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ABSTRACT 

 

 The ecological and cultural values of the longleaf pine (Pinus palustris) 

ecosystem, in combination with an approximately 97% loss in historic range, has led to 

increasing interest in ecosystem restoration and management in recent decades. While 

research has elucidated much about regeneration dynamics, there is a paucity of 

information regarding the recruitment period between the grass stage and canopy status. 

The overall goal of this project was to determine the factors influencing canopy 

recruitment rates and patterns in naturally regenerated longleaf pine woodlands. This 

research utilized two distinct datasets collected at the Joseph W. Jones Ecological 

Research Center, a naturally regenerated second-growth landscape in southwest Georgia. 

First, we utilized data from long-term monitoring plots of tagged natural regeneration to 

model survival probability. Second, we conducted stem analysis on midstory and 

overstory trees in order to retrospectively examine rates and patterns of height growth 

during canopy recruitment. 

 We found that 10-year regeneration mortality was concentrated within the 

smallest size classes and that survival was strongly driven by individual size (both root 

collar diameter and height) and relative height within dense regeneration clusters. 

Individual growth of midstory trees was strongly driven by overstory abundance but 

minimally related to soil moisture class. In comparing the growth rates of midstory and 

overstory trees on the same site, we found that midstory trees in open environments 

displayed comparable or better growth rates than overstory trees. In dense stands, 

however, midstory trees were generally from the same age cohort as overstory trees and 

likely stagnated in height and diameter growth after falling behind peers during canopy 
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recruitment. Suppression and release patterns were common in the growth histories of 

midstory trees within dense stands but less so for overstory trees or midstory trees within 

open stands.  

 Our results indicate that rapid initial growth and dominant crown position within 

even-aged cohorts is important for eventual canopy recruitment. Survival probability is 

low for individuals in lower crown positions, although a given individual may persist in 

the midstory for decades with minimal height or diameter growth. These individuals may 

then respond to release and resume growth. To facilitate recruitment of young individuals 

into the midstory, some level of overstory reduction is necessary in dense stands.  
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CHAPTER I: LITERATURE REVIEW 

 

Overview of Longleaf Pine Forests 

Historical extent and decline 

The longleaf pine (Pinus palustris) ecosystem was once the dominant ecosystem 

of the southeastern United States, covering nine states from Virginia south to Florida and 

west to Texas. The range of longleaf pine covered approximately 37 million hectares 

prior to European settlement; of this, approximately 23 million hectares were longleaf-

dominant, with 14 million in mixed-species assemblages (Frost 1993, Frost 2006). 

However, a variety of factors including open-range grazing, agriculture, deforestation, the 

naval stores industry, conversion of land to plantations of other pine species, and 20th 

century fire suppression and exclusion decimated the historic range of this ecosystem 

(Frost 1993, Landers et al. 1995, Frost 2006). By the turn of the 21st century it was 

estimated that the remaining area of longleaf pine had been reduced to between 840,000-

1,400,000 hectares (Frost 2006, Oswalt et al. 2013). This loss of approximately 97% of 

its original extent makes the longleaf pine ecosystem one of the most endangered in the 

United States (Noss et al. 1995).  

 The decline of the longleaf pine ecosystem is significant due to its varied 

ecological, economic, and cultural values (Brockway et al. 2005, Jose et al. 2006). For 

example, the longleaf pine ecosystem is among the most biologically diverse in the world 

(Mitchell et al. 2006). Most of this diversity is found in the understory plant community, 

where over 40 plant species can be found in ¼ square meter (Walker and Peet 1984). 

Additionally, longleaf pine ecosystems provide habitat for many species that are either 

endangered or threatened (Van Lear et al. 2005), including approximately 256 rare plant 
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species (Glitzenstein et al. 2001). Longleaf pine also has the potential to produce high 

quality timber due to the straight, well-formed trunks and high specific gravity of the 

wood (Boyer 1990) and may be better adapted to future climate change scenarios than 

other southern pine species.  

Ecosystem classification 

Because longleaf pine is capable of growing in a wide variety of environmental 

conditions (Boyer 1990), there are numerous natural communities that include longleaf 

pine as a dominant or contributing canopy species. This is noteworthy because, while we 

may make many generalizations about “the longleaf pine ecosystem”, in reality there are 

drastic differences in hydraulic and edaphic conditions that influence the structure and 

composition of longleaf pine forests across the species’ range.  

At a regional-scale, Peet (2006) described six “ecological groups” of “natural, 

fire-maintained, longleaf-dominated vegetation types”. These include 1) xeric sand 

barrens and uplands, 2) subxeric sandy uplands, 3) silty uplands, 4) clayey and rocky 

uplands, 5) flatwoods, and 6) savannas and seeps. Similarly, the state of Georgia 

(Edwards et al. 2013) describes seven natural communities with longleaf pine as a 

dominant or co-occurring species, including 1) sandhills and river dunes, 2) dry upland 

longleaf pine woodlands, 3) mesic upland longleaf pine woodlands, 4) montane longleaf 

woodlands and forests, 5) pine flatwoods, 6) seepage slope herb bogs, and 7) acidic 

glades, barrens, and rocky woodlands. While differing in some specific details, in most 

cases, direct one-to-one comparisons can be made between these two classification 

systems. Throughout most of the range of longleaf pine, these ecosystem types are 

described and differentiated across gradients of soil moisture and soil texture (Peet 2006), 
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with increasing productivity and plant diversity observed as soil moisture increases 

(Mitchell et al. 1999, Kirkman et al. 2001). 

Structure and composition 

Our understanding of the presettlement structure and composition of longleaf pine 

forests generally comes from both written descriptions by early settlers and descriptions 

of extant old-growth reference stands. However, information from both sources is 

limited. Early descriptions of the landscape are rare and difficult to assess scientifically or 

quantitatively. Furthermore, there are few remaining tracts of virgin fire-maintained 

longleaf pine (Varner and Kush 2004), and those that remain were often too wet or dry 

for agriculture, making them potentially biased sources of data (Peet 2006).  

Early descriptions of the southeastern landscape generally match characteristics 

associated with the longleaf pine stands today: a bilayered structure, with a near 

monospecific overstory of large longleaf pine trees, and an understory dominated by 

grasses and other herbaceous vegetation, with scattered clusters of aggregated saplings in 

an otherwise open midstory (Vignoles 1823, Williams 1837). William Bartram, an early 

explorer whose writings have greatly influenced our understanding of the natural 

landscape, described “This plain is mostly a forest of the great long-leaved pine (P. 

palustris Linn.), the earth covered with grass, interspersed with an infinite variety of 

herbaceous plants” (Bartram 1791). 

Although old-growth longleaf pine stands are rare across the landscape, those that 

remain provide valuable information regarding ecosystem structure and function. The 

descriptions of old-growth stands that follow come from two forests, the Wade Tract, an 

often-studied old-growth mesic forest in southern GA (Platt et al. 1988, Platt and 
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Rathbun 1993, Rathbun and Cressie 1994, Grace and Platt 1995b, Noel et al. 1998), and 

Ft. McClellan, where two montane longleaf pine stands were studied in northern AL 

(Varner et al. 2003, Hammond et al. 2016). Both forests display characteristic open 

structure, with the montane sites generally displaying lower basal area and quadratic 

mean diameter (Varner et al. 2003). At both locations, researchers found diameter 

distributions that resembled either rotated sigmoid or “wave-like reverse-J” distributions, 

with generally fewer individuals in the 30-40cm diameter class than larger size classes 

(Platt et al. 1988, Noel et al. 1998, Varner et al. 2003). Stands were hardly homogenous, 

however, as considerable structural complexity was possible. The Wade Tract was made 

up of roughly equal proportions of unoccupied canopy gaps, aggregations of small trees, 

and scattered large trees (Noel et al. 1998). While stand age structure also resembled 

wave-like reverse-J distributions with distinct peaks and troughs, both sites had all age 

classes represented over at least the preceding 145 years, indicating near continuous 

recruitment over that time. While Varner et al. (2003) found evidence of large (up to 

2100 m2) patches of even-aged trees in both stands, the majority of “patches” were single 

trees, indicating that recruitment can occur in large and small patches depending on the 

disturbance regime and availability of suitable germination sites.  

Natural disturbance regime 

The natural disturbance regime of longleaf pine ecosystems can be described as 

being comprised of two dominant disturbance “types”: 1) frequent low intensity fire and 

2) canopy disturbance (Gilliam et al. 2006). It is well accepted that the persistence of the 

longleaf pine is dependent upon frequent, low intensity fire (Platt et al. 1988, Landers et 

al. 1995). While longleaf pine seedlings are relatively fire-resistant, frequent fire 
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precludes fire-intolerant species from recruiting to the overstory (Glitzenstein et al. 

1995). Evidence suggests that fire suppression leads to an increasing dominance of fire-

intolerant hardwoods in the midstory and less abundant longleaf pine regeneration, and 

that stands eventually succeed to mixed-hardwood stands (Gilliam and Platt 1999, Kush 

and Meldahl 2000). Frequent fire is also necessary to prevent a build-up of litter and duff 

(Kush and Meldahl 2000) and to maintain diversity in the understory (Kirkman et al. 

2004, Hiers et al. 2007, Veldman et al. 2014). While the perceived importance of 

frequent fire is high, relatively little quantitative data exists on the historic fire regime of 

the longleaf pine ecosystem. Dendrochronological fire history research has 

conservatively estimated a 2-3 year mean fire return interval, among the most frequent 

fire regimes documented in the USA (Huffman 2006, Stambaugh et al. 2011). 

Longleaf pine stands may be exposed to both large- and small-scale canopy 

disturbances, including hurricanes, tornadoes, lightning, smaller wind events, 

suppression, and senescence. Like many ecosystems, however, it is difficult to quantify 

the frequency and severity of different disturbance agents, as well as their relative 

importance in ecosystem maintenance. Two studies of second-growth stands in Georgia 

and Florida reported several similar findings, including that single-tree mortality events 

were the most common scale of canopy disturbance, annual mortality rates were low 

(0.05%-0.38%), and canopy turnover rates were slow (Palik and Pederson 1996, Outcalt 

2008). In both studies the most common agent of disturbance was lightning, particularly 

for large trees, with wind (Outcalt 2008) and suppression (Palik and Pederson 1996) 

found as secondary agents. It is important to note that mortality rates were likely higher 

in old-growth stands (Platt et al. 1988) as old trees begin to senesce and that the ability to 
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detect large-scale disturbances is partially a function of the length of observational 

studies. Still, the idea that small-scale disturbances were a pervasive disturbance type 

supports observations of structurally-complex uneven-aged presettlement stands.  

 

Longleaf Pine Regeneration Dynamics 

Longleaf pine seedlings are conventionally considered intolerant to competition 

for resources (Wahlenberg 1946, Boyer 1990). Ideas that seedlings are intolerant to 

competition come from multiple observations: 1) natural regeneration is often found in 

spatially aggregated clusters located in canopy gaps, 2) mortality rates increase under an 

intact canopy, and 3) that growth is severely reduced under an intact canopy. However, 

some of these assumptions have been questioned in recent years as new research has 

emerged. 

Regeneration Patterns 

Several researchers have documented observations that natural regeneration is 

found in discrete aggregations in openings away from mature overstory trees (Platt et al. 

1988, Rathbun and Cressie 1994, Grace and Platt 1995b, Avery et al. 2004, Gagnon et al. 

2004). Brockway and Outcalt (1998) suggested the idea of a “seedling exclusionary 

zone”, a 12-16m zone surrounding overstory trees in which natural regeneration was 

absent or sparse. Understanding mechanistic drivers for the spatial distribution of 

regenerating seedlings and saplings requires consideration of all aspects of the 

regeneration process, including germination and establishment, survival, and growth 

through recruitment. For example, Gilliam et al. (2006) proposed that seedlings establish 

anywhere within the dispersal range of overstory trees but do not survive to grass stage 
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emergence in close proximity to canopy trees. Thus, aggregation may be due to spatially 

distinct mortality patterns. 

Survival 

Several studies provide support for the idea that seedlings have reduced survival 

rates in close proximity to overstory trees. Grace and Platt (1995b) found that large 

overstory trees negatively influenced juvenile survival up to 18m on a mesic site, while 

Avery et al. (2004) suggested that competitive influences extend to 6m in a flatwoods 

site. Through time, seedling mortality could create a perceived seedling exclusionary 

zone and result in seedling aggregation within canopy openings. Two primary hypotheses 

have been discussed as drivers for seedling mortality beneath canopy trees, including 1) 

fire-induced mortality and 2) exploitative competition for resources. 

Although longleaf pine seedlings are fire-resistant relative to competing species, 

they are not fireproof. Several observational and experimental studies have shown that 

fire can cause mortality of grass stage seedlings, particularly under high intensity fires 

and when seedlings are small (Boyer 1974, Grace and Platt 1995a, Thaxton and Platt 

2006, Jack et al. 2010). Because litter depth is often greatest closest to mature overstory 

trees, fire intensity is higher closer to overstory trees (Williamson and Black 1981). There 

are also likely interactions between survival and growth, as overstory trees depress 

seedling growth, yielding small seedlings more prone to fire-induced mortality. It has 

therefore been proposed that a seedling exclusionary zone may be the result of seedlings 

being unable to persist in a micro-environment of high intensity fire close to overstory 

trees. 
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Another hypothesis for the seedling exclusionary zone is that resources are 

insufficient for small seedlings, which would explain observations of seedling 

aggregation even in the absence of prescribed fire (Grace and Platt 1995b). Some 

researchers have suggested that belowground resources limit seedling survival, 

particularly on xeric sites (Brockway and Outcalt 1998) and that large (minimum of 

0.1ha) canopy openings are necessary for regeneration establishment (Brockway et al. 

2006). The light-limited view of seedling survival is more complex, as it involves 

interactions between growth and prescribed fire as discussed in the preceding paragraph. 

The notion that low light availability directly limits survival has not been widely 

proposed, as seedlings are known to persist in the understory in the absence of prescribed 

fire (Boyer 1974). In general, there is still little data on how long seedlings can persist 

within different levels of competition or specific mechanisms of seedling mortality via 

competition. 

Several authors have called into question the notion of a seedling exclusionary 

zone around mature canopy longleaf pines. Large-scale disturbances that create gaps of 

the proposed size may not have been frequent enough (Palik and Pederson 1996) for the 

ecosystem to persist under this paradigm. Research examining spatial patterns of natural 

regeneration in relation to overstory trees has reported seedlings within the proposed 

seedling exclusionary zone across a hydrologic gradient (Gagnon et al. 2004, Pecot et al. 

2007). Moreover, several researchers using similar experimental designs (artificial 

regeneration monitored in the absence of prescribed fire) have found short-term 

facilitative effects of overstory trees on seedling survival (McGuire et al. 2001, Gagnon 

et al. 2003, Rodrı́guez-Trejo et al. 2003, Pecot et al. 2007, Knapp et al. 2013). The 
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measurement periods of several of these studies occurred during drought years, 

suggesting that facilitative interactions may be more common when drought-induced 

stress is present (Knapp et al. 2013). Loudermilk et al. (2016) explored this phenomenon 

further, demonstrating that midstory oaks facilitated short-term (1-2 year) survival of 

natural regeneration on a xeric site. They suggested hydraulic lift from root systems, pine 

litter acting as a buffer to soil water loss, and reduced evaporative demand under a shaded 

overstory as potential mechanisms. In general, results from survival studies have been 

somewhat inconsistent, and it is likely that complex interactions between site type, 

weather patterns, seedling age, and length of various studies have influenced results. 

