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Dear FPC Members, 

The Forest Productivity Cooperative (FPC) is an international research and technology transfer program 

working with the major pine and eucalypt plantation species in the southeastern United States and Latin 

America. The FPC is a partnership between forest industry and university scientists who are working 

together to develop innovative solutions that enhance the productivity and value of planted forests 

through sustainable management of site resources.  The FPC is jointly administered by faculty at North 

Carolina State University, Virginia Polytechnic Institute and State University, the University of Concepción in 

Chile, and the Federal University of Lavras in Brazil.  

The mission of the FPC is to create innovative solutions to enhance forest productivity and value through 

sustainable management of site resources. Our goal is to develop site-specific silvicultural regimes that 

increase the productivity, profitability, and sustainability of plantation management. The success of the 

FPC is based on our mixture of basic and applied research that creates new knowledge and then 

develops practical applications that helps members optimize forest management practices. 

The FPC has established a large network of field research trials that includes active experiments in the US 

and Latin America. This is one of the largest networks of forestry research installations in the world.  We are 

also able to leverage the investment made in these studies with outside grants from a variety of 

agencies. We also partner with organizations such as FONDEF, USDA Forest Service, and other research 

cooperatives through programs such as EUCAHYDRO, CAFS and PINEMAP.  

The 2018 FPC Research Summaries provide a summary of the results of the ongoing work in both pine and 

eucalyptus conducted by the FPC. We also list the research papers published by the FPC in the last five 

years. Summaries and reports on all FPC research and copies of all of our published papers are available 

on the FPC website: www.forestproductivitycoop.net.  

Thanks to all of our members for their continued support of the FPC. 

 

 

The Forest Productivity Cooperative Team  

 

Rachel L . Cook, NCSU David Carter, VT 

Rafael A. Rubilar, UdeC Otávio Campoe, UFSC 
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*A 50-year Retrospective of the Forest Productivity Cooperative:  

Regionwide Trials 

Introduction 

Prior to the incorporation of intensive silvicultural 

practices, loblolly pine (Pinus taeda L.) had a 

reputation of needing no silvicultural 

intervention to be productive. This reputation 

was garnered through observations of loblolly 

pine quickly establishing on land deemed too 

infertile and eroded for agricultural use (Carter 

et al. 2015). Of course, today, this view of 

loblolly pine is antithetical to what we have 

learned about pine plantation management in 

the southeastern U.S. The extensive gains made 

by intensive silvicultural researchers in the South 

have resulted in a tripling or quadrupling of per 

acre productivity while halving the average 

rotation length in pine plantations, from 50 to 25 

years (Fox et al. 2007). 

A foremost contributor to these advancements 

over the last half century has been the Forest 

Productivity Cooperative (FPC). Many of the 

contributions made by the FPC to this 

enhanced understanding of pine plantation 

management was garnered through 

Regionwide trials (RWs). RWs are studies 

conducted throughout the southeastern U.S. 

and Latin America on operational forest 

plantations owned or managed by FPC 

members. This industry-government-university 

partnership has resulted in 28 RW series, 

numbered sequentially as it was initiated.  

The broad geographic expanse of the FPC’s 

membership has enabled researchers to answer 

questions regarding the effects of silvicultural 

inputs on the growth of loblolly pine throughout 

its planted range, typically ranging from 6 to 18 

years in duration, but up to extending into the 

subsequent rotation. We highlight major findings 

over the last 50 years of Forest Productivity 

Cooperative research garnered from these RW 

series in the southeastern U.S. We will cover the 

history and evolution of the FPC and then the 

key findings from our RWs in a silviculturally 

procedural order: site preparation, fertilization, 

vegetation control, and thinning and 

fertilization. This order also loosely follow the 

chronological order of the establishment dates 

of these trials. We finish the review with a brief 

overview of the FPC’s presence in South 

America, our often unmentioned, or “lost”, RW 

trials and products produced by this 

Cooperative over the span of its life, thus far.  

 

FPC History 

The FPC is an international industry-government-

university silvicultural research cooperative. Led 

by forestry faculty at North Carolina State 

University (NCSU), Virginia Polytechnic Institute 

and State University (Virginia Tech),  the 

Universidad de Concepción (UdC) in Chile, and 

the Universidade Federal de Lavras in Brazil, the 

FPC is one of the oldest and largest 

cooperatives of its kind.  

Since its inception in 1969, the FPC has 

undergone a series of name and personnel 

changes. Under the leadership of Wayne Haines 

(1969-1977), the first director, the Cooperative 

was named the North Carolina State Forest 

Fertilization Cooperative. Bob Kellison (1977-

1978) and Russ Ballard (1978-1980) oversaw the 

Cooperative until Lee Allen (1980-2008) 

became director in 1980. Allen decided to 

change the name of the Cooperative to the 

North Carolina State Forest Nutrition 

Cooperative in 1986 to reflect the broadening 

of the Cooperative’s research agenda to 

beyond regionally based loblolly pine 

fertilization regimes. At the end of Dan Kelting’s 

(2000-2003) tenure as co-director in 2003, the 

http://www.ncsu.edu
http://www.ncsu.edu
http://www.vt.edu
http://www.vt.edu
http://www.udec.cl
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Cooperative’s name was shortened to the 

Forest Nutrition Cooperative in response to Tom 

Fox (2003-2017) at Virginia Tech partnering with 

Allen and NCSU. Rafael Rubilar (2007-present) at 

UdC was the first co-director from South 

America when he joined in 2007. Shortly 

thereafter, Allen became director emeritus of 

the Cooperative after 28 years of service in 2008 

and was replaced by José Stape (2008-2015). In 

2010, the Cooperative changed its name to its 

current moniker, the Forest Productivity 

Cooperative, to better define the Cooperative 

as a research body which studies all silvicultural 

inputs. Otávio Campoe (2013-present) joined 

the FPC in 2013 while at the Universidade 

Federal de Santa Catarina in Brazil. In 2019, 

Campoe moved to the Universidade Federal de 

Lavras in Brazil. In 2015, Rachel Cook (2015 – 

present) replaced José Stape as co-director of 

the FPC at NCSU. Jay Raymond (2017-2018) at 

Virginia Tech served as interim co-director of the 

FPC after Fox accepted a position as Vice 

President of Forest Productivity and Sustainability 

at Rayonier in 2017. In 2018, Dave Carter (2018 – 

present) joined as co-director of the FPC at 

Virginia Tech.   

 

The First Regionwide Trial 

Initially, the directive of the Cooperative was to 

determine the economic feasibility of fertilizing 

loblolly pine plantations in the Piedmont and 

Coastal Plain of the southeastern US. It was 

anticipated this objective would be completed 

in five years. The impetus for this directive was 

driven, in part, by the success of the 

Cooperative Research in Forest Fertilization 

program at the University of Florida in finding 

strong fertilization responses among slash pine 

(Pinus elliotti) in the flatwoods of Florida.  

The first RW was a fertilization trial of nitrogen 

(N), phosphorus (P), and potassium (K) 

established in 1970, across 101 sites, to answer 

the original question that inspired the creation 

of the FPC, “Does loblolly pine respond to 

fertilization?” The elemental rates of the four 

fertilization treatments were: (1) 100 lbs N ac-1, 

(2) 50 lbs P ac-1, (3) 100 lbs N ac-1 + 50 lbs P ac-1, 

and (4) 100 lbs N ac-1 + 50 lbs P ac-1 + 50 lbs K ac

-1.  Under these treatments, loblolly pine did in 

fact prove responsive to fertilizer on the Upper 

and Lower Coastal Plain, as well as on the 

Piedmont, which was a seminal finding for the 

time. However, the five-year growth responses 

of mature and semi-mature loblolly pine stands 

ranged dramatically: -486 ft3 ac-1 to 872 ft3 ac-1 

(Allen and Duzan 1983).  Early evidence 

suggested that growth responses to N and P 

applied together, rather than individually, were 

synergistic. An internal FPC report written in 1980 

about this RW contains the following quote, 

“The impact of a P-deficiency on the 

effectiveness of an N-fertilizer treatment should 

be given special attention so as to maximize the 

yields from a given N treatment.” It would be 

another two decades before this early 

observation was crystallized into peer-reviewed 

publication (en sensu Ducey and Allen, 2001).  

Furthermore, the first RW results showed 

regionally specific responses to fertilization, with 

the growth of Upper and Lower Coastal Plain 

sites possessing relatively greater responses to P 

and K, when applied with N, than those 

measured in the Piedmont. Early on, it was clear 

that responses to silvicultural inputs were likely to 

be site-specific. Thus, the groundwork was laid 

for decades of subsequent research focused on 

tailoring fertilization regimes and, later, 

silvicultural prescriptions, to site conditions in the 

southeastern U.S. and later to be expanded into 

South America.  

 

Site Preparation 

The RW 7, a site preparation study, compared 

two mechanical site preparation treatments. 

When this study was initiated in 1979, 

fundamental questions regarding the impact of 

mechanical intervention on a site – i.e. whether 

these inputs enhanced or degraded 

productivity -- remained to be answered.  

Sites were either treated with optimal site 

preparation (e.g. shear, rake, pile, disk, bed, 

double-bed) or operational -- usually current 

operational site preparation treatments (e.g. 

chop, burn, shear, pile) (Nilsson and Allen 2003). 

Within these main plots, subplots were assigned 

to a randomized 2x2 factorial of fertilization and 



 

 11 

herbicide at establishment. The long-term view 

of this study – 18 years, extending well into the 

rotation – allowed, for the first time, an 

investigation into the duration of the growth 

response caused by site preparation 

treatments. 

In general, it was found that the optimal site 

preparation treatment yielded greater volume 

production than the operational site 

preparation treatment. Average values ranged 

from 160 ft3 ac-1 yr-1 in the operational site 

preparation treatment to 220 ft3 ac-1 yr-1 in the 

optimal site preparation treatment. 

Diammonium phosphate (DAP) was either 

applied (250 lbs DAP ac-1 = 40 lbs N ac-1 and 50 

lbs P ac-1) or not immediately following planting. 

Fertilization treatments resulted in greater 

volume growth in the optimal site preparation 

treatment and herbicide resulted in greater 

volume growth in the operational site 

preparation treatment. These differences in 

volume growth between these treatments were 

presumed to reflect the increased vegetation 

control from more intense mechanical site 

preparation on competing hardwoods. 

However, most importantly, this study 

demonstrated that site preparation could result 

in a long-term sustained growth response, if 

done properly.  

During the 1990s, it was commonly thought 

subsoiling and tillage were necessary on upland 

soils to alleviate soil strength, promote root 

growth and increase nutrient availability, based 

on agricultural experiences in the southeastern 

US (Kamprath et al. 1979; Vepraskas and Miner, 

1986). The RW 16, established in 1994, studied 

the effects of surface and subsurface tillage on 

growth in 15 studies across three mineralogies: 

kaolinitic, siliceous, and mixed (Carlson et al. 

2006). Surface tillage resulted in a long-term, 

increasing growth response differentially among 

mineralogies (siliceous: 73 ft3 ac-1, kaolinitic: 57 

ft3 ac-1, and mixed mineralogy: 44 ft3 ac-1).  

Conversely, while subsoiling improved survival 

on Piedmont sites by 8%, volume responses on 

these sites tended to dissipate by age 6. 

Overall, the effects of surface and subsurface 

tillage on stand uniformity were negligible. 

Volume and uniformity responses from 

vegetation control and fertilization tended to 

be greater, and much less expensive.  

While these studies concluded nearly 20 years 

ago and have been published for more than a 

decade, site preparation-related questions 

continue to reoccur. These studies provide an 

immense utility as their long-term data provide 

robust insight into the effects these inputs have 

on productivity and continue to address 

remerging questions. 

 

Mid-Rotation N+P 

The RW 13, established in 1984, was a seminal 

study in that it was the first to determine that 

there was often a synergistic effect of N and P, 

i.e. the responses were more than the sum of 

their individual contributions to productivity. 

When applied together at a rate of 200 lbs of 

elemental N ac-1 and 25 lbs of elemental P ac-1, 

growth responses averaged 79 ft3 ac-1 yr-1 and 

ranged from 27 to 134 ft3 ac-1 yr-1 for eight years 

after the application. When N is applied alone 

at this same rate, the growth response may only 

be 12.5 ft3 ac-1 yr-1 for eight years (Fox et al. 

2006). Specifying these fertilization rates further, 

it was found that the magnitude and duration 

of responses to N and P additions varied by the 

amount added and by the drainage class of 

the soil (Amateis 2000).  

