than smaller seedlings, the interactions between resource 

availability and height (Lj,t×Hij,t, and Mj×Hij,t) are non-negative (a1qr = 0) while the main 

effect of height (Hij,t) can be negative or positive. In all other cases, a1qr = -40 and a2qr = 

40 for diameter (r = 1) and a1qr = -1000 and a2qr = 1000 for height growth (r = 2). The 

uniform distribution was chosen, as were the broad bounds, so that only the sign of the 

response was influenced by the prior.  

 Priors for both the error covariance matrices for the growth process (Σ) and 

random effects (VB) are inverse-Wishart distributions. In this study, I assume that random 
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variation among individuals associated with genetics, pathogens, soil nutrition, and other 

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

covariance matrix for the growth process 







=

50

02.0
S  and the mean covariance matrix 

for the random effects 







=

200

05
R . The mean process error covariance is weighted by 

the total number of observations nIJT such that ( )IJTnSWishart ,~ 1−Σ . The mean random 

effects error covariance is weighted by the total number of seedlings nJT divided by 10, 

such that ( )JTB nRWishartV ×− 1.0,~ 1 . Because the prior for the random effects covariance 

is relatively weak and the mean covariance is larger than the mean process error 

covariance, our model assumes that variation among individuals is one of the dominant 

forms of uncertainty (Clark et al. 2003, 2010, 2011a). These priors have the added 

advantage of being conjugate prior distributions for the multivariate normal, allowing one 

to solve analytically for posterior parameters (Clark 2007). 

 Uncertainty in diameter and height measurements (wd and wh) contributes to 

overall model uncertainty, but it should be small relative to process error and random 

effects. I represented the prior distributions as inverse-gamma distributions to take 

advantage of the fact that the inverse-gamma distributions are conjugate with the normal 

distribution, allowing for direct sampling of wd and wh. I assumed that the mean 

measurement error variance for diameter and height were 0.04 and 1.0, respectively, and 

that the priors were weighted by the number of diameter and height observations (d
IJTn  

and h
IJTn ). Therefore, ( ))1(04.0,~ 1 −×− d

IJT
d
IJTd nnGammaw  and 

( )1,~ 1 −− h
IJT

h
IJTh nnGammaw . 
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G.2 Survival parameters 
 The prior distribution of the survival parameters was a uniform distribution γ ~ 

Uniform(b1, b2) where b1 is the vector of lower bounds and b2 is the vector of upper 

bounds for the uniform distribution. Because risk of mortality (1 – ζij,t) should decrease as 

carbon balance, and thus growth, increases, the effects of growth (dij,t and hij,t; k ≠ 1) on 

individual survival (ζij,t) are non-negative (lower bound b1k = 0), but the intercept (k = 1) 

for the logistic regression can be positive or negative (b1k = -40). The upper bounds for 

the logistic regression parameters is b2 = 40. 

G.3 Computation 
 Given the hierarchical model and prior distributions, I draw parameters directly 

from conditional posteriors. When possible, I sampled parameters (A, Σ, VB, wd, and wh) 

and states (Yij,t) directly from the appropriate conditional posteriors within a Gibbs 

sampler. Because the normal distribution in not conjugate to the Bernoulli, I could not 

draw directly from the distributions for γ, so I used a Metropolis algorithm to sample 

survival parameters indirectly (Gelfand and Ghosh 1998). The ability to draw parameter 

values directly from the posterior distribution improves parameter convergence over 

other techniques, such as the Metropolis algorithm. Gibbs samplers for each species were 

run for 60000 steps. Because model parameters converged within 20000 steps, I 

discarded the first 30000 iterations of the Gibbs sampler and estimated all posterior 

parameter distributions based on the final 30000 iterations. 
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H Joint posterior distributions for tree seedling growth 
 Bayesian statistical analyses incorporate the influence of data through the 

likelihood and existing knowledge about the question of interest through prior parameter 

distributions (Appendix G). Based on model structure described in chapter 2 (see 2.2.3 

Hierarchical Demographic Model), the joint posterior distribution for the model is 

∝
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I Parameter estimates for diameter growth, height growth, 
and survival 
Table I.1: Variances and covariances for process error Σ (s11, s12, and s22), individual 

random effects VB (a11, a12, and a22), and measurement error (wd and wh) for 20 
species of tree seedling. 