Growth 

While results from seedling survival studies have been somewhat contradictory, 

researchers have found consistent results that competition reduces growth. Root collar 

diameter (RCD) growth is reported to increase after uniform reductions in basal area, 

group-selection harvests, clearcutting, and in response to competition control. The 

relationship between the overstory and seedling growth has been described as a negative 

exponential relationship, with growth increasing slowly across a wide range of decreasing 

basal area, and increasing substantially only below a threshold basal area level (Palik et 

al. 1997, Mitchell et al. 2006).  

The mechanisms regulating these relationships gave rise to two opposing 

hypotheses: 1) that seedling growth is limited by available sunlight, or 2) that growth is 

limited by root competition (Pecot et al. 2007). Brockway and Outcalt (1998) observed 

that light was constant across canopy gaps but that fine root biomass extended up to 12m 

into gaps, leading them to conclude that below-ground resources are limiting. Other 
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research has found that light availability is highly variable, even in relatively open-

canopy longleaf pine stands (McGuire et al. 2001, Battaglia et al. 2002). Furthermore, 

numerous studies have indicated that RCD growth increases in response to increasing 

light (Knapp et al. 2008, Hu et al. 2012). In a study at the Joseph W. Jones Ecological 

Research Center (JWJERC) in southwest GA, Palik et al. (1997) found that growth 

increased in response to increased light and soil nitrogen in canopy gaps but were unable 

to distinguish the relative importance of either resource. In a follow-up study, McGuire et 

al. (2001) similarly found positive relationships between growth and both light and 

nitrogen but that light explained more of the variability in response. Finally, Pecot et al. 

(2007) found that growth increased in response to light and nitrogen after understory 

removal but responded only to light in the presence of an intact understory, indicating 

that understory woody plants also compete with seedlings for nitrogen. Competitive 

dynamics are defined by the interactive nature of resource limitation (Jose et al. 2003), 

and several factors are likely limiting to growth in natural conditions.  

 

Longleaf Pine Midstory Growth and Canopy Recruitment 

Longleaf pine sapling dynamics  

Research on seedling establishment, growth, and survival has been conducted for 

decades but relatively little has examined similar dynamics of longleaf pine after 

emergence from the grass stage. The conventional understanding is that seedlings enter a 

period of rapid height growth (Boyer 1990) called the bolting stage when the root collar 

reaches a threshold of about 2.5cm. It is believed that longleaf pine is fire-resistant as a 

large grass stage seedling but that small saplings are relatively fire-sensitive, particularly 
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when new growth is exposed during “candling”. Thus, the bolting stage may be an 

evolutionary mechanism to quickly raise the apical meristem above flame heights. 

However, Wang et al. (2016) found that it took seedlings 3-4 years of height growth to 

reach a perceived threshold for survival, potentially leaving short saplings exposed to fire 

and indicating that the bolting stage is not a sudden process. They also found that loblolly 

pine (Pinus taeda), a more fire-sensitive co-genera, was consistently taller at every age 

for the first twenty years after longleaf grass stage emergence. Other research has found 

that recruiting longleaf have relatively good growth rates. In direct comparisons of pine 

species growth in plantations, researchers have shown that longleaf pine can make up for 

slow initial growth over the first 5-15 years with heights equaling or surpassing loblolly 

and slash pine (Pinus elliottii) by 25-30 years (Schmidtling 1987, Outcalt 1993).  

Site quality is generally regarded as a primary limiting factor of height growth in 

forest stands (Oliver and Larson 1996). The use of site index as a measure of site quality 

is predicated upon the relationship between height growth of dominant trees and site 

factors, as well as the relative independence of height growth and stand density (Husch et 

al. 2002). In young longleaf pine plantations, Boyer (1983) found that height growth rate 

reached a higher maximum value and culminated at an earlier age at higher site indices. 

Efforts have been made in some ecosystems to link site index to environmental factors 

(Wang and Klinka 1996); however, such efforts in longleaf pine ecosystems have been 

limited. Research at the JWJERC (Mitchell et al. 1999) found that above-ground net 

primary productivity (ANPP) was highest in wet-mesic sites and lowest in xeric sites. 

ANPP was positively correlated with soil moisture and negatively correlated with 

nitrogen mineralization. In a follow-up study, Kirkman et al. (2016) found that nitrogen 
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addition had no net positive effects on ANPP at wet-mesic or xeric sites. While ANPP is 

a different measure of productivity than height growth, it is clear water availability is at 

least one limiting factor to growth in longleaf pine stands. 

Results from several studies indicate that, like seedlings, competition reduces 

growth of longleaf pine saplings. Boyer (1993) followed seedlings established under 

different residual basal areas for 29-35 years and found that a residual basal area of just 

2m2/ha reduced volume growth more than 50% compared to a clearcut. Haywood (2015) 

found that early competition control in plantations led to long-term increases in height 

and basal area growth of saplings. Similarly, we can infer from artificial regeneration 

studies that high cohort density slows individual growth and that individuals compete 

with one another and self-thin over time (Loudermilk et al. 2011, Brooks and Jack 2016). 

After 14 years of intermittent thinning in a young pine plantation, Harrington (2011) 

found that thinned stands had a 2.1cm increase in DBH and 0.9m increase in crown 

width. Total heights were not significantly different throughout the study, supporting the 

notion that height growth is relatively independent of spacing and density in even-aged 

stands except at extremely high densities (Oliver and Larson 1996). 

Canopy Recruitment Dynamics: Concepts and Applications to Longleaf Pine 

Canopy recruitment can be defined as the process of new individual entering the 

canopy strata. Canopy recruitment in uneven-aged closed-canopy systems can generally 

be described by one of several models (Canham 1985, Wu et al. 1999). On one extreme, 

trees grow slowly into the canopy in the absence of any overstory disturbance, and on the 

other extreme trees establish in large openings and recruit to the canopy while 

experiencing no prolonged period of suppression. While the first model is theoretical and 



13 

 

not well-documented, the second is a widely observed pattern of canopy ascension. An 

intermediate hypothesis is one in which trees respond to small-scale, transient canopy 

openings with one or more alternating periods of suppression and release. Several studies 

of shade-tolerant species have shown that most recruiting individuals undergo multiple 

periods of suppression and release during recruitment (Canham 1985, Canham 1990, Wu 

et al. 1999, Landis and Peart 2005). This pattern is not expected among species generally 

classified as shade-intolerant (Orwig and Abrams 1994), due to an inability to survive 

prolonged periods of low growth (Kobe et al. 1995, Kobe and Coates 1997). 

While the presence of an overstory likely reduces growth in uneven-aged stands, 

research has also indicated that longleaf pine has the potential to persist for long periods 

of time in the understory and respond to release (Meldahl et al. 1999). Boyer (1985) 

examined the long-term response of delayed release in young plantations. At age 10, 

average height and dominant height generally decreased with increasing age at release. 

After 31 years, however, the height difference had diminished regardless of the age at 

release. In a dendrochronological disturbance reconstruction of a naturally regenerated 

landscape, Pederson et al. (2008) found that canopy trees recruited from a predominately 

suppressed crown position for decades at a time and that these periods were associated 

with periods of low canopy disturbance. These results raise questions regarding the 

recruitment requirements in longleaf pine. Longleaf pine’s ability to persist in the 

understory and respond to release may indicate that canopy replacement models are 

similar to those of closed-canopy forests. However, given the species’ perceived shade-

intolerance, the open-canopied structure of the ecosystem, and the prevalence of frequent 
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fire as a mortality agent for juveniles it is unclear how longleaf pine ecosystems fit into 

existing models of canopy recruitment. 

Despite its apparent utility, foresters’ ability to distinguish what separates the 

“winners” from the “losers” early in stand dynamics is minimal (Landis and Peart 2005, 

Vickers 2015). However, rapid initial height growth is believed to be an important 

predictor of future canopy status. Height growth takes precedence over diameter growth 

in carbon-allocation models and is of greater importance in establishing dominance 

during stand dynamics (Oliver and Larson 1996). In uneven-aged stands researchers have 

found canopy trees have faster growth at comparable ages (Landis and Peart 2005), as 

well as fewer and less severe suppression events (Wu et al. 1999) on average than 

saplings. This is true of both shade-tolerant and -intolerant species. Researchers have 

found similar results among peer groups in even-aged stands, with initially larger 

saplings displaying faster growth rates than smaller saplings, and suppressed trees 

exhibiting lower mean growth rate and growth rate variability through time (Vickers et al. 

2014, Vickers 2015). In longleaf pine stands, there is a general belief that rapid grass 

stage emergence within seedling cohorts may convey early competitive advantages, 

although empirical support for this notion is lacking. 

 Gilliam et al. (2006) described a conceptual stand dynamics model of longleaf 

pine using patch dynamics principles and two prevalent disturbance agents (fire and 

hurricanes). According to the model, in the presence of an overstory, litterfall leads to an 

increase in fine fuels and fire intensity, killing small-statured pines and depressing 

recruitment. Hurricanes cause overstory mortality over some extent, leading to a canopy 

opening and a short-term increase in both coarse and fine fuels. If small advance 
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regeneration is present, then seedling mortality rates will be high following the first high 

intensity fire after overstory mortality. However, the increased fire intensity should lead 

to increased establishment, growth, and survival for pines recruited after fire. While any 

model that describes a process as broad as recruitment patterns across the range of a 

species must necessarily simplify, there are several broad generalizations under this 

paradigm. One assumption of the model specifies that growth out of the ground cover 

(grass stage emergence) and recruitment of advance regeneration is impossible under an 

intact canopy. This contradicts the results of Pederson et al. (2008) and several uneven-

aged silvicultural approaches that rely on the presence and release of advance 

regeneration. In general, the questions regarding longleaf pine recruitment within gaps is 

a matter of scale. The model of Gilliam et al. (2006) is more compatible with the seedling 

exclusionary zone hypothesis and the requirement of large gaps (Brockway et al. 2006) 

than with the prevalence of local disturbances and single tree removal (Palik and 

Pederson 1996, Mitchell et al. 2006). These questions regarding recruitment dynamics are 

not only basic to our understanding of ecosystem processes but also have exceedingly 

practical applications for longleaf pine restoration and management.  

 

Longleaf Pine Silviculture 

Silvicultural Methods in Longleaf Pine 

Because of longleaf pine’s perceived intolerance to competition and difficulty in 

obtaining natural regeneration, the species has primarily been managed using even-aged 

silvicultural systems. Clearcutting is generally used in restoration projects when 

converting from other forest types but is seldom used when an intact longleaf pine 
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overstory is present. Because of the damage to advance regeneration and short seed 

dispersal distance of longleaf pine in surrounding stands, costly artificial regeneration is 

often necessary following clearcutting (Boyer and Peterson 1983, Brockway et al. 2006). 

In the uniform shelterwood, the overstory is cut to a uniform basal area of approximately 

7m2/ha to act as a seed source. The overwood is then removed when regeneration size 

and density are sufficient (approximately 1200 seedlings/ha at 1m tall each) (Croker and 

Boyer 1975). While the shelterwood method has for years been the widely practiced 

regeneration method in longleaf pine (Brockway and Outcalt 2017), the method creates at 

most a two-aged stand that may have negative impacts on the structural attributes 

required for some species (Mitchell et al. 2006). 

Land managers are increasingly interested in uneven-aged management of 

longleaf pine stands (Guldin 2006). Uneven-aged management maintains continuous 

forest cover and produces a less pronounced change in forest structure following harvest 

entries (Brockway and Outcalt 2017). This perpetual forest cover may allow for the 

continued maintenance of ecological and social values that rely upon an intact overstory, 

such as red-cockaded woodpecker (Picoides borealis) habitat and ground flora diversity. 

In a more holistic sense, uneven-aged management may more closely approximate the 

natural disturbance regime of longleaf pine (Palik et al. 2002), to which local biota and 

ecosystem functioning are adapted (Franklin et al. 2007).  

Uneven-aged silviculture can be implemented using selection methods, which can 

be divided into either group selection or single-tree selection (Guldin 2006). The group 

selection method is a logical step from even-aged management (Mitchell et al. 2006), as 

groups effectively act as small clearcuts. Group openings range from 0.1 to 0.8 ha 
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(Brockway et al. 2006), and the stand is generally regulated using area-based regulation 

(Guldin 2006). Under the paradigm that longleaf pine fails to establish and survive under 

an intact canopy (Brockway and Outcalt 1998, Gilliam et al. 2006), group selection 

allows for regeneration while still maintaining an uneven-aged structure at the stand 

level. However, large group openings may also lead to a disruption of horizontal fuel 

continuity necessary to carry fire through the stand (Mitchell et al. 2006), release 

understory hardwoods (Pecot et al. 2007), and remove the highest quality timber (high-

grading) (Guldin 2004). It has been proposed that generally smaller and more variable 

sized gaps, locating gaps around areas of advance regeneration, and allowing reserve 

trees within gaps as opposed to more “cookie-cutter” approaches would alleviate some of 

these concerns (Farrar and Boyer 1991, Guldin 2004, Jack et al. 2006a). 

The single-tree selection method mimics the smallest scale of disturbance by 

removing individual trees (Mitchell et al. 2006). There are several methods of stand 

regulation depending on landowner objectives. The BDq method maintains a balanced 

uneven-aged stand by specifying a target residual basal area (B), maximum diameter (D), 

and the ratio of trees in each size class (q), creating an idealized reverse-J diameter 

distribution (Marquis 1978). While this method theoretically creates a balanced age-class 

that is preferable for maintaining yield through time, there is little ecological analog to 

the D or q terms in natural stands. For example, many authors have commented that the q 

factor is difficult to maintain and fails to maximize productivity in a practical setting 

(O'Hara 1998). Furthermore, a diameter limit places a constraint upon managers 

interested in ecological objectives such as RCW habitat (James et al. 2004). An 

alternative to the BDq method of regulation is basal area regulation, in which the stand is 
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regulated by maintaining residual basal area within a few size classes without 

consideration of a continuous q factor. The Proportional-Basal Area regulation method 

(Pro-B) is one example of such a system that has been successfully applied to longleaf 

pine stands in the short-term using single-tree and group selection methods (Brockway et 

al. 2014). In this system, the target residual basal area is apportioned into three size 

classes (<15cm, 15-30cm, >30cm) at a ratio of 1:2:3. The method theoretically allows for 

regulation of stand structure without the rigidity of the BDq approach, while being easier 

to mark in the field than volume guiding diameter limit methods.  

A special case of single-tree selection in longleaf pine is the Stoddard-Neel 

Approach (SNA), which was developed in south GA and north FL on private lands where 

wildlife habitat and aesthetics were primary objectives (Jack et al. 2006b). The SNA, like 

other applications of ecological forestry, seeks to maintain all aspects of ecological 

integrity and balance multiple objectives (McIntyre et al. 2008), while using natural 

disturbance as a model for silviculture (Palik et al. 2002). Timber production, while 

important, is a secondary objective. The SNA is distinguished by several factors: 

conservative harvesting and the retention of large trees far beyond financial maturity, 

variable overstory retention, frequent prescribed fire, and preferential thinning of the 

midstory for RCW and quail habitat (McIntyre et al. 2008). The approach is unique in 

that it specifies no target stand structure or method for stand regulation (Jack et al. 

2006b). Moser et al. (2002) examined the structure of stands using the SNA in GA and 

FL. They found that stands consistently deviated from the reverse-J distribution, with 

considerably fewer individuals in the smallest diameter classes and more individuals in 

the largest size classes. The stands showed an overall bimodal distribution, with fewer 
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individuals in the 20-30cm classes than in the 40cm classes. This relatively open 

understory is preferable for RCW and quail habitat. However, questions have also been 

raised regarding the long-term sustainability of the system (Guldin 2006).  