Using RW 13 data, Ducey and Allen (2001) 

provided an ecophysiological justification of 

why we need to fertilize with N and P at these 

quantities, which is to keep up with the 

estimated system demand of approximately 45 

to 90 lbs N ac-1 yr -1 and 4.5 to 9 lbs P ac-1 yr-1. 

These estimates correlated with previous 

findings which indicated the critical level for 

foliar N and P are 1.2% for N and 0.12 % for P 

(Wells and Allen, 1985; Allen 1987; Jokela 2004; 

Albaugh et al. 2010). Logically, fertilization 

recommendations started to include leaf area 

index (LAI; units of foliage area per unit of 

ground area) as nutrient availability is the 

primary driver of leaf area production (Vose 

and Allen, 1988; Albaugh et al. 1998). An LAI 

threshold for N and P fertilization for fully stocked 

stands (basal area = 100 ft2 ac-1) was set at ≤ 3.5 

with the magnitude and duration of the 
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fertilization response expected to be greater 

with lower LAI (Fox et al. 2011).  

The strong relationship between LAI and 

productivity reported by Vose and Allen (1988) 

led to a simple but powerful concept: “Leaves 

grow trees, resources grow leaves, and 

silviculture is the manipulation of site resources”. 

This provides the ecophysiological basis for 

plantation silviculture.  

Early hypotheses among FPC scientists of stand 

responses to fertilizer N and P additions 

anticipated a 1-year age-shift or acceleration in 

stand-wide volume. Carlson et al. (2008) 

documented that a mid-rotation fertilization 

treatment of 200 lbs of N ac-1 and 25 lbs of P ac-

1 in fact yielded a 2.4-year age shift in volume 

production, more than twice the expected 

result. Fox et al. (2006) noted further that 85% of 

stands in the southeastern U.S. respond to N and 

P at mid-rotation and sites average an 

additional 50 ft3 ac-1 yr-1 over 8 years from one 

application of 200 lbs of N ac-1 and 25 lbs of P 

ac-1 (Fox et al. 2007).   

 

NPK + Micros 

Data from the RWs 2, 9, and 13 indicated that 

57% of the studies had K limitations after 

receiving fertilization treatments and that 20% of 

these plots were primarily limited by K, not N or 

P. The results from RWs 14 and 15 further 

specified where nutrient limitations occurred 

consistently, and what other limitations, besides 

just N and P existed on the landscape.  This work 

demonstrated the Citronelle Terrace and 

associated formations along the Gulf Coastal 

Plain was found to be consistently P-deficient 

(Allen 1987; Allen and Lein 1998). The RWs 14 

and 15 showed the Pleistocene Terrace sites – 

the Talbot, Penholloway, Wicomico, 

Sunderland, and Coharie Terraces of Georgia 

and the Carolinas, between 30 and 215 ft in 

elevation -- were often K and micronutrient 

limited (Carlson et al. 2014).  While Pleistocene 

Terrace sites on average responded 23 ft3 ac-1 yr
-1 less to N and P additions than other sites 

(Pleistocene Terrace sites: 38 ft3 ac-1 yr-1; rest of 

the South: 61 ft3 ac-1 yr-1), NPK (38 + 19 ft3 ac-1 yr-

1) and NPK plus the full suite of micronutrients (38 

+ 37 ft3 ac-1 yr-1; Ca, S, Mg, Fe, Mn, Cu, Zn, B, and 

Mo) resulted in substantial gains. Importantly, 

study sites outside of the Pleistocene Terraces 

did not respond to nutrient additions beyond N 

and P.  

 

Rate and Frequency of Fertilizer 

Applications 

Results from the RW 13 indicated that fertilizer 

use efficiency was maximized when  applied at 

100 lbs of N per acre and was twice what was 

measured at 300 lbs N per acre (0.4 versus 0.2 

ft3 ac-1 yr-1 lb-1 of applied N). Additionally, the 

RW 7 and RW 14 results suggested that 

substantial productivity gains would be forgone 

if fertilization did not occur before mid-rotation.  

Together, this indicated to FPC scientists at the 

time that the 200N + 25P recommendation for 

mid-rotation fertilization may be suboptimal.  

The RW 18 study was developed in 1998 to 

elucidate the proper rate and frequency of 

nutrient applications in juvenile pine stands 

(ages 2 to 6) to maintain rapid growth. This study 

was composed of twenty-four trials (23 loblolly 

pine, 1 slash pine) spread across a range of 

Coastal Plain and Piedmont sites in the 

southeastern U.S. Researchers sought answers to 

the following questions: 1) Which sites respond 

to juvenile fertilization? and 2) Does application 

frequency influence growth responses?  

The RW 18 demonstrated that juvenile stands 

respond to N and P fertilization on sites that are 

N and P limited (Albaugh et al. 2015). In this 

study, there were four levels of N and P 

application rates (0, 60, 120, 180, 240 lbs N ac-1) 

with P applied at one tenth the rate of N, and 

five levels of frequency (none, and every 1, 2, 4, 

and 6 years). K, B, Mn, and Mg were added to 

sites, as needed, on subsequent fertilizations 

when foliar samples indicated insufficiencies. 

The magnitude of fertilizer rate response was site

-specific depending on soil drainage and 

texture, where excessively drained soils 

responded positively up to a dose of 715 lbs N 

ac-1 at 180 ft3 ac-1 yr-1 while growth reached an 

asymptote at 267 to 357 lbs N ac-1 at 50 ft3 ac-1 

yr-1 on those soils with a clay subsoil. The 

frequency of application was not influential in 
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predicting growth, just the  cumulative dose. 

These juvenile applications did result in high 

basal area levels that would likely require early 

thinning treatments to prevent mortality, 

however.  

The RW 18 laid the groundwork for a follow-up 

study on the carry-over effect on P into 

subsequent rotations, i.e. the RW 28 (established 

in 2019). The hypothesis is the extent to which 

tree growth in a subsequent rotation responds 

to P fertilization in the previous rotation will be 

dependent on the application rates and 

properties of the soils found on these sites. This 

RW will further inform P fertilization guidelines at 

stand establishment.  

 

Vegetation Control x Fertilization 

While responses to fertilization were becoming 

clearer, loblolly pine responses to weed control 

after canopy closure was not well-documented 

in the 1990s and several questions remained:  1) 

To what degree does competing vegetation 

limit pine response to fertilization? 2) Can 

vegetation control and fertilization substitute for 

one another? 3) Under complete weed control 

and fertilization, what is the maximum 

productivity after ameliorating all growth 

limitations. In collaboration with the Auburn 

University Silvicultural Herbicide Cooperative, 

the RW 17 (established in 1996) investigated the 

effects of mid-rotation vegetation control and 

fertilization in a 2 x 2 factorial across 13 sites, 10 

loblolly pine and 3 slash pine (Albaugh et al. 

2012). 

In general, the combined treatment effects 

were additive resulting in the following order of 

absolute volume response: fertilizer plus 

vegetation control > fertilizer > vegetation 

control. Responses varied widely. There was 

evidence that the duration of the positive 

response from vegetation control was limited by 

the regrowth of the vegetation. This diminishing 

trend was across study sites demonstrating that 

a long-term, positive response from vegetation 

control  and fertilization can be elusive.  

 

 

Thinning x Fertilization 

It was long hypothesized among those in the 

FPC that there would be an interacting effect of 

thinning and fertilization on diameter growth 

over different levels of residual densities: an 

upward shift in the response curve for the 

fertilized treatment, relative to the non-fertilized 

treatment. Insufficient study designs and 

difficulties in coordinating thinning regimes with 

landowners yielded inconsistent results from 

early attempts to test this hypothesis (RWs 5, 9 

and 11). The RW 19, however, established in 

2006, demonstrated this effect was possible, on 

certain sites. While some sites with >3.5 LAI were 

not responsive to the fertilization treatment, 

those that were yielded the anticipated results.  

On responsive sites, the annual increment of 

diameter at breast height (DBH) in the fertilized 

treatment was found to be increasing at an  

accelerated rate over decreasing levels of 

residual densities relative to the non-fertilized 

treatment. Ultimately, this means it is possible to 

accelerate of the development of chip ‘n’ saw 

and sawtimber size-classes, although there is a 

trade-off between individual tree volume 

growth and stand-level volume growth 

(Albaugh et al, 2017).     

 

FPC in South America 

Nearly 30 years ago, Cartón de Colombia 

joined the FPC, marking the beginning of the 

FPC’s international reach. Today, 15 South 

American companies or domestic companies 

with South American landholdings are members 

of the Cooperative in Colombia, Chile, 

Argentina, Brazil, Uruguay and Venezuela. As 

this membership has expanded so too have 

designs in North America. RW trials 21 through 27 

are unique to South America. Some of the most 

recent advancements made by the FPC in 

South America have been reviewed by Rubilar 

et al. (2018) and will not be further discussed 

here given this review’s focus on the U.S. The U.S. 

members of the FPC have benefitted from the 

scientific imports born from this international 

partnership. 

South America has presented a great 

opportunity to learn from short rotation, clonal 
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plantations. Additionally, the rapid growth rates 

experienced in South America (570 ft3 ac-1 yr-1 vs 

215 ft3 ac-1 yr-1 in the U.S.; Albaugh et al. 2018) 

mean the research yields answers to stand 

developmental questions and long-term 

sustainability more quickly than they could be 

answered here in the U.S.  

The RW 20 was established in 2007 to address 

questions regarding optimal management of 

clonal varieties of loblolly pine compared to 

open- or control-pollinated growing stock. The 

study is also intended to increase our 

understanding of  the mechanist ic 

underpinnings responsible for the greater 

growth rates experienced in South America. 

Plantations were established in Virginia, North 

Carolina, and Brazil examining genetics x 

silviculture x spacing interactions (for details see: 

Vickers et al. 2011). This experimental design 

provides unique insight into the effects of 

environmental variables across these three 

locations by using the same genetic entries 

across all three sites.  Today, these trials are at 

mid-rotation and have been the focus of 

intense study. We have measured LAIs and 

growth rates in Brazil (LAI of 7.5 and 500 ft3 ac-1 

yr-1) that are more than double of what is 

measured in the U.S (LAI of 3.5 and 250 ft3 ac-1 yr
-1). 

To date, results from studies exploring the 

mechanisms behind the accelerated growth 

rates found in Brazil indicate differences in leaf 

area distribution, specific leaf area, crown 

architecture (Albaugh et al. 2019), and Brazil’s 

relatively mild climate (Albaugh et al. 2018). 

Conversely, foliage longevity (Albaugh et al. 

2010) and light-use efficiency (Albaugh et al. 

2018) have been found to not differ among 

sites. Additional questions regarding soil 

microbial communities, foliar acclimatization, 

and diffuse light levels, among others, are 

expected to be answered before the study 

concludes. The possibility exists that differences 

among sites could inform management in the 

U.S. to further increase loblolly pine productivity, 

domestically.  

  

 

The “Lost” RW Trials 

Several early RW trials did not yield publishable 

results. During this time, FPC scientists were 

developing methods for field experimental 

design for pine plantations. Proper 

measurement and treatment plot size, buffer 

sizes, and coordination among members were 

developed through an iterative process. Today, 

thanks to the work of previous researchers, the 

FPC has streamlined this process and produced 

widely repeatable study designs. These study 

designs are considered an additional export 

among our bundle of goods available to 

domestic and international members.   

 

FPC Products 

Over the last 50 years, the FPC has installed 28 

RW trials, with 327 installations in North America 

and 271 installations in South America.    

This prolific research has yielded 125 graduate 

students (57 PhD, 66 MS, 2 MF), 534 peer-

reviewed publications and numerous theses 

and dissertations. Additionally, the FPC has and 

continues to be professional workshops where 

research is disseminated to professionals.  

During this time, the FPC has withstood 

personnel changes, market fluctuations, natural 

disturbances, corporate restructuring, and 

globalization. We remain committed to ushering 

in new solutions to the issues faced by the forest 

products industry, today and in the future, and 

finding new ways to sustainably increase 

productivity in intensively managed plantations 

in the southeastern U.S. and beyond.  
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Regionwide 7: Effects of Site Preparation, Early Fertilization, and Weed 

Control on Loblolly Pine (Pinus taeda L.) Growth in the Southeastern     

United States 

Study Objectives 
To determine the effects of site preparation, 

competition control and fertilization on survival, 

growth and yield of loblolly pine (Pinus taeda L.). 

Treatments and Experimental Design 
Treatments were a split plot design replicated 

four times at each site with site preparation as 

the whole plot treatment and a factorial 

combination of weed control and fertilization as 

the sub plot treatments.  Site preparation 

treatments were assigned by physiographic 

region where standard was a combination of 

chop, burn and bed (S0) while the intensive was 

a combination of shear pile disk and bed (S1).  