Species 
Process Error Individual Random 

Effects 
Measurement 

Error 

s11 s12 s22 a11 a12 a22 wd wh 

Acer barbatum 0.15 0.14 13.50 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 1.78 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 12.33 0.05 1.03 

Liquidambar styraciflua 0.16 0.13 12.39 0.25 4.80 183.82 0.04 1.07 

Liriodendron tulipifera 0.23 0.59 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 1.06 

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 1.06 

Quercus alba 0.14 0.06 11.86 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 5.57 0.06 1.08 

Quercus prinus 0.16 0.20 36.25 0.14 0.61 15.17 0.15 1.04 

Quercus rubra 0.15 0.07 11.01 0.14 0.48 9.56 0.06 1.07 

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 2.41 204.91 0.07 1.05 
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Table I.2: Mean estimated effects of covariates on diameter growth dij,t (mm yr-1) for 
20 species. Standard deviations for posterior parameter distributions are presented 

in parentheses. Blank cells indicate the effect of the predictor variable on the 
response of a given species was not included in the analysis. 

Species 
diameter growth effects (mm yr-1) 

Intercept Lj,t Mj mj,t wj,t hij,t-1 Lj,t×hij,t-1 Mj×h ij,t-1 

A. barbatum 
0.21 
(0.12) 

0.43 
(0.56) 

0.32 
(0.25) 

0.03 
(0.03) 

0.04 
(0.04) 

0.72 
(0.42) 

  

A. rubrum 
-0.01 
(0.06) 

1.44 
(0.26) 

0.29 
(0.19) 

0.04 
(0.03) 

0.10 
(0.04) 

-0.39 
(0.32) 

9.90 
(4.08) 

 

A. saccharum 
0.15 
(0.06) 

0.29 
(0.28) 

0.23 
(0.21) 

0.04 
(0.03) 

0.05 
(0.04) 

1.20 
(0.62) 

27.43 
(11.54) 

 

C. glabra 
0.29 
(0.07) 

0.33 
(0.33) 

0.18 
(0.20) 

0.01 
(0.01) 

0.05 
(0.04) 

-1.03 
(1.26) 

  

C. illionensis 
0.27 
(0.38) 

1.08 
(1.93) 

1.38 
(2.28) 

0.08 
(0.09) 

0.10 
(0.11) 

-5.49 
(8.04) 

28.30 
(22.31) 

50.84 
(22.56) 

C. ovata 
0.14 
(0.35) 

2.19 
(1.96) 

0.15 
(0.10) 

0.04 
(0.04) 

0.07 
(0.07) 

-5.42 
(4.95) 

  

F. grandifolia 
0.11 
(0.07) 

2.17 
(0.41) 

0.15 
(0.14) 

0.02 
(0.02) 

0.03 
(0.03) 

2.01 
(0.29) 

5.25 
(3.01) 

 

L. styraciflua 
-0.15 
(0.07) 

1.67 
(0.26) 

0.63 
(0.23) 

0.07 
(0.04) 

0.09 
(0.05) 

1.70 
(0.36) 

 1.93 
(1.79) 

L. tulipifera 
-0.49 
(0.12) 

3.41 
(0.46) 

0.39 
(0.31) 

0.26 
(0.10) 

0.34 
(0.10) 

4.34 
(0.59) 

19.22 
(8.79) 

 

M. grandiflora 
0.05 
(0.28) 

2.20 
(2.01) 

1.24 
(0.90) 

0.13 
(0.12) 

0.19 
(0.15) 

-13.34 
(7.05) 

  

N. sylvatica 
0.51 
(0.41) 

4.40 
(2.66) 

0.16 
(0.13) 