Sustaining Regeneration through Silviculture 

The focus on regeneration and sustainability is what distinguishes the discipline 

of silviculture from high-grading. Regeneration development is relatively simple in 

reproduction cutting methods with low overstory retention because there are few trees in 

the overstory to compete with regeneration. In uneven-aged stands, however, the forest 

structure must successfully meet the needs of regeneration and recruitment while 

simultaneously balancing the growth and productivity of canopy trees, suggesting that 

“uneven-aged stands exist in a delicate balance between understocking and growth” 

(Guldin 2006). This balance is particularly difficult to meet when managing a species 

such as longleaf pine, which has infrequent masting events and is considered intolerant to 

competition. Few attempts were made in the first half of the twentieth century to even 

incorporate shelterwood methods into longleaf pine management for these reasons 

(Croker and Boyer 1975), while selection methods in longleaf pine were not widely 

reported in the literature until the 1990s (Farrar and Boyer 1991, Farrar 1996).  

Longleaf pine can potentially be managed successfully using a variety of uneven-

aged methods depending on landowner objectives. For example, the BDq method 

assumes constant mortality and growth across size classes, although we logically expect 

higher mortality rates for the smallest and largest trees (Platt et al. 1988). Furthermore, 

some have commented that proposed BDq guidelines for longleaf pine (Farrar 1996) 

produce too many small trees to promote regeneration and too few large trees for 
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adequate RCW habitat (James et al. 2004). In the SNA, the low density of small stems 

and bimodal diameter distribution raises questions as to whether regeneration stocking 

and canopy recruitment are adequate to maintain the stand in perpetuity or if the method 

is merely tending large trees and will collapse once the overstory is removed (Guldin 

2006). Despite the variety of diameter distributions found in natural longleaf pine stands 

(Platt et al. 1988, Noel et al. 1998, Varner et al. 2003), our understanding of what 

constitutes sustainable size distributions is still limited (Guldin 2006). 

Research on recruitment patterns can be difficult due to the long time frames 

required and generally incorporate a combination of demographic observations of young 

trees with retrospective approaches using tree ring analyses (Landis and Peart 2005). Few 

attempts have been made in longleaf pine stands to quantify recruitment rates in an 

uneven-aged context, and those that have required considerable extrapolation of short-

term data (Kara et al. 2017). Clearly, the questions that remain regarding rates and 

patterns of regeneration development and recruitment are among the most important 

information gaps in evaluating the sustainability of uneven-aged management in longleaf 

pine stands (Guldin 2006). 

 

Project Overview 

Canopy recruitment is a critical yet generally poorly understood process of stand 

dynamics, particularly in uneven-aged stands. In longleaf pine ecosystems, there is a 

paucity of research on both long-term seedling development and sapling dynamics. This 

is not only basic to our understanding of ecosystem processes, but this lack of knowledge 

is an important gap in evaluating the sustainability of silvicultural practices. This project 

uses two distinct datasets from the Joseph W. Jones Ecological Research Center in 
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southwest GA. The overall goal of this project was to determine the factors influencing 

canopy recruitment rates and patterns in naturally regenerated longleaf pine woodlands. 

Study location 

This study was located at the Joseph W. Jones Ecological Research Center 

(JWJERC) at Ichauway (31° 13′N, 84° 28′W), an 11300 ha preserve and research site in 

the Coastal Plain of southwest GA (Figure 1). The property is within the Dougherty 

Plain, characterized by karst topography, gentle slopes, and low elevation. Soils at the 

site are predominately Paleudults and Hapludults, with sand ridges dominated by 

Quartzipsamments and floodplains dominated by Dystrochrepts. Soils are predominately 

well drained loamy sands over sandy loams (Goebel et al. 2001). The climate is 

characterized by long, hot summers and short, cool winters.  

The property consists of approximately 7200 ha of second-growth upland longleaf 

pine woodlands. Ground cover of upland longleaf pine stands is diverse but dominated by 

either wiregrass (Aristida beyrichiana) or broom sedge (Andropogon virginicus) 

depending on agricultural history. The remainder of the property consists primarily of 

mixed pine-hardwood stands, flatwoods, hardwood hammocks, isolated wetlands, and 

agricultural fields.  

Prior to 1928, the property consisted of numerous small farms and land parcels. It 

is believed that most contemporary stands initiated from 1910-1940, following the 

turpentine industry and old-field abandonment (Pederson et al. 2008). From 1928 through 

the 1940s, land parcels were consolidated, and the property was managed as a quail 

hunting plantation through 1989. Typical quail plantation management practices in the 
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area during this time included periodic harvesting of large trees, salvage logging, and 

dormant season prescribed burning every 2-3 years (Neel et al. 2010). 

Study overview and objectives 

In Chapter II, we present results from a long-term monitoring project. Permanent 

monitoring plots were established in 1987 to assess the influence of a single prescribed 

fire on longleaf pine seedling establishment. Plots were surveyed periodically through 

2015, allowing an extended view of seedling survival patterns. The specific objectives for 

Chapter II were to: 1) determine the factors affecting survival of natural longleaf pine 

regeneration, 2) determine the factors affecting survival of grass stage seedlings 

specifically, and 3) compare important drivers of individual survival across regeneration 

size classes. We hypothesized that seedling size and cohort density would be the primary 

drivers of seedling survival probability.  

In Chapter III, we report results from a stem analysis study initiated in 2016. Stem 

analysis techniques were used to determine retrospective height growth trajectories for 

midstory and overstory trees. The specific objectives for Chapter III were to: 1) 

determine the effects of overstory structure and site type on the growth rates and 

demographics of midstory trees, 2) compare the growth trajectories of pairs of midstory 

and overstory trees growing on the same site, and 3) quantify characteristics of 

suppression and release of midstory trees in relation overstory structure. We hypothesized 

that individuals on mesic sites and with low overstory competition would have higher 

growth rates and fewer periods of suppression. We also hypothesized that overstory trees 

would have higher growth rates than midstory trees. 
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CHAPTER II: LONG-TERM SURVIVAL OF LONGLEAF PINE 

NATURAL REGENERATION 

Introduction 

The longleaf pine (Pinus palustris) ecosystem, once the most extensive ecosystem 

in the southeastern United States, exhibited a 97% loss in range by the turn of the 21st 

century (Frost 2006). Interest in longleaf pine restoration and management, combined 

with the species’ conventional designation as being difficult to regenerate, led to a rise in 

regeneration studies over the last two to three decades. Studies have shown that 

competition from the overstory reduces seedling growth (Palik et al. 1997) and that small 

grass stage seedlings are susceptible to fire-induced mortality (Thaxton and Platt 2006). 

Both factors likely contribute to observed patterns of spatial aggregation of seedlings and 

saplings in canopy openings of naturally regenerated stands (Platt et al. 1988). This 

research has been valuable for informing silvicultural practices for both restoring and 

maintaining longleaf pine stands, although questions remain regarding individual 

recruitment over the long-term, particularly after grass stage emergence (Jack and Pecot 

2017). 

While there has been an abundance of regeneration research, few studies have 

examined regeneration dynamics for more than a few years. The few studies that have 

followed individuals for over 10 years have been conducted in plantations (Harrington 

2011, Haywood 2011), but the relevance of these studies to natural stands is questionable. 

The reliability of artificial regeneration has improved in recent years (South et al. 2005), 

but the factors influencing natural regeneration are potentially harder to control. 

Furthermore, plantations do not replicate the level of aggregation and competition 
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typically observed in natural cohort clusters. Natural regeneration studies have typically 

focused on grass stage seedlings and have generally been limited to either a single point 

in time (Brockway and Outcalt 1998) or 1-2 year repeat measurements (Grace and Platt 

1995a, b). Such studies are typically not of a long enough duration to identify causes of 

recruitment limitation (Clark et al. 1999) and may fail to capture patterns and interactions 

that are only observable over longer periods of time. For example, several researchers 

have found no distinct patterns in mortality rates of seedlings but predicted that drivers of 

mortality would be more discernable over time (Palik et al. 1997, Palik et al. 2003).  

Our understanding of the factors influencing the survival of longleaf pine natural 

regeneration is limited. Unlike the factors influencing growth, few consistently 

reproducible results have explained mortality patterns in longleaf pine regeneration. 

Mortality may be driven by complex interactions between a variety of factors including 

fire, light availability, belowground resources, precipitation patterns, and pathogens. The 

effect of overstory abundance on regeneration mortality is complex, as mortality is the 

net outcome of several simultaneous processes including competition for resources, fire-

induced mortality, and facilitation during drought years and on xeric sites. Fire and 

pathogens are well-documented agents of mortality among small longleaf pine seedlings. 

It has been suggested that a RCD threshold approximately 13cm is necessary to survive 

fire (Brockway et al. 2006) and that emergence from the grass stage minimizes infection 

by brown-spot needle blight (Boyer 1990). Saplings are believed to be fire-tolerant and 

blight-resistant, indicating that mortality may be driven by different factors among 

regeneration size classes. 
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In natural longleaf pine stands, seedlings and saplings commonly aggregate in 

dense clusters in canopy openings (Platt et al. 1988, Avery et al. 2004), but little is known 

about the competitive dynamics within these cohorts. Concepts of stand dynamics 

suggest that, after crown closure in even-aged stands, recruiting trees compete for space 

and resources (Oliver and Larson 1996). Individuals that successfully differentiate in 

height and gain dominant crown positions increase likelihood of becoming eventual 

canopy trees. In longleaf pine regeneration clusters, grass stage emergence can be highly 

variable among individuals of the same age cohort, leading to early size differentiation 

(Boyer 1990). There is a general belief that rapid height growth initiation conveys early 

competitive advantages within seedling clusters, although empirical support for this 

notion is lacking. Furthermore, longleaf pine clusters often maintain high stem densities 

even in the sapling stage, suggesting the species may be less sensitive to density-

dependent mortality relative to other species.  

The use of longitudinal data to examine survival and recruitment of longleaf pine 

regeneration is important for our conceptual understanding of recruitment processes, as 

well as for informing silvicultural practices. Clark et al. (1999) advocated for the 

increased use of long-term datasets as necessary to diagnose recruitment limitations in 

forests. If recruitment limitations are identified, direct silvicultural intervention may be 

implemented. Understanding the requirements for regeneration survival, such as size 

thresholds or maximum overstory retention, as well as likely winners in cohort clusters, 

would help ensure recruitment success and allow for better management for multiple 

goals. Longleaf pine stands managed for red-cockaded woodpecker habitat often require 

targeted removal of the midstory, but questions have been raised regarding the 
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sustainability of such practices (Guldin 2006). An understanding of what individuals are 

most likely to recruit to the overstory could make such efforts more efficacious. 

The goal of this study was to examine 1-year and 10-year survival of natural 

longleaf pine regeneration. We utilized data from long-term monitoring plots of tagged 

natural regeneration to model survival probability as a function of several covariates 

informed by theories of stand dynamics. We were specifically interested in examining 

regeneration size/density relationships and impacts on survival. Our specific objectives 

were to: 1) determine the factors affecting survival of natural longleaf pine regeneration, 

2) determine the factors affecting survival of grass stage seedlings, and 3) compare 

important drivers of individual survival across regeneration size classes.  

 

Methods 

 

Project History and Design 

 

 This study was located at the Joseph W. Jones Ecological Research Center 

(JWJERC) at Ichauway. See Project Overview for a complete description of the study 

location. In 1987, land managers at Ichauway Plantation (now JWJERC) correctly 

predicted a large mast event (Brockway and Boyer 2015). In anticipation, researchers 

developed a project to examine the effects of a single site preparation prescribed fire on 

longleaf pine establishment. Researchers established 100 0.03 ha circular monitoring 

plots across the property (Figure 1). To our knowledge, no systematic method was used 

to locate plots across the landscape. Plots were located in existing canopy gaps with 

minimal advance regeneration, with a maximum of 8 seedlings and an average of 0.26 

seedlings per plot after treatment but before seedfall. In the summer of 1987 (i.e., prior to 

seedfall), 50 plots were burned as a site preparation treatment and 50 plots were left 
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unburned. The original goal of the project was to examine the effects of a single growing 

season fire on longleaf pine seedling establishment during a mast year. Since 1987, the 

project has expanded beyond this original goal to examine long-term population 

dynamics of longleaf pine seedlings. 

 

Figure 1: Map of 79 monitoring plot locations. Inset: Location of the JWJERC within the 

historic range of longleaf pine. 

 

 In 2002, a subset of 79 of the original plots was revisited. Researchers collected 

counts of regeneration categorized into several size classes. It was assumed at the time 

that most individuals originated from the 1987 mast year, although this could not be 

assured. In 2004, plots were more intensively sampled: regeneration was measured, 

tagged, and mapped for repeat measurements. Measurements included height and either 

root collar diameter (RCD) or diameter at breast height (DBH). RCD was always 

recorded on regeneration shorter than 1.37m tall, but a specific rule was not consistently 

followed regarding whether to measure RCD or DBH for individuals taller than 1.37m. 
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Distance and azimuth were measured from plot center to each individual in order to 

derive spatial coordinates for every individual. This intensive sampling was repeated in 

2005, 2006, and 2015. In subsequent measurements, researchers remeasured and assessed 

survival of individuals present in the 2004 survey but did not document new seedlings 

until 2015. 

 Additional data have either been collected specifically for this project or utilized 

from concurrent ongoing monitoring programs. Since 1993, the JWJERC has 

documented prescribed fires for every burn unit of the property. Fires were documented 

at larger spatial scales than seedling monitoring plots, but these data allow us to examine 

the fire history of burn units that contain monitoring plots. In 2015, overstory trees within 

15m of monitoring plot centers were measured and mapped. Measurements included 

height and DBH. In 2017, site index data were collected for each plot. At least one 

dominant or codominant overstory tree per plot was cored at breast height and total 

height was measured. Increment cores were sanded with progressively finer grits up to 

1200 grit as needed, and a stereomicroscope was used as an aid in ring counting. All 

samples were visually cross-dated using signature years developed from data collected by 

Stambaugh (unpublished) and crosschecked with data collected by Pederson et al. (2005). 

Cores that showed obvious signs of suppression or substantially missed the pith were 

discarded and a new core was collected. Site index was calculated based on Farrar’s 

equation (Farrar 1981).  

Data Analysis 

We examined individual survival from 2004-2005 and 2005-2015. We present 

demographic and structural data of seedling plots and the environment in 2004, then 
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examine mortality and survival probability from 2004-2005 and 2005-2015. Annualized 

mortality from 2005-2015 was calculated using the following formula: 

𝐴𝑛𝑛𝑢𝑎𝑙𝑖𝑧𝑒𝑑 𝑚𝑜𝑟𝑡𝑎𝑙𝑖𝑡𝑦 = 1 − (1 − 10𝑟𝑎𝑡𝑒)^(
1

10
) 

where 10rate is the 10-year % mortality. Individuals were categorized into size classes for 

some analyses (Table 1).  

Table 1: Size categories of regeneration 

Size class Description 

Grass stage Height < 0.15m 

Rocket stage 0.15m > Height < 1.37m 

Sapling Height > 1.37m and DBH < 10cm 

Midstory DBH > 10cm 

 

Because regeneration is often found in spatially aggregated patterns, we 

hypothesized that small-scale competition metrics would better explain mortality patterns 

than plot-level metrics. We calculated local regeneration density metrics within a 

specified radius of target individuals using SAS 9.4 (SAS Institute Inc., Cary, NC). Local 

density metrics included density within a 1m radius (dens1), density within a 2m radius 

(dens2), density of taller regeneration within a 2m radius (dens2L), and a distance-

dependent competition index (CI) within a 2m radius calculated using the following 

equation:  

𝐶𝐼 = ∑(𝐻/𝑑)

𝑛

𝑖=1

 

where H = height of competitor i (m), d = distance of competitor i to the target individual 

(m). These four metrics were calculated for each seedling in the 2004 and 2005 datasets 

and included as covariates in models. Local basal area (BAH7) was calculated as the 
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overstory basal area within a 7m radius of a target individual. To account for the edge 

effect of seedlings close to plot boundaries, local density and basal area metrics were not 

calculated for seedlings within 2m of the plot boundary. These individuals were excluded 

from modeling datasets.  