Fertilization was none (F0) or 45 and 50 lbs ac-1 

elemental N and P, respectively,  applied as 

diammonium phosphate, one to three months 

after planting in 2 ft wide bands on either side of 

the planting row (F1).  Weed control was none

(W0) or two applications (first and second year) 

of Velpar applied as a liquid at 1 lb active 

ingredient ac-1 in a 6 ft wide band centered on 

the tree row (W1).   

Current Status 
Twenty RW7 trials  were installed across the 

southeast US in AL, GA, MS, NC, SC, TN, and VA.  

One trial was installed in 1976 and nineteen trials 

were installed between 1979 and 1981.  Of these 

ten survived through 14 years and data from 

these studies are highlighted here.  All trials have 

been terminated and the stands cut. 

Summary of Results 
Survival:  After 14 year  control plot (S0F0W0) 

averaged 70% and ranged from 45-89%.  On 

poorly drained soils bedding increased survival 

10%.  Fertilization alone generally reduced 

survival because it stimulated competing 

vegetation.  Weed control with Velpar reduced 

survival primarily during the first two years by an 

average of 10% and up to 40 % on well drained 

sites.  This negative effect due to herbicides is 

now easily avoided with appropriate chemical 

selection and application rate. 

Volume response:      Bedding increased volume 

growth considerably on poorly drained sites 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Site preparation (S1), vegetation control (W1) 

and fertilization (F1) treatment at 070401.  Trees are 

same age as those in Figure 1. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Control treatment (S0, W0, F0) at 070401 in the 

Upper Coastal Plain of VA.  Trees are the same age as 

those in Figure 2. 
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when the bedding was not preceded by piling.  

(Figure 3, top).  On well drained soil intensive site 

preparation resulted in generally smaller and 

more variable responses.     Poorly drained sites 

which are typically P deficient generally 

responded well fertilization while well drained 

sites again typically had lower more variable 

response to fertilizer (Figure 3 middle).  One 

notable exception was 2401 on the Gulf Coastal 

Plain  which responded well  to fertilizer and was 

indicative of the P deficiency of the Citronelle 

terrace.  Weed control improved growth at 

some sites enough to overcome the negative 

effects on survival (Figure 3 bottom).   

When examining the maximum treatment 

response at each site (typically S1F1W1) and 

averaging by drainage class, incremental 

volume response for poorly and well drained 

sites peaked at age 8 with responses of 143 and 

91 ft3 ac-1 yr-1, respectively (Figure 4).  While 

volume response decreased after this age it was 

still positive indicating that the cumulative 

volume response was still increasing.   

Summary 
This study greatly improved our understanding of 

how these treatments influenced resource 

availability and the longevity of response from 

the treatments.  The study design is now used in 

similar trials throughout the Americas (see 

following reports).  

Additional Resources 
Nilsson and Allen, 2003.  For. Ecol. And Manage.  

175:  367-377. 

Allen and Lein, 1998.  Proc. South. Weed. Sci. 

Soc. 51:  104-110. 

NCSFNC Report 36, 1996. 

Figure 3.  Main effects means (Site preparation (top), 

fertilization (middle) and weed control (bottom)) of 

volume growth for studies with 14 years since 

treatment  for site with poorly and well drained  soil. 
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Figure 4.  Site preparation (S1), vegetation control (W1) 

and fertilization (F1) treatment at 070401.  Trees are same 

age as those in Figure 1. 
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*Regionwide 7: Pre-thinning Response of Pinus taeda to Early Silvicultural 

Treatments in Subtropical Argentina  
M.L. Schulte, R.L. Cook, T.J. Albaugh, H.L. Allen, R.A. Rubilar, R. Pezzutti, S.L.. Caldato, O.C. Campoe, and 

D.R. Carter  

Study Objectives 

Evaluate the mid-rotation effects of site 

preparation, weed control, and fertilization 

applied at stand establishment on loblolly pine 

growth for two contrasting sites in subtropical 

Argentina.  

 

Treatments and Experimental Design 

Two studies were established in 2003 on 

contrasting soil types in Corrientes Provence, 

Argentina; a well-drained red clay site (74909) 

classified as an Ultisol and a poorly-drained 

loam site (74910) classified as an Inceptisol. Both 

trials were designed using 4 blocks with a 4 x 

1.75 m (1420 tree ha-1) spacing and a total area 

of 12 hectares. Studies were established as a 

split-plot design with site preparation as the 

main plot and a factorial combination of weed 

control and fertilization as subplots. Site 

preparation (S) differed by site: disk vs. disk + 

subsoil at the red clay site and disk vs. bedding 

at the wet loam site.  Weed control (first year 

spot vs. two year banded) and fertilizer at 

planting (none vs. 78 kg P ha-1) treatments were 

the same at both sites. Measurement plots were 

0.07 ha, with 100 measurement trees per plot 

and 15 m buffers between plots. Tree diameter 

at breast height (dbh), total height, and survival 

were measured annually 2003–2010, except for 

2008.  

 

Results 

We compared the two sites after 7 years of 

growth. Volume integrates diameter, height, 

and survival as a sum at the plot level, thus we 

focused on volume for comparisons between 

sites. 

At the red clay site, cumulative volume ranged 

from 174-218 m3ha-1 at year seven (Figure 1). As 

main effects, weed control had the highest 

average response of 21% compared to the 

control. Weed control was the only factor to 

significantly increase volume (Table 1).  

At the wet loam site, cumulative volume ranged 

from 66–264 m3ha-1 at year seven (Figure 1), with 

all treatments except fertilization having 

significantly higher volume than the control. The 

weed control by site preparation interaction for 

volume (Table 1) was significant due to the non-

additive response of the main effects. When 

weed control and site preparation were 

applied alone, they significantly increased 

volume. Weed control and site preparation had 

similar volume responses (~75% increase); 

Table 1. Statistical summary (p values) for tree 

(diameter at breast height (Dbh), height (Ht)) and 

stand scale (basal area (BA), stem volume (Volume) 

and survival) metrics after seven years of growth at red 

clay and wet loam sites in northern Argentina. Treat-

ments were site preparation as disking and (S) disk-

ing+subsoiling (red clay) or bedding (wet loam), fertili-

zation as none or (F) 78 kg ha-1 elemental phosphorus 

at planting) and weed control as none or (W) two-year 

banded.  Sites were analyzed separately. Values in 

bold are <0.05. 

Effect Dbh Ht BA Volume Survival 

Red Clay 

W 0.11 <0.01 <0.01 <0.01 <0.01 

S 0.07 0.35 0.13 0.16 0.02 

F 0.44 0.57 0.97 0.93 0.94 

W×S 0.04 0.49 0.26 0.28 0.05 

W×F 0.24 0.26 0.76 0.94 0.87 

S×F 0.40 0.84 0.76 0.83 0.89 

W×S×F 0.37 0.65 0.63 0.58 0.70 

Wet Loam 

W 0.05 <0.01 <0.01 <0.01 <0.01 

S 0.02 0.01 0.03 0.03 0.02 

F 0.04 0.45 0.25 0.26 0.13 

W×S 0.18 0.01 <0.01 <0.01 0.02 

W×F 0.07 0.39 0.26 0.25 0.16 

S×F 0.19 0.61 0.13 0.30 0.24 

W×S×F 0.16 0.51 0.10 0.12 0.10 
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however, when combined, W+S increased 

volume growth response 110%. Survival 

responded similarly, which directly contributed 

to the increased volume.  

There was no significant difference between the 

control treatment mean volumes at the red clay 

and wet loam sites (178 and 125 m3ha-1, 

respectively). The highest volume treatment at 

both sites was W+S, with means of 218 m3ha-1 at 

the red clay site and 264 m3ha-1 at the wet loam 

site. The wet loam site was significantly more 

responsive  to the W+S treatment than the red 

clay site, with volume responses of 112 % and 23 

%, respectively.  

 

Conclusions  

Seven years after planting, the red clay and wet 

loam sites were equally productive with 

appropriate silviculture. This work informs pine 

plantation management on sites with similar soils 

in subtropical South America. Weed control with 

disking is the only recommended treatment on 

red clay soils. In addition, our results do not 

support the common practice of subsoiling on 

red clay soils. In the case that silvicultural 

treatments are not feasible, the red clay site is 

still very productive without additional inputs. 

The wet loam site was also very productive 

where the survival was high due to weed 

control and bedding. The wet loam site 

demonstrates how effective silvicultural 

treatments can be at alleviating growth 

limitations and that similar sites can be 

productive. Wetter sites, however, can also 

pose logistical issues, like equipment access for 

operations. This information provides land 

managers with additional sites where they now 

have confidence that they can make changes 

in their silvicultural prescriptions, maintain the 

productivity, and have more flexibility to meet 

their financial goals.  

 

Acknowledgements  

Bosques del Plata. 

 

Additional Resources 

Full manuscript submitted to FEM: 

Schulte et al. Mid-Rotation Response of Pinus 

taeda to Early Silvicultural Treatments in 

Subtropical Argentina.  

Figure 1. Treatment mean cumulative volume over time for the a) red clay site and b) wet loam site in northern Ar-

gentina. Treatments were site preparation as disking and (S) disking+subsoiling (red clay) or bedding (wet loam), 

fertilization as none or (F) 78 kg ha-1 elemental phosphorus at planting) and weed control as none or (W) two-year 

banded. 
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Regionwide 7: Long-Term Effects of Soil Preparation, Weed Control, and 

Fertilization on Loblolly Pine Growth in Argentina 

Study Objectives 
To quantify the long-term effects of soil 

preparation, weed control and fertilization on 

Pinus taeda growth for contrasting and 

representative  soil-site conditions in Argentina. 

 

Treatments and Experimental Design 
Two studies were established on a well drained 

red clay and a poorly drained loamy soil. These 

studies are identified in the Cooperative by 

codes 74909 and 74910. Both trials were 

established in 2003, using 4 blocks with a  4 x 

1.75 m (1420 tree ha-1) spacing and a total area 

of 12 hectares. Soils are taxonomically 

considered  as Ultisols (red clay soil in 74909) 

and a loamy texture Inceptisol in 74910. The 

experimental design is a randomized complete 

block design with factorial structure. Factors 

considered preparation (none vs. subsoil at 50 

cm of depth), weed control (first-year spot vs. 

two year banded) and fertilizer at planting (1 kg 

B ha-1 vs. 34 kg N ha-1+86 kg P ha-1+2 kg B ha-1). 

Plots with complete fertilization at planting 

received an additional fertilization at year 2 

(150 N, 21 P, 23 S, 54 K, 2 Ca, 12 Mg, and 12 B kg 

ha-1). A ninth treatment considered subsoil, 

weed control and repeated fertilization every 3 

years. Thinning was performed on the eighth 

and ninth year with 635 and 500 trees per 

hectare respectively.  

 

Results 
Survival  
At both sites weed control and tillage had an 

improvement in tree survival over time  (Figure 

1).  Tillage had an strong effect in the loamy soil 

reducing drainage problems.  At both sites, the 

fertilization treatment had the lower survival, 

even lower than the control treatment, which 

likely influence in the lower stand volume at this 

treatment. 

 

Red Clay Site 
Thirteen years after treatment application, 

individual tree growth for the control treatment 

had an average height of 21,5 m and DBH of 

29,5 cm.   Before thinning (YST=7), the 

treatments control, only Tillage and only 

fertilization did not differed themselves in stand 

productivity, but they differed significantly from 

the treatments including weed control (Figure 

2).  

It was observed a type A response for the 

treatment including weed till YST=7.  At YST=13 5 

years after thinning) the significant effect of 

weed control obtained at YST=7 was lost.  

There were no significant differences among 

the treatments, although the fertilization 

treatment had the highest productivity. The 

negative effect of the fertilization at a younger 

age may likely increase the competition by 

weeds, in which their control improved the 

availability for the crop trees.          

Figure 1. Survival for the treatment weed control, 

fertilization and tillage as main effects until age 7 for the 

two sites in Argentina. 
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On the other hand, after thinning and with an 

increasing demand from larger trees, this may 

produce a nutrient limitation, which could 

explain the higher productivity of this treatment.  

This is particularly referred to low mobile 

nutrients such as P. 

 

Loam Site  
Thirteen years after treatment application, 

individual tree growth for the control treatment 

had an average height of 19.4 m and DBH of 

33.6 cm. Before thinning (YST=7), there was a 

significant interaction  between  tillage  and  

weed  control treatments (p<0.05, Figure 3), 

and this interaction remains significant at 

YST=13. 