0.11 
(0.10) 

0.18 
(0.16) 

-1.28 
(4.13) 

  

P. rigida 
-0.10 
(0.15) 

1.51 
(0.79) 

 0.09 
(0.07) 

0.16 
(0.13) 

5.83 
(1.49) 

31.94 
(14.32) 

 

P. taeda 
-0.14 
(0.10) 

1.59 
(0.40) 

0.04 
(0.04) 

0.20 
(0.08) 

0.02 
(0.02) 

8.60 
(0.47) 

15.32 
(5.75) 

 

Q. alba 
0.17 
(0.06) 

1.00 
(0.28) 

0.08 
(0.09) 

0.02 
(0.02) 

0.02 
(0.02) 

-0.59 
(0.25) 

3.74 
(3.20) 

1.13 
(1.02) 

Q. falcata 
0.04 
(0.04) 

0.75 
(0.27) 

0.16 
(0.11) 

0.03 
(0.02) 

0.05 
(0.03) 

1.71 
(0.46) 

1.86 
(1.65) 

5.97 
(4.13) 

Q. phellos 
0.15 
(0.04) 

0.64 
(0.25) 

0.06 
(0.05) 

0.02 
(0.01) 

0.02 
(0.02) 

-0.43 
(0.24) 

 1.13 
(1.02) 

Q. prinus 
0.07 
(0.10) 

1.13 
(0.52) 

 0.05 
(0.04) 

0.08 
(0.06) 

1.45 
(0.60) 

16.67 
(5.13) 

 

Q. rubra 
0.10 
(0.03) 

1.38 
(0.17) 

0.03 
(0.03) 

0.01 
(0.01) 

0.02 
(0.02) 

0.03 
(0.16) 

 0.26 
(0.25) 

Q. virginiana 
0.26 
(0.13) 

0.43 
(0.58) 

0.25 
(0.28) 

0.03 
(0.04) 

0.03 
(0.03) 

-2.54 
(2.06) 

10.97 
(11.82) 

 

U. alata 
-0.10 
(0.08) 

1.37 
(0.42) 

0.28 
(0.21) 

0.04 
(0.03) 

0.05 
(0.03) 

0.38 
(0.18) 

5.03 
(4.69) 

1.33 
(1.21) 
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Table I.3: Mean estimated effects of covariates on height growth hij,t (cm yr-1). 
Standard deviations for posterior parameter distributions are presented in 

parentheses. Blank cells indicate the effect of the predictor variable on the response 
of a given species was not included in the analysis. 

Species 
height growth effects (cm yr-1) 

Intercept Lj,t Mj mj,t wj,t hij,t-1 Lj,t×hij,t

 
Mj×hij,t-1 

A. barbatum -0.37 
(0.68) 

9.02 
(3.71) 

1.85 
(1.22) 

0.76 
(0.57) 

0.35 
(0.31) 

21.90 
(2.91) 

  

A. rubrum -4.49 
(0.75) 

25.54 
(2.34) 

13.74 
(3.96) 

0.76 
(0.65) 

2.27 
(0.98) 

-3.38 
(7.56) 

39.66 
(34.07) 

 

A. saccharum 0.05 
(0.32) 

8.33 
(1.56) 

3.49 
(2.12) 

0.15 
(0.14) 

0.14 
(0.13) 

21.98 
(4.06) 

933.29 
(84.66) 

 

C. glabra 1.54 
(0.36) 

1.19 
(0.85) 

5.06 
(2.06) 

0.60 
(0.33) 

0.32 
(0.24) 

-37.16 
(7.25) 

  

C. illionensis -1.83 
(0.92) 

14.11 
(3.47) 

13.71 
(5.06) 

1.35 
(0.76) 

1.22 
(0.68) 

-35.39 
(10.46) 

100.16 
(69.34) 

439.99 
(144.82) 

C. ovata 0.85 
(0.84) 

1.77 
(1.58) 

1.49 
(0.46) 

0.45 
(0.32) 

0.66 
(0.56) 