Probability of survival models 

 We modeled survival probability using mixed-effects logistic regression, with plot 

included as a random effect. Survival probability was modeled for two timeframes: 2004-

2005 and 2005-2015. For each timeframe, we first modeled survival probability using the 

entire dataset, then using a subset of only grass stage seedlings. Grass stage seedlings 

were analyzed separately in order to compare the effect of height and RCD on survival.  

We hypothesized that seedling size, understory density, overstory basal area, site 

quality, and fire factors affected survival from 2004-2005. We had several possible 

measures of each factor (Table 2), so we first determined the most supported metric in 

each category, and then considered all single and additive combinations of these metrics 

as our candidate model set. In order to reduce potential for multicollinearity, candidate 

models included only one seedling size variable (height or RCD), understory density 

variable, or overstory basal area variable. Basal area and site index were calculated in 

2015 and 2017, respectively, and we acknowledge that values may have changed between 

2004 and when the data were collected. The same variables were hypothesized to 

influence survival probability from 2005-2015, with the exception that “burn status 

between 2004-2005” was replaced by burn frequency from 2005-2015. 
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Table 2: Independent variables included in logistic regression models categorized by 

variable type. With the exception of fire factors, candidate models included only one 

variable from a given category 

Variable 

type 

Seedling 

size 

Understory 

density 

Overstory 

Basal Area 

Site 

quality 

Fire 

factors 

Variable 

RCD Den1 BA SI Burn87 

HT Den2 BA7  Burn05 

 Den2L   BurnFreq 

 CI    

  PlotDensity       

 

We used Akaike’s Information Criteria corrected for small sample size (AICc) to 

determine the best model of survival probability (Burnham and Anderson 2003). We 

selected the most parsimonious model where ΔAICc < 2 as the best model. All models 

presented were tested for the null hypothesis Bi=0 using the likelihood ratio statistic 

(Allison 1999, Dey and Hartman 2005). All models were assessed for goodness-of-fit 

using area under receiver operating curves (c-statistic) and Hosmer and Lemeshow 

goodness-of-fit tests. All analyses were conducted using SAS 9.4 (SAS Institute Inc., 

Cary, NC) with alpha = 0.05 to determine statistical significance. 

 

Results 

2004 Initial Conditions 

Regeneration in 2004 was dominated by small individuals. Individual height 

ranged from 0.01-17.36m, but individuals smaller than 0.15m tall made up almost 1/3 of 

stems across the population (Table 3). Regeneration in the 0-0.5m height class averaged 

1491 stems/ha across all plots, while individuals in the 0.5-1m size class averaged 267 

stems/ha across all plots (Figure 2).  
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Plot densities ranged from 0-17002 stems/ha in 2004, though all but four plots 

were under 8000 stems/ha. Local density metrics ranged substantially higher than plot-

level densities (Table 3, Table 4). Local density within a 2m radius (dens2) ranged from 

0-82763 stems/ha, while local density of taller regeneration (dens2L) ranged from 0-

62868 stems/ha. Maximum local density, an indication of stocking, was consistently 

greater for dens2 compared to dens2L, although both decreased with increasing 

regeneration height (Figure 3).  
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Table 3: Structure and mortality data for four size classes of regeneration in seedling plots. Standard error is presented in 

parentheses. 

Metric Grass stage Rocket stage Sapling stage Midstory Total 

Proportion of initial population in 2004 0.3301 0.3647 0.3014 0.0038 1.0000 

Mean dens2 (stems/ha) 20607 (585.6) 15044 (317.7) 12430 (298.3) 2719 (607.5) 15979 (246.5) 

Mean dens2L (stems/ha) 11423 (343.6) 7929 (207.4) 3057.4 (102.1) 332 (153.6) 7524 (149.3) 

1-year % mortality 17.20 4.34 1.40 0.00 7.68 

10-year % annualized mortality 13.35 6.41 1.64 0.64 5.55 

10-year % mortality 76.14 48.44 15.25 6.25 43.51 

 

 

Table 4: Plot metrics (mean and one standard error) for seedling plots burned  

and unburned in the initial site preparation treatment in 1987 

  Burn status in 1987 

Plot Metric Burned Unburned 

Plot Density in 2004 (stems/ha) 2973.52 (615.90) 1450.32 (665.79) 

Basal Area (m2/ha) 9.08 (0.79) 11.29 (0.91) 

Site Index (m) 23.46 (0.35) 24.72 (0.32) 
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Figure 2: Mean stem density per plot at 0.5m height classes for the three observed 

inventory years. 

 

Figure 3: Maximum local density of all stems and only taller stems within a 2m radius. 
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2004-2005 Survival 

 Mortality from 2004-2005 was greatest among small seedlings. Among all plots, 

grass stage seedlings experienced 17.2% mortality, while saplings experienced only 1.4% 

mortality (Table 3). 

Survival probability models: full dataset 

 Initial height was the best single predictor of 1-year survival (Table 5). 

Probability of survival was 91% and 99% for seedlings 0.01 and 2.5m tall, respectively 

(Figure 4). Only one individual taller than 3.7m tall died from 2004-2005. The second-

best predictor of 1-year survival was density of taller regeneration (Table 5). Probability 

of survival decreased from 97% to 74% as dens2L increased from 0-40000 stems/ha 

(Figure 4). All variables except for initial height, dens2L, CI, and basal area failed to 

improve the Null model. The best overall model included initial height and density of 

taller regeneration (Table 6).  

Table 5: Ranking of single independent variable survival probability models from 2004-

2005 

Variable 

Likelihood 

Ratio p-

value AICc ∆AICc wi c  

HL p-

value 

HT <0.0001 1479.62 0 0.99997 0.778 <0.0001 

Dens2L <0.0001 1500.50 20.88 2.9E-05 0.625 0.5273 

CI 0.7651 1545.29 65.67 5.5E-15 0.466 <.0001 

BA <0.0001 1558.44 78.82 7.7E-18 0.580 <.0001 

Null . 1559.36 79.74 4.8E-18 . . 

PlotDensity <0.0001 1559.74 80.12 4E-18 0.543 <0.0001 

BA7 <0.0001 1560.25 80.63 3.1E-18 0.600 0.0002 

Burn05 0.0066 1560.30 80.68 3E-18 0.538 . 

SI 0.0179 1561.00 81.38 2.1E-18 0.551 <0.0001 

Dens2 0.0039 1561.06 81.44 2.1E-18 0.550 0.0332 

Burn87 0.0099 1561.20 81.58 1.9E-18 0.542 . 

Dens1 0.0126 1561.30 81.68 1.8E-18 0.541 0.1244 
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Figure 4: Probability of 1-year regeneration survival as a function of A) height in 2004, 

and B) density of taller regeneration in 2004. 

 

Table 6: Ranking of survival probability models from 2004-2005. Only the top 10 models 

ranked using AICc values are displayed 

Model 

Likelihood 

Ratio p-

value AICc ΔAICc wi c  

HL p-

value 

HT dens2L BA <0.0001 1453.28 0 0.229 0.762 0.0224 

HT dens2L BA SI <0.0001 1454.36 1.08 0.133 0.765 0.0238 

HT dens2L BA Burn05 <0.0001 1454.69 1.41 0.113 0.766 0.0290 

HT dens2L <0.0001 1454.79 1.51 0.108 0.751 0.0095 

HT dens2L BA Burn87 <0.0001 1455.21 1.93 0.087 0.764 0.0507 

HT dens2L BA SI Burn05 <0.0001 1455.68 2.40 0.069 0.768 0.0019 

HT dens2L Burn05 <0.0001 1456.19 2.91 0.053 0.756 0.0253 

HT dens2L BA SI Burn87 <0.0001 1456.35 3.07 0.049 0.767 0.0871 

HT dens2L BA Burn05 

Burn87 <0.0001 1456.65 3.37 0.042 0.767 0.0031 

HT dens2L Burn87 <0.0001 1456.68 3.40 0.042 0.754 0.0870 

Null . 1559.36 106.08 2.1E-24 . . 

 

Survival probability models: grass stage size class 

 Initial RCD was ranked only a slightly better model of survival probability than 

initial height for grass stage seedlings. Probability of survival was 65% and 98% at 4 and 

42mm RCD, respectively. The best overall model included RCD and dens2L (Table 7). 
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Table 7: Ranking of survival probability models from 2004-2005 for grass stage 

seedlings. Only the top 10 models ranked using AICc values are displayed 

Model 

Likelihood 

Ratio p-

value AICc ∆AICc wi c  

HL p-

value 

RCD dens2L BA <0.0001 865.58 0 0.170 0.644 0.1870 

RCD dens2L BA Burn87 <0.0001 865.99 0.41 0.139 0.664 0.1296 

RCD dens2L BA SI <0.0001 867.46 1.88 0.066 0.648 0.7411 

RCD dens2L <0.0001 867.48 1.90 0.066 0.622 0.2957 

RCD dens2L BA Burn05 <0.0001 867.59 2.01 0.062 0.645 0.0430 

RCD dens2L BA SI Burn87 <0.0001 867.68 2.10 0.060 0.668 0.1470 

RCD dens2L Burn87 <0.0001 867.81 2.23 0.056 0.653 0.0359 

RCD dens2L BA Burn05 

Burn87 <0.0001 867.87 2.29 0.054 0.665 0.1464 

RCD dens2L SI Burn87 <0.0001 868.4 2.82 0.042 0.665 0.0232 

RCD dens2L SI <0.0001 868.59 3.01 0.038 0.644 0.1894 

Null . 899.41 33.83 7.67E-09 . . 

 

2005-2015 Survival 

Similar to 1-year results, mortality from 2005-2015 was greatest among smaller 

size classes (Figure 5). Among all plots, grass stage seedlings experienced 76.1% 

mortality, while saplings experienced only 15.3% mortality (Table 3). For grass stage 

seedlings, annualized mortality rates were slightly lower from 2005-2015 compared to 

2004-2005 (Table 3). 
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Figure 5: Total number of individuals alive in all plots in 2005, and total number of 

individuals that died from 2005-2015. 

 

Survival probability models: full dataset 

 The best single predictor of 10-year survival was density of taller regeneration 

within 2m (Table 8). Probability of 10-year survival decreased from 84% to 50% to 6% 

as dens2L increased from 0 to 6660 to 18300 stems/ha (Figure 6). Initial height was the 

second best single predictor of survival probability (Table 8). Probability of survival was 

39% and 91% for seedlings 0.01 and 2.5m tall, respectively (Figure 6). No individuals 

with more than 44 taller competitors within 2m survived, and no individuals taller than 

8.6m died. The best basal area model was local basal area, though by itself provided poor 

model fit (Table 8, Figure 6). Local metrics provided better model fits than plot-level 

metrics. Site index and fire variables failed to provide a better model than the intercept-
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only model (Table 8). The best model with two independent variables included initial 

dens2L and height (Figure 7). The best overall model included dens2L, initial height, and 

local basal area (Table 9). 

Table 8: Ranking of single independent variable survival models from 2005-2015 

Variable 

Likelihood 

Ratio p-

value AICc ∆AICc wi c 

HL p-

value 

dens2L <0.0001 2997.6 0 0.987 0.784 0.0003 

HT <0.0001 3006.31 8.71 0.013 0.797 <0.0001 

CI <0.0001 3518.07 520.47 9.5E-114 0.599 <0.0001 

dens2 <0.0001 3724.42 726.82 1.5E-158 0.657 0.0338 

dens1 <0.0001 3731.03 733.43 5.4E-160 0.650 0.0899 

BA7 <0.0001 3766.80 769.20 9.2E-168 0.587 <0.0001 

PlotDensity <0.0001 3774.70 777.10 1.8E-169 0.638 <0.0001 

BA <0.0001 3775.18 777.58 1.4E-169 0.548 <0.0001 

Null . 3779.50 781.90 1.6E-170 . . 

BurnFreq <0.0001 3780.09 782.49 1.2E-170 0.567 <0.0001 

Burn87 <0.0001 3781.29 783.69 6.6E-171 0.553 . 

SI <0.0001 3781.50 783.90 5.9E-171 0.515 <0.0001 

 

Table 9: Ranking of survival probability models from 2005-2015. Only the top 10 models 

ranked using AICc values are displayed 

Model 

Likelihood 

Ratio p-

value AICc ΔAICc wi c 

HL p-

value 

HT dens2L BA7 <0.0001 2768.55 0 0.372 0.838 0.1284 

HT dens2L BA7 Burn87 <0.0001 2769.61 1.06 0.219 0.84 0.3321 

HT dens2L BA7 SI <0.0001 2770.13 1.58 0.169 0.839 0.0884 

HT dens2L BA7 BurnFreq <0.0001 2770.53 1.98 0.138 0.838 0.13 

HT dens2L BA7 SI Burn87 

BurnFreq <0.0001 2772.38 3.83 0.055 0.842 0.5515 

HT dens2L <0.0001 2774.83 6.28 0.016 0.831 0.0327 

HT dens2L Burn87 <0.0001 2776.19 7.64 0.008 0.833 0.2119 

HT dens2L SI <0.0001 2776.5 7.95 0.007 0.834 0.041 

HT dens2L BurnFreq <0.0001 2776.78 8.23 0.006 0.831 0.0826 

HT dens2L SI Burn87 <0.0001 2777.42 8.87 0.004 0.835 0.2302 

Null . 3779.5 1010.95 1.1E-220 . . 
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Figure 6: Probability of 10-year regeneration survival as a function of A) height in 2005, 

B) density of taller regeneration in 2005, and C) local overstory basal area in 2005.  
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Figure 7: Probability of 10-year survival as a function of initial height and density of 

taller regeneration. 

 

Survival probability models: grass stage size class 

 For grass stage seedlings, density of taller individuals was the best single 

predictor of 10-year survival (Table 10). Survival probability was 50% with 0 stems/ha 

and 6% with 19100 stems/ha (Figure 8). Initial height was ranked a better model than 

initial RCD based on AICc values, although the RCD model displayed marginally better 

fit statistics based on c and the Hosmer-Lemeshow test (Table 10). Survival probability 

was 52% at 25mm RCD, and 93% at 42mm RCD (Figure 8). The best overall model 

included initial height, dens2L, and local basal area (Table 11).  
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Table 10: Ranking of single independent variable survival probability models from 2005-

2015 for grass stage seedlings 

Variable 

Likelihood 

Ratio p-

value AICc ∆AICc wi c 

HL p-

value 

dens2L <0.0001 709.71 0 0.970 0.737 0.0648 

HT <0.0001 716.69 6.98 0.030 0.676 0.0042 

RCD <0.0001 725.43 15.72 0.00037 0.696 0.3996 

dens2 <0.0001 751.17 41.46 9.64E-10 0.697 0.0697 

dens1 <0.0001 757.69 47.98 3.7E-11 0.682 0.0191 

BA7 <0.0001 772.30 62.59 2.49E-14 0.636 0.0023 

PlotDensity <0.0001 772.31 62.60 2.47E-14 0.650 0.0002 

CI <0.0001 775.72 66.01 4.5E-15 0.618 0.0006 

Null . 779.85 70.14 5.7E-16 . . 