It was observed a type A response for the 

treatment including weed and tillage YST=7.  

Unlikely, and similarly to the other site, there was 

a type D response attributed to fertilization. 

 
Future Direction 
To determine the long-term effects of thinning 

performed and to quantify whether those 

treatments positioned as the best to keep that 

trend over time or are made by those who 

have obtained negative response.  

 

Acknowledgements  
This project is supported by Bosques del Plata. 
 

 

 

Figure 3.  Interaction effects of tillage and weed control 

on volume at age 13. 

Figure 2. Cumulative volume response of stand volume 

over the control treatment for the two sites in  Argentina. 

Figure 4. View of RW7 at age 13 on red clay site.  a) 

none and b) subsoil treatment. Bosques del Plata, 2017. 

a) 

b) 
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*Regionwide 7: The Effects of Site Preparation, Weed Control, and 

Fertilization on Initial Growth of Pinus taeda in Brazil 

Study Objectives 

The Regionwide 7 trials were developed to 

assess the effects of soil preparation, competing 

vegetation control, and fertilization (and their 

potential interactions) on survival, growth, and 

yield of pine plantations.  

Treatments and Experimental Design 

Treatments were a split plot design replicated 

four times with site preparation as the whole 

plot treatment and a factorial combination of 

weed control and fertilization as the sub plot 

treatments. 

The levels of each treatment are described as 

follows: 

Site preparation: 1) No preparation; 2) Shallow 

subsoiling to 20cm; and 3) Deep subsoiling 

to 50cm; 

Weed control: 1) no weed control; 2) complete 

chemical weed control; 

Fertilization: 1) no fertilization; 2) fertilization with 

10 kg ha-1 of N, 150 kg ha-1 of P2O5, and 14 

kg ha-1 of K2O. 

This trial was planted in October 2015, at 

Otacílio Costa-SC, Brazil with Pinus taeda, on an 

Inceptisol (42% clay). Measurements of total 

height and diameter at breast height (DBH) 

were taken June 2019, 3.6 years after planting. 

Bole volume of the trees was calculated based 

on cylinder volume equation, multiplied by a 

specific taper. 

Preliminary Results 

DBH and total height of the Pinus taeda were 

significantly affected by weed control, with 

increase of 52% and 15% respectively (Figure 1 

and 2).  

Soil preparation significantly increased growth 

up to two years after planting. Now at 3.6 years 

after planting, the effect of soil preparation is 

not significant. Fertilization never showed a 

significant effect on growth. 

An interaction between weed control and soil 

preparation was observed. The effect of soil 

preparation (both depths) is only significant 

when weed control is performed (Figure 3).  

The combination of complete weed control 

and soil preparation (regardless of fertilization) 

showed the best performance for initial growth 

(Figure 4). 

Figure 1. Main effect of weed control on DBH and total 

height for Pinus taeda at 3.6 years after planting. Let-

ters above bars represents statistical differences.  
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Future Directions 

Weed control significantly increased Pinus 

taeda growth in the south of Brazil, however  

how much competition negatively affects 

growth? Therefore, our next step is to install 

Regionwide 23 trials (Duration and Intensity of 

Weed Control) in pine plantations in the south of 

Brazil. 

Additionally, to assess the positive effects of 

silvicultural practices on productivity, financial 

analysis must be performed for optimal 

management decisions. 
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Figure 2. Contrasting treatments of weed con-

trol, with complete chemical weed control on 

the left. The photo was taken approximately 1 

year after planting. 

Figure 3. Interaction between weed control and soil preparation 

on bole volume for Pinus taeda at 3.6 years after planting. 

Figure 4. Highest bole volume at 3.6 years after planting will be achieved by the combination of weed control and 

soil preparation. Similar colors represent statistical grouping. 
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*Regionwide 7: The Effects of Site Preparation, Weed Control, and 

Fertilization on Initial Growth of Pinus maximinoi in Brazil 

Study Objectives 

The Regionwide 7 trials were developed to 

assess the effects of soil preparation, competing 

vegetation control, and fertilization (and their 

potential interactions) on survival, growth, and 

yield of pine plantations.  

 

Treatments and Experimental Design 

Treatments were a split plot design replicated 

three times at each site with site preparation as 

the whole plot treatment and a factorial 

combination of weed control and fertilization as 

the sub plot treatments. 

The levels of each treatment are described as 

follows: 

Site preparation: 1) No preparation; 2) Shallow 

subsoiling to 20cm; and 3) Deep subsoiling 

to 50cm; 

Weed control: 1) no weed control; 2) complete 

chemical weed control; 

Fertilization: 1) no fertilization; 2) fertilization with 

10 kg ha-1 of N, 150 kg ha-1 of P2O5, and 14 

kg ha-1 of K2O. 

This trial was planted in November 2015, at 

Telemaco Borba-PR, Brazil, with Pinus maximinoi, 

on an Oxisol (55% clay). Measurements of total 

height (H) and diameter at breast height (DBH) 

were performed in November 2018, 3 years after 

planting. Bole volume of the trees was 

calculated based on cylinder volume equation, 

multiplied by a specific taper. 

 

Preliminary Results 

DBH and total height of the Pinus maximinoi 

were significantly affected by soil preparation, 

fertilization and weed control 3 years after 

planting (Figure 1, 2). 

The effect of fertilization is only significant when 

soil preparation is performed, regardless of the 

depth (Figure 3).  

The combination of complete weed control 

and soil preparation (regardless of depth) and 

fertilization showed the best performance for 

initial growth (Figure 4). 

 

Future Directions 

Weed control has been shown to significantly 

increase Pinus taeda growth in the south of 

Brazil, however which level of competition 

negatively affects growth? Therefore, our next 

step is to install Regionwide 23 trials (Duration 

Figure 1. Main effects of soil preparation, fertilization and 

weed control on DBH and total height for Pinus maximi-

noi at 3 years after planting. Letters above bars repre-

sents statistical differences. 
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and Intensity of Weed Control) in pine 

plantations in the south of Brazil. 

Additionally, to evaluate the positive effects of 

silvicultural practices on productivity, financial 

analysis must be performed for optimal 

management decisions.  

 

Acknowledgements  

We thank Klabin for installation, management, 

measurements, and support with field work.  

 

Figure 2. Contrasting treatments of weed control, with complete chemical weed control on the left. The photo was 

taken approximately 2,5 years after planting. 

Figure 3. Interaction between soil preparation and fertili-

zation on bole volume for Pinus maximinoi at 3 years af-

ter planting. 

Figure 4. Highest bole volume at 3 years after planting will be achieved by the combination of weed control, soil 

preparation and fertilization. Similar colors represent statistical grouping. 
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*Regionwide 7: Long-Term Effects of Soil Preparation, Weed Control and 

Fertilization on Radiata Pine Growth in Chile 

Study Objectives 

The objective of the current study was to assess 

the long-term effects of soil cultivation, weed 

control and fertilization on growth of  Pinus 

radiata   on representative soil-types in Chile.   

Treatments and Experimental Design 

Three study sites were established in Chile on 

different soil-type: (i) recent-volcanic-ash, (ii) red 

clay, and (iii) dry sand. These study sites 

represent the geographical range where 

Radiata pine is planted in the Central Valley of 

Chile (latitude 37 ° 00 'S to 39° 10' S) (Figure 1).  

The volcanic ash site has nearly twice the 

precipitation (2100mm) and lower mean 

temperatures (11.7ºC) than the dry sand and red 

clay sites (1300mm; 12.4ºC), which have similar 

annual climate.   

Trials were established in 2000 using a split-plot 

design with 4 blocks (36 plots of 800 m2). 

Cultivation was set up as the main plot (shovel 

vs. subsoil) and a factorial combination of weed 

control (none vs two year banded) and 

fertilization at planting (2 kg B ha-1 vs. 34 kg N ha-

1+86 kg P ha-1+2 kg B ha-1) were the split-plot. 

Red clay and recent volcanic ash sites were 

planted at a spacing of 5 x 2 m, whereas the 

sandy soil was planted at a spacing of 4 x 2 m.  

Plots with complete fertilization at planting 

received an additional fertilization at year 2 (160 

N, 21 P, 23 S, 54 K, 2 Ca, 12 Mg, and 12 B kg ha-1). 

Volume responses to the treatment 

combinations were evaluated  after 19 years. 

Results 

We observed an interaction of the treatment 

with time and site.  At age 19, higher volume 

responses were observed at the recent-volcanic

-ash sites, followed by the red clay and dry sand 

soil-types. Weed control had consistently the 

best responses in stand productivity at Dry sand 

and Red Clay sites. 

At the recent-volcanic-ash, at age 19, the 

average productivity in the control treatment 

was 758 m3 ha-1 (see Figure 2). The fertilization 

only treatment had the highest productivity (759 

m3 ha-1), whereas the treatment including 

tillage, fertilization and weed control had the 

lowest volume response (498 m3 ha-1). The 

decrease in volume since year 17 in this site is 

due to the fact that the stand began a self-

thinning process due to intraspecific 

competition. 

At the dry sand site, at age 19, the average 

productivity in the control treatment was 237 m3 

Figure 1. RW 7 study sites in the Central Valley of Chile. 

 

Figure 2.  Mean volume responses relative to the control 

plots for all treatments over time at Recent Volcanic Ash 

site 
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 ha-1. The treatments including weed control and 

fertilization had the greatest response (type-A 

response; Figure 3).  The fertilization only (Fert) 

treatment had the lowest stand volume (Type C 

response).  High responses to weed control 

suggests that water availability may be the 

main limiting factor. 

At Red Clay site, at age 19, the average 

productivity in the control treatment was 309 m3 

ha-1. The tillage only (Till) treatment had the 

lowest productivity (279 m3 ha-1). At age 19, 

weed control and fertilization significantly 

increased stand volume on average 8.8% (Figure 

4); although these effects were not additive. The 

stand productivity responses to the treatments 

through time indicate a type D response for 

tillage, B response for fertilization and A response 

for weed control. 

Conclusions and Future Direction 

It was observed that volume responses to weed 

control at all three sites were initially high. At the 

dry sites, the increase in responses were 

sustained through time. Areas exhibiting high 

water content, however, were accompanied by 

a decrease in volume over time.  

Likewise, the volume responses to soil 

preparation were negative at recent-volcanic-

ash and red clay sites, and negligible at the dry 

sand site. 

Figure 5. Main effect means on stand volume at age 19 

for tillage (a), Fertilization (b) and Weed control (c) for 

all three sites. Errors bars denote standard error. 

Figure 4.  Mean volume responses relative to the control 

plots for all treatments over time at Red Clay  site 

Figure 3.  Mean volume responses relative to the control 

plots for all treatments over time at Dry Sand  site 
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*Regionwide 7B: Response to Soil Preparation and Weed Control on 

Radiata Pine Growth in Chile 

Study Objectives 

To quantify the effects of soil cultivation and 

weed control on the growth responses of 

Radiata pine on contrasting soil-types in Chile. 

Treatments and Experimental Design 

Two studies were established by MASISA Chile    

on recent volcanic ash (El Venado) and 

metamorphic soils (El Membrillo). Trials were 

established in 2013 using 3 blocks with a 4 X 2 m 

spacing (Figure 1, with 27 plots per  site of 392 

m2. 

 

The studies are located from 71 ° 30 'S to 72° 33' 

S. The experiment is a split-plot design with 

cultivation as the main plots (shovel, subsoiling 

and disk) and weed control as subplots (pre and 

post planting) to remove all competing 

vegetation, in 3 replications (Table 1).  Subsoiling 

was performed at a depth of 1 meter, and 

disking  to a depth of 40 cm. Trees were planted 

in late August 2013. Were measured annually 

DBH and total height.  

Results 

Six years after establishment, highest mortality 

was found for shovel treatment at both study 

sites. The metamorphic soil presented higher  

mortality in comparison with recent volcanic ash 

(Figure 2). At both sites, soil preparation 

treatments with weed control pre-establishment 

showed lowest mortality. 

Recent volcanic ash sites presented better 

cumulative growth rates for all variables in 

relation to metamorphic soils: DBH (11 cm vs 9.7 

Figure 1. Soil preparation for the establishment 

according to treatment. (A) subsoiling + disking and (B) 

only subsoiling. 

Table 1. Treatments  and treatment codes. 

Treatments Soil Weed  control

00 Shovel uncontrolled

01 Shovel Pre planting

02 Shovel Post planting

10 Disking uncontrolled

11 Disking Pre planting

12 Disking Post planting

20 Disk+subsoiling uncontrolled

21 Disk+subsoiling Pre planting

22 Disk+subsoiling Post planting

Figure 2. Mortality of Pinus radiata in Chile, 6 years after 

establishment, on two soil types. Bars denotes standard 

error. 
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 cm), total height (7.5 m vs 7.4 m) and 

cumulative volume (42.4 m3 ha-1 vs 25.1 m3 ha-1). 