-12.54 
(17.91) 

  

F. grandifolia -1.02 
(0.77) 

22.11 
(3.13) 

1.93 
(1.66) 

1.32 
(0.73) 

1.24 
(0.77) 

50.94 
(3.44) 

168.64 
(40.59) 

 

L. styraciflua -6.56 
(0.92) 

40.14 
(2.60) 

12.38 
(4.40) 

1.06 
(0.86) 

2.76 
(1.25) 

12.92 
(7.92) 

 21.60 
(20.70) 

L. tulipifera -11.70 
(1.46) 

56.58 
(4.84) 

28.64 
(6.76) 

2.97 
(1.95) 

4.02 
(2.04) 

23.68 
(11.88) 

381.91 
(119.16) 

 

M. grandiflora 0.37 
(0.84) 

6.49 
(4.43) 

9.45 
(4.93) 

0.55 
(0.50) 

0.44 
(0.40) 

-14.92 
(29.77) 

  

N. sylvatica 10.36 
(2.78) 

31.92 
(12.24) 

1.03 
(0.89) 

0.75 
(0.68) 

0.94 
(0.91) 

-103.19 
(38.00) 

  

P. rigida -2.47 
(1.04) 

16.51 
(2.80)  

2.12 
(1.08) 

2.10 
(1.38) 

68.09 
(9.00) 

188.73 
(82.62) 

 

P. taeda 0.97 
(0.53) 

10.17 
(1.37) 

1.28 
(1.11) 

0.65 
(0.51) 

1.71 
(0.69) 

51.19 
(3.24) 

35.04 
(26.17) 

 

Q. alba 1.07 
(0.32) 

8.54 
(1.18) 

1.91 
(0.91) 

0.07 
(0.07) 

1.38 
(0.31) 

4.29 
(2.22) 

52.90 
(25.91) 

10.57 
(9.10) 

Q. falcata -0.04 
(0.31) 

13.25 
(1.44) 

4.46 
(1.33) 

0.07 
(0.07) 

1.94 
(0.33) 

-34.23 
(4.91) 

296.15 
(38.82) 

130.04 
(56.69) 

Q. phellos -1.29 
(0.24) 

7.55 
(1.00) 

2.70 
(0.62) 

0.06 
(0.06) 

1.71 
(0.26) 

-3.17 
(2.32) 

 33.92 
(19.95) 

Q. prinus 0.91 
(1.00) 

30.14 
(4.09)  

1.12 
(0.78) 

1.99 
(1.14) 

-74.14 
(7.87) 

720.19 
(63.72) 

 

Q. rubra -0.62 
(0.18) 

9.31 
(0.62) 

0.79 
(0.53) 

0.06 
(0.06) 

1.07 
(0.24) 

22.80 
(1.48) 

 2.15 
(2.12) 

Q. virginiana -0.69 
(0.59) 

4.23 
(2.56) 

6.65 
(3.44) 

0.42 
(0.35) 

0.49 
(0.36) 

-12.58 
(12.16) 

302.52 
(338.49) 

 

U. alata 0.29 
(1.50) 

35.37 
(4.22) 

8.82 
(4.94) 

1.13 
(0.95) 

2.75 
(1.17) 

-19.94 
(6.23) 

44.55 
(39.40) 

31.69 
(29.52) 
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Table I.4: Means and standard deviations for posterior parameter distributions of 
CO2 fumigation (Cj), nitrogen fertilization ( fj,t), herbivory cages (cj,t), and planting 
method (pij,t) on diameter and height growth. Blank cells indicate the effect of the 

predictor variable on the response of a given species was not included. 
Species diameter growth effects (mm yr-1) height growth effects (cm yr-1) 

 Cj fj,t cj,t pij,t Cj fj,t cj,t pij,t 

A. barbatum 0.04 
(0.04) 

0.06 
(0.05) 

0.04 
(0.04) 

-0.21 
(0.09) 

0.87 
(0.44) 

0.20 
(0.19) 

2.94 
(0.54) 