BA 0.0787 781.17 71.46 2.95E-16 0.510 <0.0001 

SI 0.2554 781.45 71.74 2.56E-16 0.538 <0.0001 

Burn87 0.2269 781.66 71.95 2.31E-16 0.525 . 

BurnFreq 0.0006 781.82 72.11 2.13E-16 0.561 <0.0001 

 

Table 11: Ranking of survival probability models from 2005-2015 for grass stage 

seedlings. Only the top 10 models ranked using AICc values are displayed 

Model 

Likelihood 

Ratio p-

value AICc ∆AICc wi c 

HL p-

value 

HT dens2L BA7 <0.0001 682.40 0 0.274 0.789 0.9226 

HT dens2L BA7 SI <0.0001 683.38 0.98 0.168 0.791 0.9001 

HT dens2L BA7 Burn87 <0.0001 683.71 1.31 0.142 0.795 0.2667 

HT dens2L BA7 Burnfreq <0.0001 683.94 1.54 0.127 0.790 0.9430 

HT dens2L <0.0001 684.67 2.27 0.088 0.771 0.5523 

HT dens2L SI <0.0001 685.80 3.40 0.050 0.773 0.4137 

HT dens2L Burn87 <0.0001 686.25 3.85 0.040 0.776 0.0484 

HT dens2L BurnFreq <0.0001 686.32 3.92 0.039 0.771 0.4748 

HT dens2L SI Burn87 <0.0001 686.96 4.56 0.028 0.776 0.3579 

HT dens2L SI BurnFreq <0.0001 687.70 5.30 0.019 0.773 0.2429 

Null . 779.85 97.45 1.89E-22 . . 
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Figure 8: Probability of 10-year grass-stage survival as a function of A) height in 2005, 

B) RCD in 2005, and C) density of taller regeneration in 2005, and D) local overstory 

basal area in 2005. 

 

Survival probability models: Density/size relationships 

Regeneration density affected survival probability differently depending on the 

size class and measure of density examined (Figure 9). Sapling survival probability 

ranged from 92%-85% as plot-level density increased from 100-17000 stems/ha. As local 

density of taller regeneration increased from 100-17000 stems/ha, probability of sapling 

survival decreased from 95% to 7%.  
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Figure 9: Probability of 10-year survival for three size classes of regeneration as a 

function of A) plot-level regeneration density and B) density of taller individuals within a 

2m radius. 
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Discussion 

Our results suggest that individual size and local density of taller regeneration 

were the most consistent predictors of 1-year and 10-year survival. Given these findings, 

there are potentially two different mechanisms that explain mortality patterns in these 

plots: 1) survival is driven by absolute size irrespective of intraspecific competition or 2) 

absolute size is less critical than relative size within regeneration clusters. These two 

factors are highly related and difficult to isolate using this dataset. By examining various 

subsets of the data, however, we attempt to explain the relative importance of these 

factors among different size classes. 

We found that individual size (both height and RCD) was a consistent predictor of 

1-year and 10-year survival for the full dataset and the grass stage dataset. Even with no 

taller longleaf pine competitors within 2m, grass stage seedlings had only a 50% 

probability of 10-year survival. Germinants and small grass stage seedlings are 

susceptible to mortality from external disturbance agents such as brown-spot needle 

blight and fire-induced mortality (Boyer 1990, Jack et al. 2010), and may have inferior 

genetics that result in mortality. It has been suggested that a RCD threshold between 5 

and 15mm is necessary to survive fire, although this varies greatly depending on fire 

intensity (Knapp et al. in review). Similarly, individuals are considered blight-resistant 

after grass stage emergence. Thus, small seedlings may experience high mortality rates 

even in the absence of intense intraspecific competition, and absolute size and rapid 

growth improves survival probability of young regeneration.  

We found that increasing height continuously increased survival probability. A 

possible theoretical exception to this phenomenon is the belief that rocket stage 
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regeneration is sensitive to fire, specifically during active height growth when new tissue 

is exposed. Conventional wisdom suggests that individuals are again fire-tolerant after 

the apical meristem is sufficiently taller than flame heights (approximately 1m) (Croker 

and Boyer 1975). However, data supporting this phenomenon is lacking, and some have 

suggested that factors other than rapid transition through the rocket stage are responsible 

for the survival of young longleaf pine (Wang et al. 2016). We were unable to test these 

hypotheses specifically. Prescribed fire at the JWJERC is conducted primarily in the 

dormant season, and fire practitioners plan activities around “candling” rocket stage 

individuals in the spring. Future research should address the phenomenon of fire-induced 

rocket stage mortality more directly. 

While individual size was an important predictor of survival, 10-year survival was 

more directly driven by relative size compared to competing neighbors. Plot-level and 

local density measures that did not account for the size of competitors consistently 

produced poor models, suggesting that taller individuals are the most competitive within 

regeneration clusters. In stand development, individuals compete for dominant crown 

position until crown closure. In the stem exclusion stage, space is a limiting resource, and 

less vigorous individuals in suppressed crown positions begin to self-thin (Oliver and 

Larson 1996). Research from several forest types have found that fast growing saplings 

have lower mortality rates (Kobe and Coates 1997, Wyckoff and Clark 2002) and are 

more likely to recruit to the canopy (Landis and Peart 2005).  

Because of the focus on short-term regeneration studies and plantation research, 

the concept of recruiting longleaf pine individuals competing within regeneration clusters 

has not been well described. We found that the local density of larger individuals 
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decreased survival probability in all size classes but that this relationship was particularly 

strong for saplings. Saplings had low mortality rates overall, but displayed a drastic 

decline in survival probability as density of taller competitors increased. This result is not 

unexpected when considering size-density relationships. For grass stage seedlings, taller 

competitors in a local area may themselves not be large, and growing space may not be 

fully utilized even at relatively high densities. In contrast, individual competitors taller 

than saplings are, by definition, tall themselves. For saplings, the rapid decrease in 

survival probability with increasing local density of taller regeneration is likely related to 

concepts of growing space and stocking. Further research is needed to determine critical 

stages where dominant size is necessary, as well as threshold values where height deficits 

become insurmountable. 

 Survival probability decreased with increasing overstory abundance using two 

different scales of basal area; however, both metrics provided at most moderate 

improvement to models already including size and local density. Despite numerous 

studies, no consistent interaction between overstory abundance and regeneration survival 

has been identified. Research has demonstrated both negative (Grace and Platt 1995a) 

and positive (Pecot et al. 2007) interactions between the overstory and seedling survival 

depending on fire application, site type, and precipitation patterns. Rathbun and Cressie 

(1994) modeled annual survivorship over 8 years in south GA. They found that 

interactions between juveniles (DBH < 10cm) and subadults (trees 10-30cm DBH) 

decreased juvenile survival but that there was no interaction between juveniles and adults 

(DBH > 30cm). It is possible that slightly larger individuals within the same cohort 

influence survival more than canopy trees. Individuals growing far beneath the canopy of 
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large overstory trees are subjected to “high shade”, where diffuse light is more readily 

available compared to the scarce light availability directly beneath an overtopping crown 

(“low shade”) (Oliver and Larson 1996). Furthermore, available growing space may be 

more of a limiting factor when competing crowns are in the same stratum. From an 

experimental standpoint, our data may be somewhat biased in that plots were initially 

established in existing canopy gaps. Although we attempted to account for fine-scale 

spatial patterns of overstory abundance, and while the observed basal area range in this 

study is comparable to similar studies, it is possible that a more random assignment of 

plot locations would have better represented the possible range of overstory abundance in 

natural stands.  

Several other variables, including site index and fire history, provided little to no 

explanatory power for modeling survival probability. Site index is an imperfect measure 

of site quality, as it relies heavily on accurate equations and the presence of open-grown 

dominant trees in the stand. Fire frequency variables were derived from broad-scale 

monitoring of prescribed fire application onsite, and it is possible that fire conditions 

within a given plot varied greatly from those observed within an entire burn unit. 

Furthermore, all plots were burned on approximately a two-year burn cycle, yielding 

relatively little variability in fire frequency data. It is possible that site factors and fire 

history have long-term impacts on regeneration survival, although these relationships 

would need to be examined more directly. 

These results suggest that different management techniques can be used to ensure 

long-term regeneration survival. If survival of small seedlings is predicated on reaching 

theoretical size thresholds (of height or RCD) prior to external disturbance agents, then 
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practices that support rapid RCD growth and early grass stage emergence will facilitate 

individual survival. Competition control measures such as herbicide application or 

judicious fire application to thin dense seedlings clusters may promote rapid early growth 

(Maple 1970, Grelen 1978, Knapp et al. 2006). However, survival probability may be low 

regardless of the density of competitors, and managers should plan for high mortality 

rates of naturally regenerated grass stage seedlings. We also found evidence to suggest 

that survival is more a function of dominant position relative to peers rather than absolute 

size, particularly for saplings. In this case, passive management may be both effective 

and economical. In the absence of targeted removal, our results support the notion that 

regeneration will naturally differentiate in size and that taller individuals will survive in 

cohort clusters. Stagnation in longleaf pine regeneration clusters is likely not a significant 

concern (Boyer 1990).  
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CHAPTER III: MIDSTORY GROWTH AND CANOPY 

RECRUITMENT PATTERNS IN LONGLEAF PINE WOODLANDS 

Introduction 

Longleaf pine’s (Pinus palustris) traditional designation as a difficult species to 

regenerate led to an abundance of research on regeneration and seedling dynamics over 

the last two to three decades. Results from this research have been informative for 

establishing natural regeneration and facilitating early survival and growth of grass stage 

seedlings. However, the process of replacing and sustaining an existing overstory can be 

described in terms of both a regeneration phase (the establishment and initial 

development of juveniles), as well as a recruitment phase (the ascension of saplings into 

the overstory) (Dey 2014). A failure to replace the overstory of a given species may be 

due to deficiencies in either of these phases (Clark et al. 1999). Compared to the 

extensive literature on longleaf pine seedling dynamics, relatively little research has 

focused on saplings and midstory trees, and there is a large gap in knowledge about 

growth rates of trees between the grass stage and the canopy (Jack and Pecot 2017). 

Canopy recruitment is a disturbance-mediated process, where a disturbance of 

some severity creates space and resources for juveniles to ascend to the canopy. 

Recruitment patterns can generally be described by two pathways, depending on the 

disturbance regime (Wu et al. 1999). In large canopy gaps or stand replacing events, a 

cohort moves through stand dynamics as a unit, and individuals ascend to the canopy in 

one period of uninterrupted growth. In this high-competition environment, successful 

recruits must maintain dominant crown position, either by rapid initial growth or 

presence as advance regeneration. In contrast, small canopy gaps are transient features 
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that are quickly filled by lateral expansion of existing crowns (Hibbs 1982). Successful 

recruitment under this disturbance regime is contingent upon the ability to survive 

extended periods of minimal growth and quickly respond to ephemeral canopy gaps 

(Runkle and Yetter 1987). In general, shade-intolerant species are reliant upon large-scale 

disturbances for establishment and recruitment, while small-scale disturbances are 

associated with forest types dominated by shade-tolerant species.  

It is unclear how longleaf pine ecosystems fit into existing models of canopy 

recruitment. On one extreme, large-scale disturbances such as hurricanes are believed to 

be important agents in longleaf pine ecosystem maintenance (Gilliam et al. 2006), 

supporting observations of spatially variable patches of even-aged trees (Platt and 

Rathbun 1993, Varner et al. 2003). On the other extreme, several studies have found that 

single-tree mortality is the most common scale of canopy disturbance in longleaf pine 

stands (Palik and Pederson 1996, Outcalt 2008), supporting observations of single trees 

as unique age cohorts (Varner et al. 2003). In a naturally regenerated landscape, Pederson 

et al. (2008) found that all trees prior to 1885 and most trees after 1940 had recruited 

from a suppressed crown position and that these periods were associated with periods of 

low canopy disturbance. Furthermore, given the open-canopy woodland structure 

common in longleaf pine ecosystems, it is not clear if competition for space and 

resources are as important for recruitment dynamics as in closed-canopy forests. In 

general, the recruitment requirements for longleaf pine are not well understood. 

Several factors, including site productivity and overstory structure, interact to 

influence recruitment rates. In even-aged stands in the absence of an overstory, site 

quality is believed to be a limiting factor to height growth (Oliver and Larson 1996). The 
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use of site index as a measure of site quality is predicated upon the relationship between 

height growth of dominant trees and site factors, as well as the relative independence of 

height growth and stand density (Husch et al. 2002). Longleaf pine displays a wide 

ecological amplitude (Boyer 1990), and it is expected that recruitment rates would vary 

tremendously along a productivity gradient. Within naturally regenerated longleaf pine 

stands, Addington et al. (2006) found that trees were shorter and older at a stand-scale on 

xeric compared to mesic sites.  

Overstory trees depress height growth of smaller trees through shading and 

below-ground competition for resources (Oliver and Larson 1996). Mortality associated 

with slow growth is common (Wyckoff and Clark 2002), and the ability to survive under 

these stressful conditions is a key feature of shade-tolerant trees (Valladares and 

Niinemets 2008). Retrospective studies of shade-tolerant species have found that eventual 

canopy trees frequently experience alternating periods of growth suppression and release 

and that these periods typically begin and end with rapid changes in growth rate (Canham 

1990, Wu et al. 1999). For example, Canham (1985) found that sugar maple (Acer 

saccharum) trees spent an average of 37-80 years in suppression before reaching the 

canopy. There is a general belief that longleaf pine has the greatest ability to survive 

prolonged periods of low growth among the southern pines, though this has not been 

described quantitatively. At a population scale, Palik and Pederson (1996) found that 

suppression was the second-leading cause of longleaf pine mortality, indicating that there 

are limits to the species’ ability to tolerate slow growth. As interest in overstory retention 

and uneven-aged management increases, understanding the degree that the overstory 
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suppresses recruitment and the extent of longleaf pine’s ability to tolerate growth 

suppression have important implications for silvicultural systems. 

Stem analysis, while historically used in developing site index equations, has 

recently emerged as a technique to assess recruitment patterns of individual trees and 

populations (Tift and Fajvan 1999, Zenner et al. 2012, Vickers 2015). Stem analysis is a 

technique where cross-sections are collected at known heights along the bole. 

Determining ages at these known heights allows researchers to interpolate the height 

growth trajectory throughout an individual’s lifetime. Historically, dendrochronological 

methods (i.e., the examination of diameter growth) have been employed in studies of 

canopy recruitment (Canham 1985, Webster and Lorimer 2005) and disturbance history 

(Lorimer and Frelich 1989, Nowacki and Abrams 1997). However, it is unclear if this use 

of diameter growth to infer height growth in stand dynamics studies is entirely justified. 

While diameter growth and height growth are correlated, they respond to somewhat 

different factors. Furthermore, under the assumption that maintaining dominant crown 

position among peers is critical (Vickers 2015), height growth is more directly related to 

recruitment patterns than diameter growth. 

The lack of knowledge on recruitment dynamics has important implications 

toward the practice and sustainability of silvicultural systems. Longleaf pine has 

historically been managed using even-aged silvicultural systems, and questions have long 

been raised regarding the applicability of selection systems, particularly single-tree 

selection, in these stands (Croker and Boyer 1975, Rudolph and Conner 1996, Brockway 

et al. 2006). However, land managers are increasingly interested in uneven-aged 

management of forests nationwide generally, and in longleaf pine stands specifically 
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(Guldin 2006). Group selection methods in longleaf pine stands originated under the 

paradigm that seedlings successfully persist and recruit to the overstory only within large 

canopy openings (Brockway and Outcalt 1998, Brockway et al. 2006). However, large 

group openings may also lead to a disruption of horizontal fuel continuity (Mitchell et al. 