Overall, the metamorphic site showed lower 

growth  across treatments for all variables.  

In metamorphic soil, the best responses in DBH, 

total height, and accumulated volume were 

recorded with soil preparation (disking and 

subsoiling) plus weed control pre-establishment 

(Figure 3). And the lowest responses were 

recorded in treatments without weed control for 

all growth variables (Figure 3). 

In recent volcanic ash, the best responses in DBH 

and cumulative volume were recorded in the 

subsoiling and disking plus weed control pre-

establishment treatment. And the lowest 

responses were recorded in treatments without 

weed control for all growth variables (Figure 4). 

Conclusions and Future Direction 

Weed control is the main  response on growth in 

both sites. Responses to weed control Pre-

planting  provide superior responses to Post-

planting. 

Responses to soil preparation do not show 

differences between disking and subsoiling in 

growth, (but both with shovel). 

Annual measurements will consider total height, 

DBH, and survival to evaluate long-term 

responses. 

 

 

 

Figure 3. Metamorphic soil: DBH (A), Total height (B) 

and cumulative volume (C) of Pinus radiata 6 years after 

establishment on metamorphic soils. Bars denotes 

standard error. 

Figure 4. Recent volcanic ash DBH (A), Total height (B) 

and cumulative volume (C) of Pinus radiata 6 years after 

establishment on recent volcanic ash soils. Bars denotes 

standard error. 
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Study Objectives 
To quantify the response of mid-rotation Pinus 

radiata to nitrogen (N) and phosphorus (P) 

fertilization across a gradient of contrasting soil 

and climatic conditions in Chile. 
 
Treatments and Experimental Design 
Treatments considered a factorial combination 

of two levels of nitrogen (0, 150 and 300 kg ha-1) 

and three levels of phosphorus (0, 20 and 40 kg 

ha-1), all of them applied with a base fertilization 

of Boron (B) (8 kg ha-1) + potassium  (K) (65 kg ha-

1). Treatments also considered a single B (8 kg ha
-1) treatments, and B (8 kg ha-1) + K (65 kg ha-1) 

treatment and a control (no fertilization). Each 

treatment was replicated four times. A total of 

thirteen trials were established in different parts 

of Chile of different soil types, which were: five in 

metamorphic, two in each granitic, volcanic 

sands and recent volcanic ash soils, and one in 

each red clay and marine sediments  (Figure 1). 

Stands were 11 to 16 years old at the time of 

establishment. Several trials have been 

harvested and these results are considering in a 

final report for 135402 (metamorphic high 

rainfall), 135404 (volcanic sand), 135406 

(metamorphic high rainfall) and 135409 (recent 

volcanic ash). 

 
Results 
Growth Response at Harvested Trials  
The results obtained on these trial sites 

demonstrate positive responses to mid rotation 

fertilization at metamorphic sites with average 

gains of 14% in volume (63 m3 ha-1) 9 years after 

fertilization with the application of 300N + 40 kg P 

ha-1 . For volcanic sands the best response was 

obtained with a fertilization treatment of 300 kg 

N + 40 kg P ha-1 with a gain in volume of 

fertilization of 11% (27 m3 ha-1) 10 years after 

wards. At recent volcanic ash soil-sites increases 

in volume reached 10% (48 m3 ha-1) when 300 kg 

N + 40 kg P ha-1 were applied 10 years after 

fertilization at harvesting (Figure 2). The responses 

observed have been associated with sites of 

higher water availability. 

 

Diameter Growth 
Overall, increases in average diameter at breast 

height (DBH) were observed for all sites which 

had been subject to fertilizer application (see 

Figure 3). At those volcanic sands sites, DBH 
Figure 1. Geographical location of RW13 trials in Chile. 
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responses increased until year 6 since treatment 

application and maintained until rotation age. 

 

Growth Response Across Sites and Ages  
Results for all fertilization at mid-rotation trials at  

granitic sites suggest average gains of 12% in 

volume (63 m3 ha-1) 12 years post-fertilization 

when 300 N + 40 kg P ha-1  were applied. For 

volcanic sands the largest response was 

obtained with 300 kg N + 40 kg P ha-1 treatments 

for a 15% (49 m3 ha-1) gain in volume 7 years 

after fertilization.  At  metamorphic sites with  low 

and high rainfall, the average gain in volume 

was  10% (59 m3 ha-1) and  24% (62 m3 ha-1) when 

300 kg N + 40 kg P ha-1  and 150 kg N ha-1 were  

applied 8 and 12 years after fertilization, 

respectively (Figure 3). For recent volcanic ash, 

red clays (old volcanic ash) and marine  

sediments no significant responses were 

observed.  

 

B, K  and B+K response 
The application of mid-rotation B showed no 

differences in growth from the control response.  

The application of B together with K, however,  

generated a significant response at 

metamorphic soils, obtaining an average a  

volume increase response of 14% after 9 years of 

evaluation (Figure 2).   

 

Products Value & Economic Response 
All trials were evaluated on product class gains 

and  net present value for cumulative responses 

projected at harvesting age using a Radiata 

G&Y Chilean Simulator (Figure 4). Gains in Clear 

and Plywood ranged between 11 to 62 m3 ha-1 

and 7 to 37 m3 ha-1 for structural saw timber for 

best treatments at each site.  Net present value 

for mid-rotation fertilization investment ranged 

between US$892 to US$4254 per hectare. Most of 

the treatments adding N+P and B reported 

positive Net present values by improvement in 

class products at harvesting age suggesting a 

positive return investment at most sites. 

 

Major Findings and Conclusions  
The combined deficiency of N and  P and in 

some cases B is highly common  in  Chile .  On 

most soils, adding N or  P alone generates only a 

small increase in growth. Combining N and P 

and B produced much larger and consistent 

responses. The duration of the response is 

affected by the N rate.  For a two-year or four-

year response period, there is not much 

difference between N rates. B and K are 

needed at metamorphic sites to secure growth 

responses. 

 

Future Direction 
Efforts to relate site specific responses and 

modeling site water availability combined with 

remote sensing tools for leaf area index 

assessment have been planned for these sites. A 

plan has been developed for assessing carry-

over effects of fertilization in order to assess N 

availability and maintenance of fertilization 

responses on next rotation.  
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Study Objectives 

1. To accurately quantify fertilizer response in 

mid-rotation site prepared loblolly pine 

plantations representative of the range of 

soil/site types where loblolly pine is planted. 

2. To develop and calibrate diagnostic methods 

for predicting the magnitude, duration, and 

probability of response for specific site/stand 

conditions, and  

3. To determine the appropriate combination of 

N and/or P rates needed to ameliorate 

identified deficiencies. 

Treatments and Experimental Design 

A total of 42 installations comprising 112 

replications of the RW13 treatment matrix were 

established in site-prepared loblolly pine 

plantations across the Southeast (Figure 1). At 

each location, two or four replicates of the basic 

twelve treatment matrix (0, 100, 200, 300 lbs N/

acre in factorial combination with 0, 25, 50 lbs P/

acre) were established. Measurement plots 

included a minimum of 30 trees (if thinned) or 40 

trees (if not thinned) surround be a treated 

buffer of at least 30 feet. 

Current Status 

This study series has been completed in the U.S. 

At the final 10 year report (FPC Report #39), 19 of 

the 42 locations remained.   

Results 

Cumulative volume growth, after eight years, in 

the non-fertilized (control) plots ranged from 

1079 to 3135 ft3/acre (135 to 392 ft3/acre/year).  

Volume response for 200N + P ranged from 131 

to 1074 ft3/acre and averaged 551 ft3/acre or 

approximately 68 ft3/acre/year (figure 2). On the 

most responsive sites (top 25% with respect to 

absolute gains in volume), response averaged 

846 ft3/acre or 106 ft3/acre/year.  This represents 

a 42% gain over control or 3.4 year increase in 

stand development. 

By years 9 and 10, volume growth at the lower N 

and/or P rate had returned to control levels. 

Patterns of volume response through time were 

strongly affected by both N and P rate (figure 3).  

Strong continuing responses occurred in years 5 

through 10 at the 200 and 300 N rates by only 

Regionwide 13: Midrotation Fertilization in Loblolly Pine Plantations 

Figure 1. Locations of two (●) and four (▲) replication 

Regionwide 13 installations.  Shaded areas represent 

loblolly pine’s range. 

Figure 2. Average cumulative eight year volume 

response to N and/or P additions at Regionwide 13 

installations.  
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when P was added. Periodic volume response to 

200 N+P peaked during years 3-4 at 106 ft3/acre/

year and gradually declined to 36ft3/acre/year 

during years 9-10.  

Major Findings and Conclusions 

1. The combined deficiency of N and  P is 

nearly ubiquitous in the southern US and 

together they limit growth.  On most soils, 

adding N or  P alone results in a only a small 

increase in growth. Combining N and P is a 

larger and much more consistent response.  

2. The duration of the response is affected by 

the N rate.  For a two-year or four-year 

response period, there is not much 

difference between N rates. The difference 

between rates is greater for longer time 

periods. This enables us to apply smaller 

amounts of N more frequently and obtain 

the about the same cumulative growth 

response.  

3. Data from to Regionwide 13 have been used 

to build fertilizer response function for growth 

and yield models (see FPC report #136 

Modeling response to midrotation thinning 

and fertilization in loblolly pine plantations by 

Ralph Amateis). 

4. The Regionwide 13 Trials revealed the 

relationship between leaf area and growth 

in loblolly pine in the South. It also 

demonstrated that leaf area can be used as 

a tool to diagnose nutrient deficiencies in 

loblolly pine. 

Figure 3. Cumulative volume response to N + P over 10 

years on 11 Regionwide 13 trials.  

http://www.forestnutrition.org/members/pdf/2004Amateis.pdf
http://www.forestnutrition.org/members/pdf/2004Amateis.pdf
http://www.forestnutrition.org/members/pdf/2004Amateis.pdf
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Regionwide 13: Nitrogen Availability at Mid-Rotation Fertilized Pinus 

radiata Stands at Three Contrasting Soil Conditions 
M. V. Ramírez Alzate and R. Rubilar Pons  

Introduction 
Mid-rotation Pinus radiata D.Don stands in Chile 

have shown interesting commercial responses to 

nitrogen fertilization (FPC Regionwide 13 trials). 

Gains over 40 m3 ha-1 have been obtained in 

granitic soils (after 5 years), and of 20 m3 ha-1 in 

dry sandy soils (after 4 years) with higher gains in 

value from larger diameters. Nitrogen responses 

have been well documented in forest nutrition 

experiments given its effect in leaf area 

production and stand productivity. However, in 

order to predict potential responses to N 

fertilization, an accurate understanding of N 

dynamics, availability and site-specific response 

is required for prediction of responsive sites. 

 

Objective 
To understand predict potential response to 

fertilization in terms of N availability and 

dynamics at three contrasting mid-rotation Pinus 

radiata sites showing long-term responses to 

fertilization. 

 

Methodology 
Two trials showing 4 to 5 year growth responses 

to N fertilization were selected in the Bio-Bío 

Region in Chile from mid-rotation fertilization of 

Pinus radiata D. Don stands. A trial that didn’t 

respond was selected. Monthly N availability 

were estimated, comparing a Control treatment 

(T0: no fertilized) and a Fertilization treatment 

with 300 kg N ha-1+ 40 Kg P ha-1+ 8 kg B ha-1+ 65 

kg K ha-1 (T1: maximum response treatment). 

Monthly soil samples were extracted from each 

experimental unit (900 m2 plot) at five random 

locations, and NO3 and NH4 were estimated at 

laboratory. Monthly soil temperature and 

moisture contents in the 0 to 15 cm layer of 

mineral soil were obtained (sensors) for each site 

since September 2010, and all months were  

fitted and corrected on basis to sensors to 

obtain a continue curve (Fig. 1). 

 

Results 
The available nitrogen N (N-NH4

+ + N-NO3
-) pools 

in the control treatment varied from 0.6 to 8.3 kg 

ha-1in the granitic soil (Fig. 2A). The sandy soil 

ranged from 0.5 to 5.4 kg ha-1 (Fig. 2D), and the 

red clay soils ranged from 0.5 to 27 kg ha-1 (Fig. 