-4.30 
(0.76) 

A. rubrum 0.01 
(0.01) 

0.04 
(0.03) 

0.01 
(0.01) 

-0.17 
(0.14) 

0.19 
(0.18) 

0.59 
(0.50) 

2.14 
(0.75) 

-4.01 
(3.16) 

A. saccharum   0.03 
(0.02) 

   0.89 
(0.34) 

 

C. glabra   0.12 
(0.07) 

   0.56 
(0.35) 

 

C. illionensis   0.41 
(0.18) 

   5.18 
(1.34) 

 

C. ovata         

F. grandifolia   0.06 
(0.05) 

0.12 
(0.11) 

  0.75 
(0.59) 

-1.34 
(1.29) 

L. styraciflua 0.01 
(0.01) 

0.03 
(0.03) 

0.01 
(0.01) 

-0.11 
(0.10) 

0.32 
(0.29) 

0.60 
(0.54) 

3.50 
(0.74) 

-5.67 
(2.27) 

L. tulipifera 0.03 
(0.03) 

0.05 
(0.04) 

0.02 
(0.02) 

-0.10 
(1.03) 

0.39 
(0.36) 

2.96 
(1.98) 

4.71 
(1.13) 

-17.54 
(18.78) 

M. grandiflora   0.20 
(0.14) 

   0.83 
(0.58) 

 

N. sylvatica    -1.10 
(0.25) 

   -11.99 
(2.40) 

P. rigida         

P. taeda 0.02 
(0.02) 

0.21 
(0.19) 

0.01 
(0.01) 

-0.17 
(0.54) 

0.98 
(0.61) 

4.21 
(3.13) 

0.39 
(0.28) 

0.27 
(4.08) 

Q. alba 0.01 
(0.01) 

0.03 
(0.03) 

0.00 
(0.00) 

0.00 
(0.05) 

0.13 
(0.11) 

0.09 
(0.09) 

1.24 
(0.23) 

-2.57 
(0.41) 

Q. falcata   0.04 
(0.03) 

-0.06 
(0.06) 

  1.55 
(0.36) 

-0.87 
(0.51) 

Q. phellos 0.01 
(0.01) 

0.02 
(0.02) 

0.01 
(0.01) 

0.09 
(0.03) 

0.06 
(0.06) 

0.21 
(0.18) 

1.97 
(0.19) 

0.15 
(0.28) 

Q. prinus         

Q. rubra 0.00 
(0.00) 

0.01 
(0.01) 

0.00 
(0.00) 

0.13 
(0.04) 

0.07 
(0.07) 

0.06 
(0.06) 

0.15 
(0.11) 

0.83 
(0.32) 

Q. virginiana   0.04 
(0.03) 

   0.40 
(0.30) 

 

U. alata 0.01 
(0.01) 

0.03 
(0.02) 

  0.30 
(0.27) 

0.36 
(0.32) 
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Table I.5: Means posterior parameter estimates for seedling survival. γ 0 is the 
intercept and γ 1 is the effect of height hij,t in the logit link function logit( ζij,t)

-1 = γ0 + 
γ1hij,t. Standard deviations for posterior parameter distributions are presented in 

parentheses. 

Species γ 0 γ 1 

A. barbatum 
2.34 
(0.17) 

0.09 
(0.03) 

A. rubrum 
1.66 
(0.06) 

0.09 
(0.01) 

A. saccharum 
2.09 
(0.09) 

0.02 
(0.02) 

C. glabra 
1.94 
(0.09) 

0.04 
(0.02) 

C. illionensis 
1.35 
(0.11) 

0.04 
(0.02) 

C. ovata 
4.03 
(0.46) 

0.27 
(0.16) 

F. grandifolia 
2.71 
(0.14) 

0.06 
(0.02) 

L. styraciflua 
1.32 
(0.06) 

0.08 
(0.01) 

L. tulipifera 
1.23 
(0.08) 

0.06 
(0.01) 

M. grandiflora 
0.92 
(0.32) 

0.26 
(0.11) 