2006) and release understory hardwoods (Pecot et al. 2007). The single-tree selection 

method mitigates these concerns by selectively removing single trees and creating small 

canopy openings. However, some have questioned the ability to facilitate regeneration 

survival and recruitment in small gaps, given the scarce resources and high intensity fire 

in these microenvironments (Brockway et al. 2006). In general, the questions that remain 

regarding rates and patterns of recruitment are among the most important information 

gaps in evaluating the sustainability of uneven-aged management in longleaf pine stands 

(Guldin 2006). 

This goal of this study was to examine rates and patterns of height growth during 

canopy recruitment for naturally regenerated longleaf pine trees. We randomly selected 

midstory trees within a narrow size range across an entire landscape for stem analysis in 

order to infer recruitment patterns across a broad geographic scale. Our specific 

objectives in this chapter were to: 1) determine the effects of overstory structure and site 

type on the growth rates and demographics of midstory trees, 2) compare the growth 

trajectories of pairs of midstory and overstory trees growing on the same site, and 3) 

quantify characteristics of suppression and release of midstory trees in relation overstory 

structure. 
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Methods 

Study Location 

This study was located at the Joseph W. Jones Ecological Research Center 

(JWJERC) at Ichauway. See Project Overview for a complete description of the study 

location. Across the property, we selected sampling sites that met the following general 

criteria: 1) classified as either upland mesic or xeric soil class, 2) dominated by longleaf 

pine in the overstory and midstory, 3) covered a contiguous area large enough for random 

sampling and was adequately buffered from any roads, and 4) destructive tree sampling 

within the site would not affect ongoing research. 

We used ArcMap (version 10.3) and existing spatial data to delineate potential 

sampling sites. To delineate sites as mesic or xeric, we used an existing Ecological Land 

Classification system (Goebel et al. 2001) that delineates the JWJERC into 17 distinct 

upland ecotypes. We selected Ecotype 11 (Well Drained Upland Terraces) for upland 

mesic sites and Ecotypes 6 (Fluvial Sand Ridges) and 13 (Upland Sand Ridges) for xeric 

sites. Soils of Ecotype 11 are well drained loamy sand over sandy loam to sandy clay 

loam. Soils of Ecotypes 6 and 13 are excessively drained sands; physiographic zone is the 

only different diagnostic feature (fluvial or upland). We then selected three landcover 

classes based on relative proportion of longleaf pine in the overstory (Longleaf Forest, 

Longleaf/Hardwood Forest, Hardwood/Longleaf Forest) from a landcover classification 

layer to delineate areas where longleaf pine was well-represented. These two layers were 

intersected with a layer of all ongoing research plots at the JWJERC. Roads and existing 

research polygons were buffered by 25m. Potential sites that were less than 700m2 in area 

were eliminated from consideration. Finally, we intersected a grid system (30m X 30m) 
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covering all the JWJERC with these potential sites. Grid points were randomized to 

create potential sampling points throughout both site types.  

Data collection 

Target tree selection 

After navigating to a random point with a hand-held GPS unit, the closest 

midstory tree (10-18cm) was selected as the target tree. We excluded points within 

locally distinct community types (e.g., hardwood hammocks) that were present at a 

smaller scale than our site classification method. Midstory trees with obvious forks, 

crooks, and abhorrent form below the crown were avoided in order to reduce 

confounding factors of growth.  

Each target tree was the center of a 15m radius plot from which we calculated a 

weighted distance-dependent competition index. Within each plot, we measured the 

distance and diameter at breast height (DBH) of every competing stem with DBH greater 

than the target tree. These data were used to calculate an Overstory Abundance Index 

(OAI) for each target tree using the following equation: 

𝑂𝐴𝐼 = ∑(𝐴/𝑑)

𝑛

𝑖=1

 

where A = cross-sectional area of tree i (cm2), d = distance (m) of tree i to the target tree 

(Palik et al. 2003, Pecot et al. 2007). The value for each competitor was summed to 

obtain the OAI value for the target tree. OAI has been used previously to quantify the 

competitive environment of longleaf pine seedlings and has been found to be a better 

metric to describe overstory competition than overstory basal area (Palik et al. 2003, 

Pecot et al. 2007). To quantify abundance of trees smaller than the target, we determined 



 

57 

 

the local density of stems smaller than the target tree within a 5-meter radius of the target 

tree.  

Destructive sampling 

Our initial sample included 192 midstory trees, from which we randomly selected 

trees for destructive sampling. Target trees on mesic sites were selected across a range of 

OAI values representing a continuum of competition conditions. To ensure that target 

trees were distributed along this gradient, we first created three OAI categories (LowOAI, 

MedOAI, and HighOAI). The categories were based on published relationships between 

longleaf pine seedling growth and overstory competition (Mitchell et al. 2006), with 

reported breakpoints affecting growth at 9 m2/h and 17 m2/ha. To approximate these 

thresholds with OAI, we used linear regression to determine the relationship between 

OAI and basal area calculated from each fixed area plot (p <0.001, R2 = 0.6858). We then 

entered basal area “breakpoints” described by Mitchell et al. (2006) to develop three OAI 

breakpoints: LowOAI < 805.86, 805.86 < MedOAI> 1549.79, HighOAI > 1549.79. In 

mesic sites, we randomly selected at least 30 trees from each OAI class. In xeric sites, we 

randomly selected 30 trees total. Because xeric sites had less representative locations at 

the JWJERC and because OAI values were consistently low in these sites, we sampled 

fewer individuals and did not attempt to reach a similar OAI gradient as done in mesic 

sites. In total we destructively sampled 130 midstory trees (Table 12, Figure 10). 

Table 12: Sample size for stem analysis data 

  OAI Class   

Soil 

Class Low Med High Total 

M 37 32 31 100 

X 26 4 0 30 

Total 63 36 31 130 
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Figure 10: Map of stem analysis locations. 

From our sampled population on mesic sites, we also randomly selected 30 

midstory trees distributed across the OAI gradient to pair with destructive sampling of the 

closest adjacent overstory tree. Ten overstory trees were randomly selected from each of 

the three OAI categories at points where a midstory tree had already been sampled. 

Concerns about driving heavy equipment off-road restricted overstory sampling to 

locations within 125m of established roads. Due to logistical restraints, we sampled only 

24 of these 30 overstory trees (6 LowOAI, 8 MedOAI, 10 HighOAI). 

Midstory trees were felled with a chainsaw, and overstory trees were felled with a 

feller buncher. After felling, each stem was limbed, measured to live crown base, and 

measured to total height. In cases of suppressed crowns where no obvious terminal leader 

was present, we followed the largest diameter stem at each fork until a terminal bud was 

reached. Heights of obvious forks or dieback were recorded. Cross-sections 
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approximately 3cm thick were cut at ground-level, from 25cm to 2m at 25cm intervals, 

and from 2m to the terminal bud at 1m intervals. An additional cross-section was 

collected at breast height (1.37m). 

Cross-sections were air dried for at least seven days prior to sanding. Samples 

were sanded with progressively finer grits up to 1200 grit as needed, and a 

stereomicroscope was used as an aid in ring counting. All samples were visually cross-

dated using signature years developed from data collected by Stambaugh (unpublished) 

and crosschecked with data collected by Pederson et al. (2005). Total inside-bark 

diameter was measured for each sample using either digital calipers or a ruler. Two 

diameter measurements were collected for each sample: the longest radii and shortest 

radii that passed through the pith. 

Data analysis 

 The measured tree height and ring counts for each sampled cross-section were 

used to reconstruct height-age curves for each tree. When one or more age transitions 

occurred between cross-sections, we used Carmean’s method of linear interpolation to 

determine the height at which an age transition occurred and to interpolate heights of 

missing age values (Carmean 1972). Carmean’s method has been found to be as or more 

accurate in predicting “hidden tips” than more complex methods (Dyer and Bailey 1987). 

We then used these adjusted values to plot every individual’s height/age growth chart. 

Because of the belief that longleaf pine does not produce reliable annual rings in the grass 

stage (Pessin 1934), we used cross-sections collected at 25cm as the base age. Thus, the 

age variable effectively refers to age since grass stage emergence as opposed to age since 

germination.  
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Population-level analyses 

 The full dataset of height/age curves demonstrates a range of possible growth 

patterns for midstory trees. Taken together, the full dataset provides an ‘envelope’ for 

longleaf pine growth. However, population-level analyses were complicated because age 

varied greatly among the trees. Thus, we calculated the mean height and 95% confidence 

intervals at each age for two categorical variables (site and OAI class) but only to the age 

of the youngest tree (13 years) in order to maintain a consistent sample size across the 

independent variable. We then compared at what ages confidence intervals failed to 

overlap as a means of comparing divergence of site types and OAI classes.  

Individual-level analyses 

The cumulative growth curves of midstory trees displayed a wide range of shapes. 

In an effort to quantitatively group individuals into categories of shapes, each tree was fit 

to three different polynomial models (linear, quadratic, and cubic). The best fitting model 

was selected based on highest adjusted R2 and lowest root mean square error. The shape 

of each growth curve was determined based on the variables present in the best model 

and the sign of their parameter estimates (Janowiak et al. 2008). 

Four different measures of demography and growth rate were modeled as a 

function of OAI and soil class: total tree age, annualized growth rate, maximum growth 

rate, and age at maximum growth rate. Annualized growth rate was defined as the total 

tree height divided by total tree age. To identify the inflection point, or maximum growth 

rate, of each tree we first calculated a 5-year moving average of height growth rate. This 

acted as a smoothing technique to minimize large fluctuations from a single year. The 

maximum mean growth rate was then selected as the inflection point of each tree. In 
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situations where multiple years had the same growth rate value, the first year reaching 

this value was selected as the inflection point. Because young trees had not necessarily 

reached a theoretical biological maximum growth rate, trees younger than 21 years of age 

were excluded from analyses (n=22). Both the maximum mean growth rate and age at 

inflection were used as dependent variables in analyses. 

All four variables were modeled as a function of OAI by using simple linear 

regression analyses for each site type. We also used Analysis of Covariance (ANCOVA) 

to test for differences in age by OAI with site coded as a dummy variable. In this test, we 

truncated the dataset to the highest OAI value for xeric plots so trees sampled from both 

site types occurred across the same range of OAI.  

Suppression and Release 

 We used two methods to detect suppression and release. First, we defined a 

suppression period as a period of time with a consistently low growth rate. To identify 

suppression periods, we first defined a species-specific growth rate threshold. Previous 

research quantifying suppression has commonly used an absolute rate of diameter growth 

determined from individuals growing in known light environments as the threshold for 

suppression (Canham 1985, Wu et al. 1999). However, this method would fail to take 

into account expected decreases in height growth rate with age. We calculated site index 

values for each of the 24 harvested overstory trees and derived growth rate/age curves 

from each site index value (Farrar 1981). The 10th percentile of growth rate from these 24 

growth curves was calculated as the threshold for suppression. Site index growth curves 

were used to determine a threshold value instead of direct observed growth patterns from 

overstory trees for two reasons: 1) an idealized growth pattern was preferred over the 
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observed overstory growth patterns due to the fluctuations in growth rate of the sampled 

trees, and 2) site index curves can be calculated to any age of interest and do not have the 

issue of changing sample size through time. We defined suppression as a period of at 

least five years of growth below the threshold value. In order to filter out short-term 

fluctuations in climate, we allowed up to two non-consecutive years above threshold 

growth along with the 5 years below threshold (Landis and Peart 2005) (Figure 11). For 

example, two non-consecutive years above threshold within seven years would be 

considered one period of seven years of suppression. 

The following metrics were calculated to compare suppression periods between 

OAI class and crown class: suppression return interval (defined as the sum of tree ages 

divided by the number of suppression periods), percentage of trees having experienced 

suppression, proportion of time in suppression, and mean growth in suppression. We used 

a generalized linear model with a logit link and a binomial distribution to assess the 

relationship between OAI and proportion of time spent in suppression. For these 

analyses, trees with either 0% or 100% time spent in suppression were removed from the 

modeling dataset. Logistic regression was used to model probability of experiencing 

suppression as a function of OAI.  
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Figure 11: Representative examples of two distinct growth patterns. Panel 1 displays the 

height growth rate (A) and cumulative height growth (B) of an individual experiencing no 

period of suppression. Panel 2 displays the height growth rate (A) and cumulative height 

growth (B) of an individual experiencing one prolonged period of suppression. Dotted lines 

indicate suppression threshold values.  

 

Second, we defined suppression and release events as discrete points of rapidly 

changing growth rate. For this definition, we used a percent change method, where the 

percent change for a given year is defined as: 

𝑃𝑒𝑟𝑐𝑒𝑛𝑡 𝑐ℎ𝑎𝑛𝑔𝑒 =
𝑀2 − 𝑀1

𝑀1
  × 100 

where M1 is the mean growth rate of a time window prior to a given year, and M2 is the 

mean growth rate of a time window after a given year (Lorimer and Frelich 1989, 

Nowacki and Abrams 1997, Fraver and White 2005). We used a window length of 5 
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years, a release threshold of 100% (i.e., M2 is twice that of M1) and a suppression 

threshold of -50% (i.e., M2 is half that of M1). The year of maximum percent change 

within a period of identified suppression was identified as the year of suppression event 

(Brienen and Zuidema 2006). The year preceding the maximum percent change within a 

period of identified release was identified as the year of release event. The following 

metrics were calculated to compare suppression and release events between OAI class 

and crown class: suppression and release return interval (defined as the sum of tree ages 

divided by the number of events), percentage of trees having experienced suppression or 

release, and the age at first suppression. Logistic regression was used to model 

probability of experiencing a suppression or release event as a function of OAI.  

Midstory/Overstory Divergence 

Total age and growth rate were compared between midstory and overstory pairs 

as a function of OAI. To compare growth rates, we calculated the proportion of time 

midstory trees were 1) shorter than and 2) growing at a slower rate than paired overstory 

trees. We also calculated a running mean of the raw data as a smoothing technique in 

order to graphically present the relationship between age, OAI, and the difference in 

height between pairs (midstory height-overstory height). This result is presented only to 

the age of the youngest tree (19 years) in order to maintain a consistent sample size 

across the independent variables. Finally, we determined the age of height divergence for 

each pair. To define a threshold value for divergence, we identified the maximum height 

difference between pairs above which the relative ranking in height would not change for 

the remainder of the study. The age at divergence was then calculated for each individual 

and compared among OAI classes. 
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All analyses were conducted using SAS 9.4 (SAS Institute Inc., Cary, NC) with 

alpha = 0.05 to determine statistical significance. Residuals of all linear models were 

tested for assumptions of normality and homoscedasticity. Models that failed to meet 

assumptions of linear regression were transformed with either a natural log or reciprocal 

transformation. Generalized linear models were assessed for goodness-of-fit using area 

under receiver operating curves (c-statistic) and Hosmer and Lemeshow goodness-of-fit 

tests. 

 

Results 

Population-level analyses 

 Growth trajectories of midstory trees were highly variable (Figure 12). Tree 

height ranged from 1.4-10.5m at age 10. Trees were capable of growing as quickly as 2m 

in one year, and as slowly as 1m in 26 years. The upper and lower bounds of the envelope 

were defined by trees that grew 18.37m in 19 years and 11.33m in 75 years, respectively. 