2G).  In April and July 2010, and August, 

September, October and November 2011, the 

fertilized treatment in granitic soils showed 

between 1.4 and 4.2 times more available 

nitrogen than the control (p < 0.1). During these 

months the monthly mean soil moisture content 

varied between 60-65% and 85-95% of the field 

capacity (FC) with monthly mean temperatures 

between 9.8 -12.8ºC (Fig. 1A, 1B).  By contrast, in 

February, March and April 2012, the fertilized 

treatment had 1.5 to 3 times more available 

nitrogen than the control (p < 0.05) in the red 

clay soils (Fig. 2G), which is equivalent to an 

excess of 13-38 kg ha-1 in the fertilized treatments 

relative to the control. These months (summer-

autumn) had mean temperatures greater than 

13ºC, with important rainfall events and monthly 

mean soil moisture contents greater than 60%. 

A relationship was found between the monthly N

-(NO3
-+NH4

+) with the mean monthly soil 

Figure 1. Average daily moisture content, permanent wilt-

ing point (PWP) and Field capacity (FC) in (A) granitic, (C) 

sandy, (E) red clay soil, and average daily temperature in 

(B) granitic, (D) sandy (F) red clay soil, for the surface 0 to 

15 cm layer of mineral soil at mid-rotation Pinus radiata 

plantation. 
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temperature (Soil T) (ºC) and soil moisture 

content (Soil mois) (%) in granitic and sandy sites.  

 

N-(NO3
-+NH4

+)  =  0.114* Soil T + 0.043*Soil mois

     [R2 = 68.7%]  
 

When the red clay soil was included, the model 

fit was poor and the parameters were not 

significant. 

The cumulative annual available N-(NH4
+ + NO3

-) 

was lowest in sandy soils and highest in red clay 

soils every year (Fig. 3). In addition, the 

cumulative available N-(NH4
++NO3

-) in the 

granitic soils was less than 35 kg N ha-1 yr-1 in the 

control. In contrast, the fertilized treatments 

showed a sustained increment compared with 

the control treatment even 7-8 years after 

fertilization, and the available nitrogen 

increased by 66% (58 kg ha-1 yr-1) in the fertilized 

treatment in 2010 (p < 0.05) and by 48% (25 kg 

ha-1 yr-1) in 2011 (p < 0.05) (Fig. 3A). 

Inherent differences in  soil fertility, considering 

not fertilized treatments, were Red clay>Granitic 

>Sandy soils. 

 

Conclusions 
The availability of N increments in the fertilized 

treatment were determinant on the long-term 

volume response for the granitic and sandy soils. 

Overall, 68.7% of the monthly N availability was 

explained by the soil temperature and moisture 

in the granitic and sandy soils. Also, the highest 

levels for fertilized treatments were observed 

during the spring (September-October) and 

autumn (April-May) months when the soil 

temperature and moisture were optimal for 

microbial activity. 

Our results suggest that N-(NH4
+ + NO3

-) levels 

lower than 2 kg ha-1 during the spring 

(September-October) and autumn months (April

-May) or with N-(NO3
-) levels lower than 0.2 kg ha

-1 in any month may have significant potential 

responses to N fertilization during mid-rotation in 

Pinus radiata stands for granitic and sandy soils 

in Mediterranean climates. We recommend 

doing soil analysis for N-(NH4
+ + NO3

-) in the 

referenced months, or estimating the N-(NH4
+ + 

NO3
-) content using the obtained model.. 

Acknowledgements 
To Universidad de Concepción, and to Forest 

Nutrition Cooperative, Bioforest S.A. and Mininco 

for funding and logistic support of this study.  

 

Figure 2. Monthly available mineral nitrogen N-(NH4
+ + 

NO3
-), N-(NO3

-), N-(NH4
+) in granitic (A, B, C), sandy (D, 

E, F) and red clay soils (G, H, I) for the surface 0 to 15 

cm layer of mineral soil from February 2010 to Decem-

ber 2011 (granitic, sandy), and August 2010 to Octo-

ber 2012 (Red-clay soils) by treatment at mid-rotation 

Pinus radiata plantation. The asterisks indicate signifi-

cant differences between treatments at the 0.1 prob-

ability level (p value <0.1).  

Figure 3. Annual cumulative available mineral nitrogen N-

(NH4
+ + NO3

-), N-(NO3
-), N-(NH4

+) in granitic (A, B, C), sandy 

(D, E, F) and red clay soils (G, H, I) for the surface 0 to 15 

cm layer of mineral soil summed from monthly values by 

treatment at mid-rotation Pinus radiata plantation.  
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Regionwide 14: Loblolly Pine Growth Response to Early Fertilization 

Trial Series Objectives 
1. Identify site types where young loblolly pine 

stands are responsive to N, P, and/or K applied 

at time of planting. 

2. Determine the appropriate combination of N, 

P, and/or K by site. 

3. Determine the magnitude and duration of 

growth responses to N, P, and/or K fertilization. 

 

Treatments and Experimental Design 
A total of twenty-one Regionwide 14 studies 

were installed in young pine stands from 1989 to 

2000. Fourteen trials were established at time-of-

planting (≤ 1-year-old) and the remaining seven 

studies in three- to six-year-old stands. Sixteen 

studies were located in the Upper Gulf Coastal 

Plain, three in the Atlantic Coastal Plain, and one 

each in the Piedmont and Ridge and Valley 

(Figure 1).  These 21 installations comprise 491 

plots and 86 replicates.    

For time-of-planting study locations, a variable 

treatment matrix consisting of various rates of N, 

P, and K (lbs/acre) was established. All trials 

have non-fertilized control, 50P (P), 100K (K), 

50P+100K (P+K), 45N+50P (N+P), and 

45N+50P+100K (N+P+K) treatments. The 

treatment matrix for trials installed in young 

stands included a non-fertilized control, 45N+50P 

(N+P), and 45N+50P+100K (N+P+K). 

Measurement plots averaged 0.08 acres in size 

and included 55 trees on average. A treated 

buffer of at least 35 feet surrounded each 

measurement plot. Competing vegetation was 

controlled on all plots, including non-fertilized 

controls, during the first and second growing 

seasons following fertilization. 

 

Current Status 
This study series has been completed. The final 

10 year report (FPC Report #45) was published in 

2000.   

 

Results 
Growth efficacy of P sources at time-of-planting 

was evaluated by comparing TSP (P) and DAP 

(N+P) applications. Triple super phosphate and 

DAP resulted in the same volume and height 

growth responses at five of the seven studies 

(2401, 2402, 2403, 3001-os, and 3303) (figure 2). 

Eight-year height and volume growth were 

significantly greater with DAP versus TSP at 3001-

ws and 3201. At these two studies, the height 

and volume growth responses to DAP exceeded 

TSP by an average of 2.9 feet and 379 ft3/acre, 

respectively. The 45 lbs/acre N supplement with 

DAP added to soils with inherently low levels of 

soil N supply, as indicated by shallow surface 

soils with low organic matter, may explain the 

Figure 2. Eight year volume growth on control plot and 

the additional increment following fertilization with P 

(TSP) and N+P (DAP) for Regionwide 14 time of planting 

trials. 
Figure 1. Regionwide 14 trial locations.   
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superior growth response to DAP at 3001-ws and 

3201.  Since DAP performed as well or better 

than TSP at of the at-planting studies indicates 

that DAP is  a better fertilizer source than TSP 

because DAP supplies both N and P.  

In the time at planting studies, eight year volume 

growth responses to P alone ranged from 220 to 

510 ft3/acre, and averaged 321 ft3/acre, or an 

eight-year average annualized volume growth 

response of 40 ft3/acre/year (figure 3). 

On the RW14 sites located on the Citronelle  

terrace in Alabama and Mississippi, there was a 

large response to P fertilization at  planting.  

Eleven year volume responses to DAP (figure 4) 

exceeded 900 ft3/acre on upland clay soils.  The 

magnitude of the response  on the more clayey 

Greenville soil series than on the more  sandy 

Eustis soil series (900 ft3/acre  vs 450 ft3/acre, 

respectively on the two soils).       

Conclusions 
There results from the RW14 demonstrate that P 

deficiencies exist on upland clay sites in certain 

geologic surfaces (Citronelle and others) in the 

Gulf Coast of the US.  Previously, these sort of P 

deficiencies were thought to be limited to poorly 

drained clay soils in other regions.  P fertilization 

on these sites results in a large growth response.  

Observed nutrient deficiencies by geologic 

terrace are listed in Figure 5. 

Figure 3. Annualized volume growth for time at planting 

Regionwide 14 trials. 

Figure 4.  Eleven year volume growth for trails 3302 

(Greenville soil) and 3303 (Eusitis soil) which were highly 

responsive to fertilization on the Citronelle geologic 

terrace. 

Figure 5. Summary table of nutrient deficiencies by 

terrace in the Gulf Coastal Plain. 
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Regionwide 15: Response of Midrotation Loblolly Pine Plantations to 

Nitrogen, Phosphorus, and Potassium Fertilization 

Study Objectives 
The Regionwide 15 study was initiated to 

examine whether nutrients other than N and P 

limit growth in midrotation loblolly pine 

plantations.  Specific objectives were to: 

1.Identify stand/site types responsive to K and 

micronutrients, in addition to N+P at midrotation. 

2. Determine the magnitude and duration of 

growth responses to N+P+K and micronutrient 

fertilization. 

3. Supplement existing information concerning 

N+P fertilization of midrotation loblolly pine 

plantations (i.e., Regionwide 13 studies). 

Treatment and Experimental Design 
Twenty-six of the Regionwide 15 installations 

established at midrotation in site prepared 

loblolly pine plantations across the Southeast 

are discussed in this report (Figure 1). At each 

study location, three or four replicates of a 

variable treatment matrix were established. All 

studies had a nonfertilized control and 

200N+50P treatment except 152601 and 153401 

which had a nonfertilized control and a 

200N+50P+100K treatment. A 200N+50P+100K 

treatment was included at 18 sites and a 

"complete" treatment of macro- and 

micronutrients was included at 15 sites. Fertilizer 

was applied as urea (N), triple superphosphate 

(P), and muriate of potash (K) on all studies 

except 3301, where diammonium phosphate 

was used. Elements and rates (lbs/acre) for the 

"complete" treatment were: N (200), P (50), K 

(100), calcium (119), sulfur (100), magnesium 

(50), iron (20), manganese (20), copper (7.5), 

zinc (7.5), boron (1.5), and molybdenum. 

Current  Status 
This study series has been completed.  The final 

report (FPC Report #53) was published in 2004.   

Results 
Cumulative volume growth over the first 8 years 

after treatment averaged 1362 ft3/acre in the 

control plots (figure 2).  Average cumulative 

volume growth increases in the NP treatment 

and the NPK treatment  were similar across the 

region over 8 years (Fig 2).  The average 

cumulated response to  NPK+micronutrient 

treatment was slightly less  (figure 2).  

However, at  four sites (150901, 152601, 

Figure 1. Regionwide 15 trial locations. Figure 2. Eight year cumulative volume growth in the 

Regionwide 15 trial. 
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14201,154202) located in the Flatwoods or 

southeast GA, the response to NPK  was  much 

greater than the response to NP alone (figure 3). 

These results suggests that N, P and K were 

equally limiting growth at these sites and unless 

all three elements were added, growth was not 

affected. On these sites, the volume response to 

NP alone averaged 50 ft3/acre/year. The 

volume response to NPK fertilization averaged 

82 ft3/acre/year, which exceeds the Southwide 

average for 200N+50P.  These results suggest 

that K deficiencies are common in the Coastal 

Plain on geologic terraces such as the 

Wicomico and Coharie (Fig 5).  Adding K to NP 

treatments is recommened in these regions  

(figure 3).  

Microntrient deficiencies appear to exist on a 

scattered sites in the same region that K 

deficiencies exist. Response to the complete 

treatment at 152603  which is located in the 

upper Flatwoods on the Coharie surface in 

southeast Georgia show that after eight years, 

volume growth was increased by 180% in the 

NPK+micronutrient treatment compared to the 

control (figure 4). Evidently, at least one nutrient 

other than N, P, or K was severely limiting growth 

at this site. Foliar Mn, Zn, and B in the control 

plots were very low at this site. 

Conclusions 
Results of the Regionwide 15 trial series were 

used to develop a table of observed nutrient 

deficiencies by geologic terrace in the Atlantic 

Coastal Plain (figure 5).   The results from the 

RW15 indicated that N and P deficiencies are 

nearly ubiquitous in the South and confirm the 

results from the RW13  and RW 14 studies.  N and 

P are needed to produce high levels of leaf 

area and obtain rapid growth on most sites in 

the South. Potassium and micronutrient 

deficiencies are more limited and appear to 

occur on specific geologic formations.  