N. sylvatica 
2.34 
(0.29) 

0.03 
(0.02) 

P. rigida 
1.13 
(0.15) 

0.02 
(0.02) 

P. taeda 
0.83 
(0.07) 

0.06 
(0.01) 

Q. alba 
3.30 
(0.13) 

0.05 
(0.02) 

Q. falcata 
2.17 
(0.07) 

0.02 
(0.01) 

Q. phellos 
1.97 
(0.05) 

0.10 
(0.01) 

Q. prinus 
2.29 
(0.13) 

0.02 
(0.01) 

Q. rubra 
2.30 
(0.05) 

0.07 
(0.01) 

Q. virginiana 
1.42 
(0.11) 

0.04 
(0.02) 

U. alata 
3.42 
(0.13) 

0.06 
(0.01) 



 

113 

J Additional Tree seedling survival figures 

 

Figure J.1: The effects of light and moisture on the probability of tree seedling 
survival are separated into three groups: (a,d) species exhibiting increases in 

survival along the resource gradient ( 025.0, >dqd tijζ ), (b,e) species with survival 

probabilities below 0.95 and relatively unresponsive to resource gradients (
025.0, ≤dqd tijζ ), and (c) species with survival probabilities above 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 probability of tree seedling 
survival are separated into three groups: (a,d) species exhibiting increases in 

survival along the resource gradient ( 025.0, >dqd tijζ ), (b,e) species with survival 

probabilities below 0.95 and relatively unresponsive to resource gradients (
025.0, ≤dqd tijζ ), and (c) species with survival probabilities above 0.95. Seedlings 

were assumed to be 10cm in height. 
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K Allometric Relationships 
Sap flux density Ji,t generally declines with xylem depth (Phillips et al. 1996, Ford et al 

2004a, 2004b, Oishi et al 2008). Thus, sap flux densities of the outer xylem should not be 

scaled by total sapwood area. This analysis scales sapwood area according to xylem 

functionality. In order to estimate the total sap flux through the sapwood given estimates 

of mean sap flux density in the outer xylem Ĵt, one must rescale sapwood area to sapwood 

area equivalent to outer xylem. First, I calculated the sapwood area ASi of the tree in 

which probe i was installed as the cross-sectional area inside the bark minus the area of 

the heartwood (Table K.1). To estimate heartwood diameter, I measured the radius of tree 

heartwood on increment cores collected at three long term research sites in the Duke 

Forest for Carya species (n = 14), L. styraciflua (n = 22), L. tulipifera (n = 19), and 

Quercus species (n = 42). I estimated heartwood diameter as double heartwood radius 

and regressed it on diameter inside bark (dib; Table K.1). Heartwood diameter for sap 

flux trees was taken as the mean regression value at the given dib (Table K.1).  I rotated 

the radial sap flux profile (Z(di)) using Pappus’ second theorem for calculating the 

volume of a rotated geometric solid AEi, as described in Oishi et al. (2008). Finally, the 

ratio of the summed volume of the geometric solid and the sapwood area rS = ΣAEi / ΣASi 

provides a constant which scales actual sapwood to functional sapwood.  

 

 



 

116 

Table K.1: Regressions of diameter inside bark (dib) on diameter at breast height 
(dbh) from Oishi et al. (2008) and heartwood diameter on dib 

Species Diameter Inside Bark (dib; cm) Heartwood Diameter (cm) 

Carya species ( ) 10/070.3dbh105.02dbh +××−  -5.1282 + 0.8322 × dib 

L. styraciflua [ ]( ) 10/dbh021.0exp580.32dbh ×××−  -2.1939 + 0.4795 × dib 

L. tulipifera [ ]( ) 10/dbh019.0exp687.92dbh ×××−  -0.6551 + 0.5143 × dib 

Quercus species ( ) 10/322.1dbh199.02dbh +××−  -2.9962 + 0.9551 × 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 offers two main advantages over 

traditional approaches: partitioning of error to multiple levels and application of prior 

knowledge regarding the parameter space. This model consists of a joint distribution of 

latent states and parameters, which make interpretation more straightforward than 

traditional methods (see L.1 Joint Posterior Distribtion; Calder et al. 2003; Cressie et al. 