HighOAI trees appeared consistently older than LowOAI trees on mesic sites. The 

envelope of LowOAI trees on mesic and xeric sites was constrained to a narrower range; 

the upper and lower bounds of the envelope were defined by trees that grew 18.37m in 19 

years and 14.88m in 46 years, respectively.  
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Figure 12: Height development as a function of individual age for A) 100 mesic midstory 

trees and B) 63 LowOAI midstory trees.  
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Based on 95% confidence intervals, there was evidence of growth divergence at a 

young age among OAI classes. LowOAI trees were significantly taller than HighOAI 

trees from age 3-13 (Figure 13). At 13 years old, trees averaged 8.05, 7.20, and 5.69m tall 

years old at Low, Med, and High OAI classes respectively. Mean heights of mesic trees 

were consistently taller than xeric trees at every age over the first 13 years, but 

differences were not significant at any age (Figure 13). At 13 years old, mesic trees were 

8.05m tall, while xeric trees were 7.41m tall. Population averages indicate that growth 

rate was initially slow and gradually increased up to age 13. 
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Figure 13: Mean height (dashed line) and 95% confidence intervals (solid lines) to age 

13 for A) Low, Med, and HighOAI trees on mesic sites, and B) LowOAI trees on mesic 

and xeric sites. 
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Individual-level analyses 

 

Upon visual observation, trees were capable of reaching midstory stature through 

several different growth patterns, including approximately linear, exponential, 

asymptotic, and sigmoidal. In addition, several trees exhibited obvious patterns of 

suppression and release. We found that 89.6% of trees were best fit to a cubic model 

(Table 13). For 55.2% of individuals, the coefficient signs were ++-, which is equivalent 

to an increasing height growth rate to inflection followed by a decreasing rate (Figure 

14). For 26.6% of individuals, the coefficient signs were +-+, which is equivalent to a 

constantly decreasing rate to inflection followed by an increasing rate (Figure 14). The 

remaining model forms combined accounted for only 18.2% of individuals.  

Table 13: Number of trees in different shape categories defined by the signs for 

coefficients in either a linear, quadratic, or cubic model predicting height from age. 

Coefficients not included in the model are marked as non-significant (ns) 

Coefficient Frequency 

age age2 age3  

+ ns ns 5 

+ - ns 9 

+ + ns 2 

+ + - 85 

+ - + 41 

+ - - 9 

- + - 2 

+ + + 1 
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Figure 14: Distinctive examples of individual growth curves (solid line) best fit to a cubic 

model (dotted line) with A) ++- and B) +-+ sign of coefficients. 

 

Age Distributions 

Tree age was highly variable across the narrow range of DBH sampled (Figure 

15, Table 14). Midstory trees in the 20-40 year age class made up 55% of the population, 

but age ranged from 14-108 years old. Tree age increased with increasing OAI at both 

mesic and xeric sites (Figure 16). Across a comparable range of OAI, we detected no 

interaction between OAI and soil class, and no difference in total age between mesic and 

xeric sites (Table 15).  
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Figure 15: Age distribution of 130 midstory trees in mesic and xeric sites. 

 

  

Figure 16: Relationship between OAI and tree age for mesic (left) and xeric (right) sites. 

The model for mesic sites used a natural log transformation of tree age but was back-

transformed for graphical presentation. 
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Table 14: Summaries (mean and one standard error in parentheses) of demographic and growth rate data for midstory trees by OAI 

class and soil class 

  Mesic Xeric 

Variable Low (n=37) Med (n=32) High (n=31) Low (n=26) Medium (n=4) 

DBH (cm) 13.18 (0.37) 13.47 (0.41) 14.35 (0.37) 13.03 (0.47) 12.15 (0.80) 

Tree height (m) 14.80 (0.34) 15.69 (0.38) 16.26 (0.51) 11.55 (0.37) 10.87 (0.82) 

Height/Diameter ratio 1.136 (0.022) 1.182 (0.027) 1.145 (0.035) 0.907 (0.036) 0.899 (0.069) 

Live crown ratio 0.613 (0.014) 0.524 (0.018) 0.489 (0.019) 0.646 (0.019)  0.592 (0.032) 

Tree age (years) 25.270 (1.28)  37.438 (3.87) 66.161 (3.34) 22.115 (1.08) 30.75 (1.55) 

Annualized growth rate (m/year) 0.622 (0.024) 0.519 (0.035) 0.268 (0.017) 0.543 (0.023) 0.355 (0.029) 

Maximum growth rate (m/year) 0.775 (0.022) 0.742 (0.034) 0.608 (0.030) 0.708 (0.022) 0.635 (0.063) 

Age at maximum growth rate (years) 12.64 (1.36) 12.48 (1.43) 12.00 (1.52) 9.38 (0.89) 9.75 (1.89) 
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Table 15: Model output for age and growth variables. No significant interactions between OAI and soil class were found for any 

model (not shown) 

Model Data Subset Global P P (B0) P (B1) P (B2) R2 

LnAge=OAI Midstory Mesic <0.0001 <0.0001 <0.0001  0.5872 

Age=OAI Midstory Xeric 0.0008 <0.0001 0.0008  0.3334 

ReciprocalAge=OAI +soilclass Midstory (OAI<1236.93) 0.0002 <0.0001 0.0001 0.8412 0.1846 

Annualized growth=OAI Midstory Mesic <0.0001 <0.0001 <0.0001  0.5277 

Annualized growth=OAI Midstory Xeric 0.0015 <0.0001 0.0015  0.3059 

Annualized growth=OAI+soilclass Midstory (OAI<1236.93) 0.0001 <0.0001 0.0007 0.0002 0.1870 

Max growth=OAI Midstory Mesic (>20 years old) <0.0001 <0.0001 <0.0001  0.2047 

Max growth=OAI Midstory Xeric (>20 years old)  0.0466 <0.0001 0.0466  0.2023 

Max growth=OAI+soilclass Midstory (>20 years old) (OAI<1236.93) 0.0327 <0.0001 0.1386 0.0108 0.1061 

LnInflection age=OAI Midstory Mesic (>20 years old) 0.7626 <0.0001 0.7626  0.0011 

Inflection age=OAI Midstory Xeric (>20 years old)  0.0685 <0.0001 0.0685  0.1727 

LnInflection age=OAI+soilclass Midstory (>20 years old) (OAI<1236.93) 0.5152 <0.0001 0.7647 0.2544 0.0215 
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Annualized growth rate 

 Annualized growth rate ranged from 0.146 m/year to 0.975 m/year. Annualized 

growth rate decreased with increasing OAI at both mesic and xeric sites (Figure 17). 

Across a comparable range of OAI, we detected no interaction between OAI and soil 

(Table 15) class, but intercepts were significantly different (Figure 18, Table 15).  

 

Figure 17: Relationship between OAI and annualized growth rate for mesic (left) and xeric 

(right) sites. 
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Figure 18: ANCOVA results comparing the relationship between OAI and annualized 

growth rate for mesic and xeric sites. 

 

Inflection Point 

 Maximum growth rate ranged from 0.333m/year to 1.125m/year. Maximum 

growth rate decreased with increasing OAI at both mesic and xeric sites (Table 15). 

ANCOVA results indicated no interaction between OAI and soil class. After removing 

the interaction term, we found that mesic sites averaged higher maximum growth rates 

than xeric sites but that OAI was insignificant in the model (Table 15). 

 On mesic sites, age at inflection averaged between 12-12.7 years across all OAI 

classes. On xeric sites, age at inflection ranged between 9.37-9.75 across both OAI 

classes (Table 13). We found no significant influence of OAI on age at inflection at either 

soil class (Table 14). Global tests for significance for ANCOVA models with and without 

an interaction were non-significant (Table 14). 
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Suppression and Release 

Suppression periods 

 Trees spent between 0-100% of their lifetime in suppression. We observed 

patterns of increasing proportion of time in suppression as OAI increased (Table 16). 

Proportion of time in suppression was three times greater for HighOAI trees compared to 

LowOAI trees. Model results also indicated that proportion of time in suppression 

increased with increasing OAI (Figure 19). A similar, though weaker relationship was 

observed when truncating the dataset to age 20 (Figure 19).  

We observed patterns of increasing percentage of trees suppressed with increasing 

OAI (Table 16). Approximately half of LowOAI trees experienced suppression, while 

100% of HighOAI trees experienced suppression. Logistic regression results confirmed 

the observation that probability of a suppression period increased with increasing OAI 

(Figure 20, Table 17). At the MedOAI breakpoint value, individuals had a 63% 

probability of experiencing suppression. Trees with no suppression only occurred less 

than 1353 OAI. Patterns within the first 20 years were similar to those of the full dataset; 

slightly smaller percentages of trees were suppressed at each OAI class, but relative 

rankings remained consistent (Table 16). Logistic regression models indicated a 

significant positive relationship between suppression probability and OAI (Figure 20, 

Table 17). 
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Figure 19: Influence of OAI on the proportion of time in suppression during the A) entire 

lifetime and B) first 20 years for individual trees. 

 

 

Figure 20: Logistic regression graphs modeling the probability of suppression and 

release as a function of OAI. A) Probability of suppression period, B) probability of 

suppression period within the first 20 years, C) probability of suppression event, D) 

probability of release event. 
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Suppression and release events 

 Suppression and release events require relatively rapid changes in growth rate 

(Figure 21). Suppression and release events were generally less common than 

suppression periods, and a smaller percentage of trees experienced discrete suppression 

events compared to periods of suppression (Table 16, Table 18). Up to three suppression 

events and two release events were found on a single tree. Release events were observed 

up to 83 years old and 22m tall. We observed similar trends to those of suppression 

periods; greater OAI trees had greater numbers of suppression and release events, as well 

as a greater percentage of individuals experiencing events (Table 18). Logistic regression 

results support the observation that probability of experiencing both suppression and 

release events increase with increasing OAI (Figure 20, Table 17). At the MedOAI 

breakpoint value, individuals had a 27% probability of experiencing suppression and a 

15% probability of experiencing release. Age at first suppression did not vary 

considerably between OAI classes (Table 18). 
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Figure 21: Suppression (red circles) and release (blue circles) events of 100 midstory 

trees. 
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Table 16: Growth patterns described in relation to suppression periods (one standard error in parentheses). Suppression periods were 

defined as periods of at least 5 years of growth rate below a species-specific growth threshold (up to two non-consecutive years above 

threshold were allowed) 

  Midstory Overstory 

Metric LowOAI MedOAI HighOAI Total   

Sample size 37 32 31 100 24 

Suppression return interval (years/period) 29.93 29.90 36.73 32.94 34.58 

Trees suppressed (%) 51.35 68.75 100.00 69.00 100.00 

Trees suppressed (first 20 years) (%) 48.65 65.63 96.77 70.00 79.17 

Proportion of time suppressed 0.245 (0.046) 0.380 (0.057) 0.721 (0.026) 0.436 (0.033) 0.481 (0.029) 

Proportion of time suppressed (first 20 years) 0.245 (0.049) 0.385 (0.064) 0.661 (0.050) 0.419 (0.036) 0.286 (0.059) 

Growth in suppression (m/year) 0.354 (0.001) 0.266 (0.006) 0.200 (0.004)  0.235 (0.003)  0.221 (0.004)  

Growth in suppression (first 20 years) (m/year) 0.393 (0.012)  0.357 (0.009) 0.336 (0.007)  0.354 (0.005) 0.381 (0.011)  

 

 

 

Table 17: Model output for logistic regression analyses modeling the probability of suppression and release as a function of OAI. 

Model Data Subset 

P (Likelihood 

ratio) c 

HL p-

value 

P(suppression period)=OAI Midstory Mesic <.0001 0.791 0.7272 

P(suppression period)=OAI Midstory Mesic  (>20 years old) <.0001 0.755 0.6082 

P(suppression event)=OAI Midstory Mesic <.0001 0.815 0.2738 

P(release event)=OAI Midstory Mesic  (>20 years old) <.0001 0.797 0.3332 
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Table 18: Growth patterns described in relation to suppression events (one standard error in parentheses). Suppression and release 

events were discrete events of rapidly changing growth rate. Suppression events were defined as years where the mean growth rate 5 

years following was half that of the 5 years preceding. Release events were defined as years where the mean growth rate 5 years 

following was twice that of the 5 years preceding 

  Midstory Overstory 

Metric Low OAI Med OAI High OAI Total   

Sample size 37 32 31 100 24 

Suppression return interval (years/event) 128.29 64.78 48.10 60.96 82.70 

Release return interval (years/event) 224.50 129.56 87.83 113.44 380.40 

Trees suppressed (%) 18.92 37.50 80.65 44.00 58.33 

Trees release (%) 8.11 25.00 54.84 28.00 20.83 

Age at first suppression 20.57 (2.75) 25.17 (2.92) 25.72 (1.59) 24.75 (1.28) 22.57 (1.96)  

Age at first release 30.33 (3.48) 35.63 (7.52) 38.77 (3.32) 36.96 (2.92) 31.20 (5.12) 

 

 

 

Table 19: Relative age and growth summaries comparing paired midstory and overstory trees (one standard error in parentheses). 

Age difference and proportion entries refer to midstory compared to overstory 

  Midstory 

Metric Low OAI Med OAI High OAI Total 

Sample size 6 8 10 24 

Age difference -66.0 (11.34)  -34.0 (13.24) -9.9 (6.1) -32.0 (7.23) 

Proportion of time shorter 0.394 (0.192) 0.723 (0.134) 0.912 (0.021) 0.719 (0.076) 

Proportion of time at slower growth rate 0.349 (0.076) 0.536 (0.078) 0.724 (0.032) 0.567 (0.045) 

Age of divergence 7.67 (1.82) 15.63 (4.32) 14.70 (3.61) 13.25 (2.16) 
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Midstory/Overstory Divergence 

 The sampled overstory trees ranged from 41-139 years old, and their paired 

midstory trees ranged from 20-95 years old. Difference in total age ranged from -117 

years (midstory tree 117 years younger) to 3 years (midstory tree 3 years older). 

Accounting for variability in grass stage emergence time, it is likely that several pairs 

established from the same seedling cohort. We observed the trend of decreasing 

difference in age between pairs with increasing OAI (Table 19).  

 Midstory growth rates were comparable or greater than overstory growth rates at 

LowOAI sites (Figures 22-25). On average, LowOAI midstory trees were shorter than 

overstory trees and had slower growth rates at comparable ages less than 40% of their 

lives (Table 19). By contrast, HighOAI midstory trees were shorter than overstory trees 

and had slower growth rates 91% and 72% of their lives, respectively (Table 19). For 

either crown class, the proportion of time shorter than the other was generally greater 

than the proportion of time with slower growth rates (Table 19).  

 One overstory tree made up a 1.54m height deficit at age 4 and was 7.2m taller at 

age 69. With this information, a height difference of 1.55m was selected as the threshold 

value for divergence. Divergence was possible in either direction (i.e., either crown class 

could diverge from the other). Every pair experienced divergence at some point, although 

age at divergence was highly variable, ranging from 3-45 years. Divergence was 

observed at a younger age on average at LowOAI sites (Table 19).  
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Figure 22: Height growth trajectories for paired midstory (black) and overstory (blue) 

trees on LowOAI plots. 
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Figure 23: Height growth trajectories for paired midstory (black) and overstory (blue) 

trees on MedOAI plots. 
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Figure 24: Height growth trajectories for paired midstory (black) and overstory (blue) 

trees on HighOAI plots. 
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Figure 25: Relative difference in height between midstory and overstory trees as a function 

of age and OAI. This figure was produced using the running mean of raw data as a 

smoothing technique. 