Potassium deficiencies appear to be 

widespread on some geologic surfaces such as 

the Coharie formation.  Current fertilization 

recommendations call for adding K to sites in 

these regions.  Micronutrient deficiencies are 

more scattered but based on these results and 

other studies, a blanket micronutrient treatment 

in addition to K may be warranted to avoid 

potential growth limitations.  

 

Figure 3. Potassium response on four Regionwide 15 

trials. 

 

 

 

 

 

 

 

Figure 4. Volume growth response to micronutrient 

additions at one Georgia flatwoods Regionwide 15. 

Figure 5.  Table of nutrient deficiencies by geologic 

terrace identified by the Regionwide 15 trial. 
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Regionwide 16: Surface and Subsurface Tillage in the Southeastern US 

Study Objectives 
The RW 16 was developed to investigate the 

impact of surface and subsurface tillage on soil 

physical properties, resultant benefits of tillage 

on survival and growth of planted loblolly pine, 

and identify soil and site types responsive to 

tillage.   

Background 
Site preparation is critical to the successful 

regeneration of pines in the southeastern U.S. 

Whether accomplished by burning, herbicide 

application or tillage, site preparation can 

reduce competition, improve resource 

availability, and aid planting and site access 

through the disposal of debris.  Mechanical site 

preparation can alter the volume of soil 

available to each seedling and has the 

potential to enhance growth, survival and stand 

uniformity.  The trial series investigated these 

aspects for loblolly pine in the southern US.  

Treatments and Experimental Design 
A total of fifteen studies were established from 

1994 to 1998 (Figure 1).  Each location consisted 

of multiple replicates of a 2 x 2 factorial of 

surface (offset disking or opposed bedding) and 

subsurface (winged subsoiling shank) tillage.  

Subsurface+surface tillage consisted of a two-

pass operation of subsoiling followed by disking 

or bedding.  Several studies had an additional 

combination plow treatment to compare 

against the subsurface+surface tillage 

treatment.  In order to isolate tillage effects on 

soil physical properties, all plots on all but one 

study received a single fertilizer application of 

nitrogen and phosphorus at planting and 

repeated weed control during the first two 

growing seasons.  Six years of data was 

collected from 13 installations. 

Results 
Growth 
Five of the 13 sites with 6-year data showed 

significant improvements in basal area as a result 

of the surface treatment, while only three sites 

showed significant volume improvements.  The 

largest tillage response occurred on soils with a 

siliceous mineralogy (Figure 1).  At six years, the 

 

 

 

 

 

 

 

 

 

 

Figure 1. Location of the fifteen RW16 trials. 

Figure 2.  Changes in volume as a result of the surface 

tillage treatments in the three groupings based on soil 

mineralogy. 
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improvement due to surface tillage on these 

sites was 72.4 ft3 acre-1.   The response was lower 

for soils with kaolinitic mineralogy (57.4 ft3 acre-1) 

or those on soils with a mixed mineralogy (44.3 ft3 

acre-1).  The relationship with mineralogy is 

thought to be linked to the total porosity of the 

soil which can limit growth.  The total porosity of 

soils is inherently lower for those with a siliceous 

mineralogy.   

For soils with a siliceous mineralogy, the six-year 

average annualized volume response to tillage 

was 12 ft3 acre-1 yr-1. This growth gain due to 

tillage is relatively small compared to the gains 

documented for other early treatments.  For 

example the average six-year annualized 

volume response to N + P fertilization at planting 

is recorded to be 70 ft3 acre-1 yr-1 in the RW14 

trials. 

Initially Piedmont sites showed a positive 

response due to subsurface tillage.  

However, this response was short lived 

and had dissipated by year six. 

Six-year growth response to the 

combination plow was significantly 

better than the untilled controls in three 

of the five studies that had comparable 

treatments.  Study sites that had suitable 

fertilizer or weed control treatments for 

comparison failed to show evidence of 

any residual weed control action or 

fertility improvement due to the 

combination plow.   

Survival 
Survival was affected by tillage at eight 

of the 15  trials.  Surface tillage 

improved survival at one site (87 to 

92%).  Subsurface tillage significantly 

improved survival at four sites 

(improvements ranging from 4 to 18%), 

but significantly decreased survival at 

one site (11% reduction).   The positive 

response to subsurface tillage was 

associated with the Piedmont sites 

where survival improved from 74 to 82 

%.  This response was also associated to 

the drainage characteristics of the soils 

on these sites, with trees planted on  

moderately well drained soils surviving 

better when subsoiling had taken 

place.  These differences were 

observed in the first year after planting, 

with survival not being affected by the 

tillage treatments from year 1 to year 6. 

Stand Uniformity 
Overall effects of tillage on stand uniformity were 

small.  Coefficients of variation in height and 

diameter averaged 14 and 20 %, respectively, 

on non-tilled control plots.  So, stand uniformity 

was already quite high, reflecting the positive 

effects of a good planting job, weed control 

and fertilization. 

Conclusions 
In general, growth responses to tillage were 

relatively small compared to those that can be 

obtained from other silvicultural practices such 

as vegetation control and fertilization.  

More information can be found in the Forest Nutrition 

Cooperative Report No: 56: Loblolly Pine Growth 

Responses to Surface and Subsurface Tillage.  
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Regionwide 17: Midrotation Weed Control and Fertilization Study 

 
Study Objective  
To quantify the magnitude and duration of 

growth responses of planted pines and canopy 

hardwoods in midrotation plantations to 

vegetation control and fertilization across a 

variety of soil types and competing vegetation 

levels.  

Treatments and Experimental Design 
At each site, three or four replicates of a 2 x 2 

factorial of VC (none or one-time) and fertilizer  

(none or 224 and 56  kg ha-1 elemental nitrogen 

and phosphorus, respectively) were installed in a 

randomized complete block design. 

Current Status 
Thirteen trials were installed from 1996 to 2001.  

Ten studies were in loblolly pine (Pinus taeda L.)

and three were in slash pine (P. elliottii Engelm.).  

Competing vegetation was hardwood on nine 

loblolly sites with yaupon on one loblolly site.  

Slash site competing vegetation was waxy 

leaved shrubs.  All studies are now inactive.   

Results 
Nitrogen and phosphorus limited pine growth on 

seven sites where we found significant volume 

growth responses to fertilization in at least one 

measurement period. Five sites had significant 

volume growth responses to VC in at least one 

measurement period. Biologic response 

treatment order was fertilizer plus VC > fertilizer > 

VC (Figure 1). The combined treatment effects 

were additive indicating that resources other 

than nitrogen and phosphorus were being 

ameliorated by the VC. 

Fertilizer response was similar in scale to previous  

studies like the RW13 and RW15 which averaged 

3.8 m3 ha-1 yr-1 for 8 years. Results also supported 

our conceptual framework of leaves grow trees. 

Control growth was lower where pretreatment 

leaf area index (LAI) was low and 

correspondingly fertilizer response was reduced 

with higher pretreatment LAI . 

The VC treatment was effective on all sites with 

an average 82% reduction in competing 

vegetation two years after treatment. It was 

Figure 1. Volume growth response frequency distribution for the fertilized, vegetation control and fertilized plus 

vegetation control treatments the 13 pine sites across the southeast United States for two year increments after 

treatment. Studies designated OK had no extenuating circumstances associated with them at that point in time; 

while studies designated NO had experienced some unusual circumstance during the measurement period. 
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surprising that more sites did not positively 

respond to VC given the relatively high 

competing vegetation basal area (up to 9.6 m2 

ha-1). Similarly, it was unexpected that VC 

responses were not maintained through time. In 

later years VC treatment response may have 

been limited by re-growth of competing 

vegetation (Fig. 2). Competing vegetation re-

growth varied widely with some sites producing 

more competing vegetation in later years than 

that found at study establishment (Site 1), while 

some sites had competing vegetation levels that 

remained low in the VC plots (Site 8) throughout 

the study. 

Pine volume growth was not correlated with 

hardwood basal area (Fig. 3). The LAI and crop 

tree productivity link is well established in pine. 

High basal area and high LAI may not be 

coincident because basal area and LAI 

represent past and current resource availability, 

respectively. Our data indicated that hardwood 

basal area did not represent non-crop 

vegetation competitiveness. Given the link 

between LAI and productivity in pine, we 

propose that competing vegetation LAI 

combined with foliar nitrogen concentration  

may be a better metric of non-crop competition 

effects. 

Recommendations 
Nitrogen and phosphorus limited pine growth on 

these sites while other limitations existed that, in 

some cases, were ameliorated by VC.  

Fertilization delivered these limited resources in a 

form and amount that generated an immediate 

pine growth response. VC also created stand 

conditions that allowed for immediate (on some 

sites) but somewhat lower magnitude of pine 

response. Volume response to the combined 

treatment was greater than either treatment 

response alone and would be the 

recommended treatment if our only interest 

were biologic response. 

Additional Resources 
 Albaugh et al. 2012. Mid-rotation vegetation control 

and fertilization response in Pinus taeda and Pinus 

elliottii across the southeastern US. Southern Journal 

of Applied Forestry 36(1): 44-53. 

 Blinn,et al. 2012. A Method for Estimating Deciduous 

Competition in Pine Stands using Landsat. Southern 

Journal of Applied Forestry 36(2):71-78. 

  

 Figure 2. Percent of hardwood basal area (A) and 

percent of total non-arborescent species cover (TNA) (B) 

remaining relative to pretreatment levels (years since 

treatment=0) for the check (C) and vegetation control 

(VC) treatments at sites 1 and 8.   
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Figure 3. Plot level 4 year volume growth for the 

vegetation control treatments (with and without 

fertilization) versus pretreatment hardwood basal area 

for the ten loblolly sites . 
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Regionwide 18:  Juvenile Pine Stand Fertilizer Response Varies by Soil Type 

Study Objectives 
 Determine if site effects are significant and, if 

so, identify site-soil characteristics to group 

response patterns; 

 Quantify juvenile pine plantation response to 

nitrogen and phosphorus applications; 

 Determine if application frequency or 

cumulative applied dose drives response. 

 

Treatment and Experimental Design 
A combination of application frequency and 

nitrogen (N) and phosphorus dose were applied 

in 2 or 4 replications as a randomized complete 

block design at each site.  Application 

frequency was 1, 2, 4, or 6 years.  Nitrogen was 

applied at 0, 60, 120, 180, 240 lb ac-1.  Treatment 

codes were 0 for control and a three digit code 

for fertilized treatments where the first digit was 

frequency in years and the last two digits were 

N dose divided by ten.  For example, 180 lbs N 

ac-1 applied every 2 years was 218.  Phosphorus 

was added with N at 0.1 times the N rate. 

Additional elements were added if necessary 

based on foliar nutrient monitoring.  Twenty-two 

sites (21 loblolly, 1 slash) installed in the southern 

US (Figure 1) were examined. Study sites were 

on a variety of soil types and grouped by the 

Cooperative Research in Forest Fertilization 

(CRIFF) soil system based on drainage and 

subsurface soil texture.  Rate response functions 

were developed with soil group (SG) 3 as a 

base in the form:  

 

 

where y is height, diameter, basal area or 

volume growth response, N is the cumulative 

amount of nitrogen applied, b0 (asymptote) 

and b1(steepness) are coefficients, S1 is an 

indicator variable that equals 1 for SG1 and S2 is 

an indicator variable that equals 1 for SG2, b01 

and b02 were adjustments to b0 for SG 1 and 2, 

respectively, and b11 and b12 were adjustments 

to b1 for SG 1 and 2, respectively, and ε is  

residual random error (iid N(0,σ2)).  

 

Results  
Eight sites had significant treatment effects.  For 

individual responsive sites, average volume, 

diameter, height and basal area growth 

responses over control for the 424 treatment 

were 120 ft3 ac-1 yr-1 (87%), 0.2 inches yr-1 (47%), 

0.7 ft yr-1 (23%), and 5.2 ft2 ac-1 yr-1 (60%), 

respectively.  Site, site by treatment, treatment, 

initial basal area and soil group were all 

significant variables in the cross site test.  

Average control volume growth 8 years after 

t r e a t m e n t 

initiation was 

8.3, 4.6, and 

9.5 tons ac-1 

yr-1 for SG 1, 

2, and 3, 

respectively 

(Figure 2).  

M e a n s 

se parat ion 

t e s t s 

i n d i c a t e d 

that  control 

t r e a t m e n t 

growth was 

significantly 

less than 

Figure 1. The 22 study 

sites used for this 

analysis, Soil group 1 

(CRIFF A and B), 2 (C 

and G) and 3 (E and F) 

are black, green and 

pink dots, respectively.  