2009). The Bayesian paradigm accommodates external knowledge in the form of prior 

distributions. Priors for the data model are needed for b1, b2, ai and VJ. As mentioned 

above, priors means for b1 and b2 were taken from the literature. Thus, the prior means 

for C. tomentosa, L. styraciflua, L. tulipifera, Q. alba, Q. michauxii, and Q. phellos are B1 

= [0.08, 0.22, 0.06, 1.00, 1.00, 1.00] and B2 = [0.40, 0.34, 0.57, 0.40, 0.40, 0.40]. Prior 

variances were taken to be 0.0001, making the priors on the sap flux profile strong. The 

mean random effect is 1 and the estimates of ai are allowed to range from 0.25 to 6. The 

prior density for the observation error variance VJ was represented as an inverse gamma 

with prior mean taken to be equal to 5 and the prior weight scaled with the number of sap 

flux measurements. 

 Based on theory and prior empirical evidence, I expect that the effect of Dt on Gt 

should be similar to 6.0/ ≈refGλ
 
when Dt ranges from 1 to 4 kPa (Oren et al. 1999, 

Ewers et al. 2005) and that )max(ln/ tref DG ≤λ , ensuring that s
tG  and Gt are positive. 
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Prior mean for λ are equal to 0.6×Gref. I set the minimum value for this ratio at 0.4 and a 

maximum of 0.8, providing a range which seems to encompass most hardwood tree 

species in the area (Oren et al. 1999). Prior means for Gref (G0) were taken from (Oren et 

al. 1999) and are equal to 44 mmol m-2 s-1 for C. tomentosa, 85 and 97 mmol m-2 s-1 for L. 

styraciflua and L. tulipifera and 18, 18, and 126 mmol m-2 s-1 for Q. alba, Q. michauxii, 

and Q. phellos. Large variances (100 along the diagonal of both covariance matrices) 

make these priors un-informative. For light and soil moisture α = [α1  α2  α3  α4]
T the prior 

is the same for all species 

( ) ( ) ( )hlIVNp αααααα α <<= ,| 0  (L.1) 

where the mean vector is [ ]25.0,2.0,250,9.00 =α , the limits are [ ]02.0,2.0,100,8.0=lα ,

[ ]4.0),max(,500,99.0 th M=α , and the prior covariance is [ ]5.0,1.0,100,1DiagV =α . The 

ranges for these parameters (αl and αh) were chosen to allow for realistic light and 

moisture responses. Nighttime conductance was assumed to vary from 1-20% of daytime 

conductance for a given Dt (α1). The response to increasing Qt was assumed to approach 

unity only at high Qt, because only a fraction of the canopy is exposed to direct sun, 

resulting in a high upper limit on a2. Reductions in Gt associated with Mt were assumed 

to begin at some Mt observed during the study period (0.20 < a3 < 0.40) and declining in 

a concave manner as Mt decreased below α3 such that α4 was allowed to vary between 

0.02 and 0.4. Within these ranges, I set prior variances to be relatively large to make the 

priors weakly informative. The prior distribution for the process error variance σ2 was 

represented as an inverse-gamma distribution with prior mean equal to 5 and the prior 

weight scaling to the number of time steps for which canopy conductance is calculated. 
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Steady state conductance StG  and actual conductance Gt were assumed to range from 0 to 

500 mmol m-2 s-1 during the day and 0 to 100 mmol m-2 s-1 at night. 