 

Discussion 

  

Effects of Site Type and Overstory Structure on Midstory Growth Rates 

In most observed metrics of height growth, we generally found that trees on xeric 

sites had slower but statistically nonsignificant differences compared to mesic sites when 

controlling for overstory competition. These results were surprising, given the prevailing 

theories of tree growth and previous research results. In the absence of intense 

competition, site quality is believed to be a limiting factor to height growth (Oliver and 
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Larson 1996). Other research has found that longleaf pine on xeric sites are shorter and 

have lower height/diameter ratios than trees on mesic sites (Mitchell et al. 1999, 

Addington et al. 2006). In young longleaf pine plantations, Boyer (1983) found that 

height growth rate reached a higher maximum value and culminated at an earlier age at 

higher site indices. While natural communities of the JWJERC cover a hydraulic 

gradient, most of the property is delineated as upland mesic terrace (Goebel et al. 2001), 

and xeric sites are not as infertile as other representative communities in the region. We 

expect that differences in growth rates would be more pronounced on drier natural 

communities in the region.  

The structure and ecology of sand barrens and river dunes allows us to speculate 

possible limitations of recruitment on these sites. Midstory trees occupying xeric sites 

displayed a much lower range of OAI than mesic sites. This finding supports previous 

research and land classification systems that describe sand barrens as open communities 

with low overstory density and basal area (Mitchell et al. 1999, Addington et al. 2006, 

Peet 2006). This extreme open structure, combined with relatively comparable height 

growth rates to mesic sites, suggests that neither competition for space and light nor low 

growth rates are limiting factors for recruitment in xeric habitats. Similarly, it is believed 

that fire return intervals would naturally be longer in xeric compared to mesic sites due to 

discontinuous horizontal fuels (Peet 2006), suggesting that fire-induced mortality likely 

has a limited role in suppressing recruitment in xeric habitats. Drought-induced seedling 

mortality is common, and mortality is often higher in open conditions on xeric sites 

(Rodrı́guez-Trejo et al. 2003, Loudermilk et al. 2016). Thus, it is possible that high 
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seedling mortality rates due to moisture stress is an important limiting factor for 

recruitment on xeric sites 

In this study, high overstory abundance reduced growth rates of midstory trees. 

This interaction was observed using age, annualized growth rate, and maximum growth 

rate as metrics of growth. Asymmetric competition between the overstory and midstory 

has been observed in numerous forest types (Pacala et al. 1994, Williams et al. 1999, 

Vickers et al. 2014) but has not explicitly been described in longleaf pine midstory trees 

to our knowledge. We found evidence of divergence in size as young as 3 years old 

between trees on Low and HighOAI plots, suggesting that the effects of the overstory on 

sapling growth are visible soon after grass stage emergence. Overstory competition also 

reduces growth within the grass stage, suggesting that competition reduces growth at all 

stages of development. However, all OAI classes averaged between 3-4 years to reach a 

perceived fire-tolerant height threshold of 1m (Croker and Boyer 1975, Wang et al. 

2016). This indicates that, while differences in size are apparent at a young age, growth 

suppression may not be great enough that high overstory density will lead to increased 

fire induced mortality within the first few years of height growth. 

Inferring Regeneration and Canopy Recruitment Processes 

Patterns of midstory tree age included some striking findings, including the wide 

distribution of midstory age (14-108 years) across a narrow range of DBH and that young 

and old trees were almost entirely restricted to LowOAI and HighOAI plots, respectively. 

This information, combined with that from previous research, allows us to infer the 

regeneration conditions of trees in our study. In a dendrochronological disturbance 

reconstruction on the JWJERC property, Pederson et al. (2008) described fluctuating 
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patterns of tree recruitment through time. Across the landscape, the period from 1905-

1939 was associated with increased canopy disturbance and tree recruitment, with the 

majority of these trees recruiting from a dominant crown position. Fewer trees recruited 

prior to 1905 and after 1939, and the majority that did recruited from suppressed crown 

positions. In our study, approximately half of overstory and HighOAI trees established 

during periods of dominant crown position during recruitment according to Pederson et 

al. (2008) (Figure 26). We suspect that the majority of HighOAI plots originated in open 

conditions, that extant midstory trees fell behind competitors during canopy ascension, 

and that they persisted with minimal growth since. In contrast, 100% of LowOAI trees 

established since 1970, all within a period of low overstory disturbance and depressed 

recruitment. However, the young age, rapid growth, and lack of suppression in these trees 

suggest that they grew in canopy gaps or unusually open stands throughout the 

recruitment process. The speculation that most trees, regardless of current stand 

condition, likely initiated height growth in open canopy conditions suggests that there 

may be threshold limits for overstory density that permit recruitment of new stems into 

the midstory.  
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Figure 26: Year of height growth initiation for overstory trees and three OAI classes of 

midstory trees in relation to periods of predominately suppressed (S) and dominant (D) 

recruitment described by Pederson (2008). 

 

The age distribution between HighOAI overstory and midstory pairs also allows 

inference into the stand dynamics processes occurring after regeneration. The observation 

that HighOAI overstory and midstory pairs were similar ages, an unexpected finding, 

provides greater support for the notion that HighOAI trees originated in open stands. 

Given the infrequent large masting events in longleaf pine, it is likely that several pairs 

originated from the same cohort and directly competed for crown position during 

recruitment. These observations suggest that falling behind neighbors during canopy 

recruitment can lead to long-term stagnation in height and diameter growth. Beyond 

1.54m in height difference, relative ranking between overstory and midstory trees did not 

change throughout the remainder of the study in any pair. Thus, there is little evidence to 

suggest that relative height would change after a large deviation from an overstory 
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growth trajectory. Furthermore, the proportion of time spent shorter than a paired 

individual was generally greater than the proportion of time spent with a slower growth 

rate, supporting the notion that an early height deficit is difficult to recover from, even if 

growth rates are comparable later. 

OAI was an important predictor of relative growth, as generally LowOAI trees 

grew faster than overstory trees. Previous research comparing growth rates between size 

classes has consistently found that overstory trees grew faster than saplings (Wu et al. 

1999, Poage and Tappeiner 2002). Landis and Peart (2005) suggested that this 

observation was likely due to mortality of slow-growing saplings. Under the assumption 

that slow-growing individuals have higher annual mortality rates than fast-growers (Kobe 

et al. 1995, Wyckoff and Clark 2002), the midstory is effectively a sample of individuals 

that have not yet filtered out all slow-growers. Previous research has failed to account for 

the growing conditions of saplings, and faster growth among smaller trees has not been 

documented to our knowledge. It is somewhat unclear why midstory trees would display 

faster growth than extant overstory trees. We previously discussed the assumption that 

most overstory trees in this study recruited under open conditions. That said, a shift in 

disturbance regime from small- to large-scale disturbances, as well as increased CO2 

deposition in the atmosphere, could possibly explain this phenomenon.  

Growth Patterns 

Despite the variety of observed patterns, models of individual growth suggested 

most followed a sigmoidal pattern. This was unexpected based on our initial examination 

of growth curves. Cumulative curves appeared to cover a wide-range of possible shapes, 

while growth rate curves often exhibited erratic fluctuations in annual growth. 
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Cumulative height growth is typically modeled as a sigmoidal function of age or height, 

where growth rate slowly increases to an inflection point, and then decreases infinitely 

toward zero (Burkhart and Tomé 2012). While the sigmoidal growth pattern was the most 

commonly observed in our data, there was also a high proportion of trees that were best 

fit to what could be described as a rotated sigmoid, where growth rate constantly 

decreases to inflection followed by an increasing rate. This model was best fit to 

individuals with prominent release events later in life. The relatively few trees that were 

not best fit to one of these two model forms were mostly young individuals that had not 

yet begun to slow in height growth (i.e., reached an inflection point). There is a biological 

basis to the sigmoidal growth function (Paine et al. 2012), and these results suggest that it 

is unlikely patterns would deviate too widely from this shape in the long-term in the 

absence of suppression and release. 

Suppression and release were common in our samples, particularly in HighOAI 

environments. Several studies have shown that among shade-tolerant species, the 

majority of individuals undergo multiple periods of suppression and release during 

recruitment (Canham 1985, Wu et al. 1999), but that overstory trees are less likely to 

experience suppression early in life compared to saplings (Landis and Peart 2005). 

Research in northern hardwood and conifer forests has found that across all size classes, 

trees spent between 45-85% of their lives in suppression (Canham 1990, Landis and Peart 

2005). Trees in this study were at the lower end of this range, although our methodology 

for describing suppression periods, both through examinations of height growth and the 

use of a fluctuating growth threshold with age, necessitates caution when comparing our 

results to others. HighOAI trees are likely more prone to fluctuations in growth rate 
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caused by small changes in overstory structure. In contrast, suppression periods, as well 

as suppression and release events, were relatively uncommon in overstory trees when 

adjusting for total age. A lack of suppression may put individuals at a competitive 

advantage compared to competitors during canopy recruitment.  

We found that suppression periods were somewhat more common than 

suppression or release events. A gradual decrease in growth rate could cause a 

suppression period without an event, while a suppression event was nearly always 

followed by a suppression period. Events and periods have both been studied in relation 

to suppression and release, although they are rarely considered together in the same 

study. Previous research has found that release periods generally begin with rapid 

increases in growth, while suppression periods could begin with either rapid or gradual 

decreases in growth (Canham 1985, Wu et al. 1999). Release events are logical in that a 

sudden disturbance to the overstory creates an abrupt increase in resources and space. 

Suppression events are somewhat less intuitive. If suppression is predominately a 

function of changes in canopy gap size, we would expect gradual reductions in height 

growth, as canopy gap closure itself is a gradual process. It is possible that threshold 

values of gap size or canopy openness exist for height growth, below which growth 

abruptly stops. It is also possible that distinct events independent of canopy openness, 

such as the onset of drought or physical damage, could be a sudden catalyst for long-term 

growth reductions. Further analyses could assess if suppression and release events in this 

study are temporally correlated with climatic factors. 

It is possible that there are limitations to release potential in longleaf pine. There 

is a general belief that longleaf pine can resume height growth as long as epinastic 
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control is maintained and a terminal leader is still present. We cannot assess this 

hypothesis without longitudinal crown data, although we observed numerous trees with 

suppressed, flat-topped crowns at the time of sampling in HighOAI plots. It is uncertain if 

these trees would still respond to release; however, crown ratios even in these HighOAI 

plots averaged 48.9%, well exceeding perceived thresholds of height growth potential 

and release (Boyer 1990).  

Management Implications 

The results of this research have potential implications for both even- and uneven-

aged longleaf pine silviculture, as well as our understanding of shade-tolerance of 

longleaf pine. Our results suggest that even-aged silvicultural systems may provide 

sustainable recruitment in longleaf pine stands. By comparing overstory and midstory 

trees of similar ages, we found that individuals that quickly differentiate in height are 

more likely to recruit to the canopy. Individuals that fall behind may survive but are 

subjected to long-term height and diameter growth suppression. Our definition of 

divergence occurred at a wide variety of ages, suggesting that threshold height deficits 

are difficult to recover from regardless of the age at which they occur. Thus, individual 

crown position is likely critical as even-aged cohorts recruit to the canopy together. 

The perpetual forest cover and complex structure provided by uneven-aged 

silviculture may provide additional ecological objectives, such as such as red-cockaded 

woodpecker (Picoides borealis) habitat and ground flora diversity. However, recruitment 

is potentially more complex than in systems with minimal overstory retention, as the 

forest structure must simultaneously facilitate regeneration development and growth of 

canopy trees (Guldin 2006). The ability of longleaf pine to survive suppression and 
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respond to release support the efficacy of uneven-aged management, and single-tree 

selection specifically, in longleaf pine stands. Individuals may stagnate in height growth 

but show the ability to persist in the midstory and resume height growth after release. 

However, the lack of young trees found in dense stands suggests that there are restraints 

on the recruitment of new stems into the midstory in dense stands. Although we have not 

identified threshold values, some level of canopy reduction appears necessary in high 

overstory retention systems in order to facilitate recruitment of young trees. 

The ability to persist under heavy canopy cover and low light levels is a key 

feature of shade-tolerant species (Valladares and Niinemets 2008). Although 

conventionally designated as shade-intolerant, the notion that longleaf pine can persist in 

the understory and respond to release has been casually acknowledged for decades. 

Wahlenberg (1946) claimed that “Longleaf pines on good sites possess an astonishing 

capacity to recuperate after heavy cutting of trees that dominate them.” Samuelson and 

Stokes (2012) found that seedlings expressed a degree of leaf phenotypic plasticity to 

light. Longleaf pine displays an interesting combination of life history strategies 

associated with both shade-tolerant and -intolerant classifications (Platt et al. 1988). For 

example, the extreme reduction in growth from overstory competition and spatial 

aggregation of seedlings in canopy gaps are associated with shade-intolerant species. 

However, the long adult lifespans, infrequent masting events, and the focus on root 

development as seedlings are all characteristics of shade-tolerant species. Our results 

support previous observations of persistence and release in longleaf pine, indicating a 

need for re-evaluation of the shade-tolerant designation of longleaf pine.  

 



 

96 

 

CHAPTER IV: CONCLUSIONS AND MANAGEMENT 

IMPLICATIONS 

 We provide insight into the canopy recruitment process and sustainability of 

silvicultural systems in longleaf pine (Pinus palustris) stands. We found that size and 

rapid growth were important predictors of individual survival and canopy recruitment. It 

is likely that both absolute and relative size are important for small grass stage seedlings, 

which are susceptible to not only competition-induced mortality but also to external 

disturbance agents. We found that relative height compared to local competitors became 

increasingly important for survival as stems reached the sapling stage. Furthermore, our 

stem analysis data suggest that individuals that successfully differentiate from peers 

become successful canopy recruits, and we found no evidence of shifts in crown position 

between competitors after a large divergence in height. While our Chapter II results 

suggest that survival probability is low as saplings fall behind competitors during 

recruitment, our Chapter III results suggest that a given individual may persist for 

decades in the midstory with minimal growth and still respond to release. 

 We suggest that practices that promote rapid growth of grass stage seedlings may 

facilitate individual survival. While competition control measures may provide some 

level of increased growth and survival probability, land managers should expect moderate 

to high mortality rates for grass stage seedlings even at low natural or planted densities. 

Mortality may be low for saplings grown in low density local environments but will 

increase with increasing cohort density as clusters compete and self-thin over time. 

Unless rapid wood production is a priority, our results suggest that active management 



 

97 

 

such as thinning dense sapling clusters may be unnecessary, as regeneration will naturally 

differentiate in size.  

 Uneven-aged silviculture provides ecological values unique to longleaf pine 

stands, such as red-cockaded woodpecker (Picoides borealis) habitat and ground flora 

diversity. Our results provide a level of both support and caution with the use of uneven-

aged silviculture in longleaf pine stands. Land managers should expect that increasing 

levels of canopy retention will reduce growth and productivity of the midstory, and that 

particularly dense stands may not permit recruitment of new stems into the midstory. On 

the other hand, the ability of longleaf pine to persist with growth suppression and respond 

to release suggest that trees present in the midstory are unlikely to stagnate, and that 

silvicultural systems that rely upon the release of advance regeneration may be 

efficacious in the long-term.  

 Canopy recruitment is an infrequently studied process. Thus, there is still much to 

learn regarding recruitment dynamics generally, and in longleaf pine stands specifically. 

Long-term datasets that provide near annual resolution of individual growth and mortality 

through stand development are rare but would allow for more robust inferences into 

developmental milestones for successful recruitment in even-aged cohorts. Our research 

was at least partially influenced by questions surrounding the sustainability of uneven-

aged stand structures. Long-term research is needed to document changes in stand 

structure over time under different management systems. Finally, the use of growth and 

mortality data to develop more comprehensive empirical models of recruitment and stand 

dynamics could greatly aid silviculturists, particularly those using uneven-aged 

management in longleaf pine woodlands. 
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