L.2 Joint posterior distribution 

 Bayesian statistical analyses incorporate the influence of data through the 

likelihood and existing knowledge about the question of interest through prior parameter 

distributions (Appendix L.1). Based on model structure described in chapter 3 (see 3.2.3 

Model Structure), the joint posterior distribution for the model is 

( )∝priorsMQDJbbVaVGJGp ttttiaiJreftt ,,,,,,,,,,,,,,,,,,ˆ, ,21
2

4321 κτσααααλ  
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L.3 Model Computation 

 Where possible, (ai, σ
2, VJ, and Gt) parameter values and latent states were 

sampled directly from posterior distributions. Posterior simulation of all other parameters 

and latent states was accomplished with Metropolis-within-Gibbs (Gelman et al. 2004), 

the Metropolis steps being adaptive. Since Dt measurement error increase when relative 
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humidity is low (Ewers and Oren 2000), parameters were estimated only when Dt < 0.6 

kPa. Initial values for each parameter were taken from the prior means discussed above. 

The Gibbs sampler was iterated 25000 times and the first 10000 steps were discarded. 
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M Incorporating time constants from electrical analogue 
 The time constant κ is the length of time following a step change taken for a 

delayed time-series (Jt) to exhibit a 63.2% response to a step change in the driving force 

(Phillips et al. 1997, 2004, Rayment et al. 2000). To relate β (equation 3.10) to κ, one 

must find the value of β for which change in sap flux Jt – Jt-dt = (1 – exp(-1)) × (Et – Jt-dt) 

over the time interval dt. If one reorganizes the equation for Jt – Jt-dt, one can show that 

( )

( )dttt

dttt
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 (M.1) 

Thus, β(1 + β)-1 is change in Jt as a proportion of (Et – Jt-dt). If τ is the length of time 

taken for the proportionate change to equal 1 – exp(-1), then  

( )( )

( )( ) ( )( )
( )( )( ) ( )( )
( )( )

( )( ) dt

dt

dtdt
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/
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κ
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=
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 (M.2) 

Thus, β can be related to the time constant for electrical analogue models, allowing for 

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

 

Figure N.1: Parameters for (a) Gref vs. λ / Gref, (b) α1 vs. α2, and (c) σ vs. JV  for 
Carya tomentosa in each year as a function of capacitance time constant κ. Value of 
the time constant κ, from 5 minutes to 120 minutes, is denoted by the figure symbols 
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Figure N.2: Parameters for (a) Gref vs. λ / Gref, (b) α1 vs. α2, and (c) σ vs. JV  for L. 

styraciflua in each year as a function of capacitance time constant κ. Value of the 
time constant κ, from 5 minutes to 120 minutes, is denoted by the figure symbols. 
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Figure N.3: Parameters for (a) Gref vs. λ / Gref, (b) α1 vs. α2, and (c) σ vs. JV  for L. 

tulipifera in each year as a function of capacitance time constant κ. Value of the time 
constant κ, from 5 minutes to 120 minutes, is denoted by the figure symbols 
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Figure N.4: Parameters for (a) Gref vs. λ / Gref, (b) α1 vs. α2, and (c) σ vs. JV  for Q. 

alba in each year as a function of capacitance time constant κ. Value of the time 
constant κ, from 5 minutes to 120 minutes, is denoted by the figure symbols 
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Figure N.5: Parameters for (a) Gref vs. λ / Gref, (b) α1 vs. α2, and (c) σ vs. JV  for Q. 

michauxii in each year as a function of capacitance time constant κ. Value of the 
time constant κ, from 5 minutes to 120 minutes, is denoted by the figure symbols 
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Figure N.6: Parameters for (a) Gref vs. λ / Gref, (b) α1 vs. α2, and (c) σ vs. JV  for Q. 

phellos in each year as a function of capacitance time constant κ. Value of the time 
constant κ, from 5 minutes to 120 minutes, is denoted by the figure symbols 
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O Parameter estimates for light and moisture effects on 
canopy conductance 

  

 Figure O.1: Mean parameter estimates and 95% credible intervals for Gref, λ, 
and λ / Gref for each species-year combination. 
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Figure O.2: Mean parameter estimates and 95% credible intervals for the effects of 
light (α1 and α2) and soil moisture (α3 and α4) on canopy conductance for each 

species-year combination.
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