Sites were in loblolly pine 

except the soil group 2 

site in FL which was in 

slash pine.  

Figure 2. Eight year average volume growth in soil groups 1, 2, and 3 for eight treatments. Different 

letters indicate significant differences in treatment means with in a soil group.  Error bars are one 

standard error.  
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treatments 206 and 212, all treatments and 

treatments 212, 218, 418, and 424 for SG 1, 2, 

and 3, respectively.  

Soil group 2 had a higher asymptote than SG 1 

and 3 in the rate response functions.  The 

steepness parameter was greater for SG1 than it 

was for SG3.  At doses less than 300 lb N ac-1 

applied, SG1 sites responded more to a given 

level of N than did SG3 sites.  There was little 

additional response for any growth variable after 

a cumulative dose of 300 lb N ac-1 had been 

applied.  For SG2, growth response continued to 

increase through the range of applied N (up to 

720 lb N ac-1) for height, volume and basal area 

growth, however the rate of growth response 

increase was reduced at higher N doses.  Basal 

area response models did not converge when 

including cumulative N doses greater than 360 lb 

N ac-1; consequently, our models exclude 

cumulative doses greater than 360 lb N ac-1. 

There were no significant differences observed in 

the frequency of application comparisons as 

long as the total applied dose was the same 

(Figure 4). 

 

Conclusions 
Juvenile pine stands respond to fertilizer. Soil 

texture and drainage were useful in 

categorizing sites for potential response.  Soils 

with clay subsoil reached asymptotic response 

at about 300 lb N ac-1.  Cumulative N dose 

determines response. When planning juvenile 

fertilization, the silvicultural prescription should 

include consideration for rapid stand 

development and the need for early thinning 

interventions.  Observed responses were similar 

to those in previous studies. 

 
Additional Resources 
Albaugh et al. 2015 Forests 6:2799-2819 provides 

more detail on this analysis.   

Albaugh et al.  2015.  For. Ecol. Manage. 350:30-

39 reports on similar study for Eucalyptus 

grandis in Colombia. 

Figure 3. Cumulative applied nitrogen rate response 

curves for height, diameter, volume and basal area 

(Panels A, B, C, and D, respectively) for three soil groups 

(SG1, SG2 and SG3). 
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Figure 4. Treatment comparison where the same 

cumulative N dose was applied at different rates and 

frequencies for 22 sites and the all site mean.  ‘A’ 

compares 480 lbs N ac-1 applied as 4 applications of 120 

lbs ac-1 every 2 years (212) or as two applications of 240 

lbs ac-1 every 4 years (424).  ‘B’ compares 240 lbs N ac-1 

applied as 4 applications  of 60 lbs ac-1 every 2 years (206) 

or as 2 applications of 240 lbs ac-1 every 4 years (424).   
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Table 1. Parameter estimate and significance values for 

the height, diameter, volume and basal area growth 

response to increasing nitrogen dose functions 

corresponding to the predicted lines in Figures 3A, 3B, 

3C, and 3D, respectively. 

Parameter

Estimate Pr>t Estimate Pr>t Estimate Pr>t Estimate Pr>t

b0 0.216 0.120 0.102 <0.001 1.869 <0.001 4.502 <0.001

b01 -0.045 0.799 0.012 0.602 -0.269 0.691 -0.799 0.502

b02 1.060 <0.001 0.171 <0.001 5.019 <0.001 5.864 <0.001

b1 -312.9 0.045 -40.2 0.038 -125.2 <0.001 -95.7 <0.001

b11 301.0 0.059 22.9 0.358 91.91 <0.001 71.46 0.010

b12 261.8 0.093 35.3 0.080 -51.54 0.051 31.24 0.227

Height Diameter Volume Basal Area
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Regionwide 18: Impacts of Fertilization on Soil N and P  
A. Tacilla, T. Fox, B. Strahm, M. Aust,  

Rationale 
Optimal fertilizer applications sustain 

adequate tree growth with the minimum 

fertilizer input. This research focused on 

determining long-term accumulations of N 

and P from fertilizer applications in order to 

develop future guidelines for increasing 

efficiency of fertilizer application in loblolly 

pine plantations across the southeastern 

United States.   

 

Study Objectives 
This study has the following objectives: 

Estimate the accumulation of N, P and K in 

the mineral soil in experimental sites with 

different N and P rate of fertilizer. 

Determine if soil texture and soil drainage 

affect long-term soil nutrient availability in 

a long-term period. 

 

Experimental Approach and Methods 
Eleven experimental study sites located in the 

major physiographic regions across the 

southeastern U.S. that are part of the 

Regionwide 18 (RW18) research network of 

the FPC were selected for this study (Figure 1). 

Fertilization with N and P started between 

1998 and 2003 and continues to the present. 

Fertilization treatments included a range of 

rates and frequency of application which  

created a range in the amount of cumulative  

N (Table 1). P was applied at 10% of the N 

rate in each treatment. Soil samples were 

collected to a depth of 1 m between May 

and June 2013.  For the analyses, sites were 

grouped into three soil group  based upon 

the CRIFF System: Group 1—CRIFF A,B (5 

studies); Group 1—CRIFF C, D, G (3 studies); 

Group 3—CRIFF E, F (3 studies). 

 

Results 
Fertilization treatment had no effect on 

mineral soil total N concentration in the three 

CRIFF soil types (Figure 2). Most of the N was 

found in the soil surface within the 0-30 cm 

and decreased with depth. In group 2 , N 

slightly increased within the 50-75 cm depth 

due to the  Bh horizon.  In soil group 1 (CRIFF 

A,B), extractable NH4  and NO3 were lower in 

the surface soil following fertilization  (Figure 

2). We hypothesize that fertilization stimulated 

nitrification so that NH4 was quickly converted 

to NO3 and that the NO3 produced was 

rapidly denitrified in these wet soils.   

Fertilization increased extractable NH4 in the 

surface soil in soil group 2 (CRIFF C,D) and soil 

group 3 (CRIFF E,F) but it  decreased with 

depth in these  soils (Figure 2). Extractable 

NO3 was higher in the surface and subsurface 

horizons following fertilization in  soil group 3 

(CRIFF E,F), suggesting that the NO3  

produced was leaching through the profile 

until it reached  the clay in the subsoil where it 

was retained. Extractable NO3 was low 

throughout the profile in soil group2 (CRIFF 

Figure 1. Study sites at RW18 

Treatment 

code 

Application 

frequency 

 N rate       

(kg ha-1)  

12 years cu-

mulative N 

(kg ha-1 

000 0 0 0 

206 2 67 404 

412 4 135 404 

418 4 202 605 

424 4 269 807 

218 2 202 1211 

Table 1. Treatments, rates and frequency of applications, 

and  cumulative N at RW18. P fertilization was 10% of N. 
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C,D,G). We suspect that  any NO3 produced 

following fertilization in these sandy soils rapidly 

leached from the profile.   

Fertilization increased extractable P in all three 

soil groups (Figure 2).  Higher levels of 

extractable P in the subsoil indicates that P is  

leaching from the surface soil and is then 

retained in the subsoil, either in the clayey 

argillic horizon (soil groups 1 and 3) or in the Bh 

horizon (soil group 2)  

 

Conclusion 

Fertilization did not affect total N in any of the 

soils but did increase extractable NH4.  NO3 may 

be leaching through the profile following 

fertilization.  Extractable P was higher 

throughout the profile in all three soils.  There is 

evidence that P is leaching through the profile in 

the sandy surface soil horizons and is retained in 

subsurface horizons that contain Al or clay.  

 

Figure 2. Mineral soil total N concentration (g kg-1) by depth, KCl extractable NH+ and NO3
- (mg kg-1) by depth, and   

Mehlich 3 extractable P  (mg kg-1) by depth in  Regionwide 18 study. 

Soil group 1: CRIFF A and Soil Group 2: CRIFF C, D, G Soil Group 3: CRIFF E and F 



 

 47 

Regionwide 18: Observations from Thinning in the SEUS 

Study Objective 
The US RW18 study was designed to identify 

optimal rates and frequencies of nutrient 

applications to maintain high productivity in 

juvenile pine plantations.  The study was planned 

to run for 12 years, however, 8 years after 

treatment initiation, stand development had 

progressed so rapidly with treatment that 

thinning became necessary to avoid density 

dependent mortality. Consequently, our 

objectives included quantifying carrying 

capacity and examining individual tree growth 

versus stand level growth.  Additional objectives 

specific to the RW18 include comparing growth 

on treatments with 0, 360, 540, 720 lbs ac-1 

cumulative N in thinned stands; compare growth 

in thinned plots where fertilization stops and 

where it is continued; examine growth in thinned 

and non-thinned after fertilization is 

discontinued.   

Treatments and Experimental Design 
Treatments are based on the RW18 treatments.  

All treatments except 206 and 218 will be 

thinned.  Fertilization will be discontinued in all 

treatments except the 212 and 624 treatments 

(continuing rate for both is the 424 rate).   

Current Status 
Fifteen of the original 27 sites have been thinned 

(Figure 1, Table 1).  Most sites were thinned at 8 

or 9 years since treatment initiation. The 

maximum number of years for which data are 

available post thin is 7 for 181101 and several 

sites were thinned last year.  

 

Results 
Prior to thinning control plot basal 

area ranged from 57 to 170 ft2 ac-1 

and in the treatment plot at each 

site with the maximum observed 

basal area the range was 147 to 

199 ft2 ac-1 (Table 1).  Reineke’s 

(1933) stand density index is used 

as a tool to determine the best 

time to thin to avoid density 

dependent mortality.  Typically a 

stand density index between 50-

55% of the maximum (450 for 

loblolly pine) is thought to be 

where dens i ty dependent 

mortality begins.  However, for all 

but one of the RW18 stands that 

were thinned the stand density 

index for the treatment with the 

highest basal area at each site 

exceeded 55% of maximum 

(Table 1).  At the same time, most 

sites and treatments experienced 

 

 

 

 

 

 

 

 

Figure 1.  Thinned RW18 trials. 

Table 1.  Stand characteristics at treatment initiation and at thinning for studies 

in RW18 thinning study. 

Control % of

Study Age BA Stocking Age BA BA Stocking SDI max SDI

(years) (ft2 ac-1) (trees ac-1) (years) (ft2 ac-1) (ft2 ac-1) (trees ac-1) (%)

180601 6 32 672 14 170 193 618 396 88

181101 6 59 643 12 155 166 575 345 77

181201 6 35 586 15 135 172 579 355 79

181502 3 7 670 13 165 199 637 407 91

182201 3 2 736 11 137 155 701 340 76

182401 5 49 909 13 134 163 794 364 81

183102 6 36 701 15 119 157 744 348 77

183901 3 10 574 11 151 172 573 356 79

184201 3 10 698 12 81 152 664 331 74

184202 2 0 705 11 79 161 713 353 78

184401 5 13 508 13 145 161 498 327 73

184501 4 6 573 12 135 147 494 305 68

184801 2 1 508 11 107 150 472 306 68

185201 6 13 497 14 158 181 486 358 80

185302 3 8 636 11 57 106 520 237 53

BA=basal area

SDI=stand density index (Reineke, 1933), theoretical maximum SDI for loblolly = 450.

Density dependent mortality thought to begin at 50-55% of maximum SDI.

At thin treatment with highest BA

Initial

At thin
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very little mortality prior to the thinning (e.g. 

Figure 2A).  At 181101,  treatments that were  not 

thinned and are now on a self thinning track 

(e.g. Figure 2B, 218 treatment) have reached a 

stand density index of about 75% of the 

maximum.  Interestingly, data from 184901, a 

RW18 trial in Argentina in loblolly pine, indicated 

that self thinning began when stand density 

index was about 100% of maximum (stand 

density index of 450) (Figure 2C).  At 184901, 

individual plots achieved stand density indices in 

excess of 450.  Other work in this area found that 

to maximize individual tree foliage and 

consequently productivity thinning should occur  

earlier than a SDI of 50% of maximum (Albaugh 

et al. 2006). These data indicate we may need 

to reconsider our thinking about stand density 

indices and how they are interpreted.  

After thinning, diameter increment varied across 

site and treatment (Figure 3) however the 

highest diameter increments (greater than 0.4 

inches year-1) were more typically found in 

treatments that had been thinned.  Fertilizer 

treatment responses found prior to thinning 

appear to be preserved after thinning.   

Literature Cited 
Albaugh et al., 2006. For. Ecol. Manage. 234:10-

23. 

Reineke, 1933.  J. Agric. Res. 46:627-638. 

Figure 2. (A)  Stand density diagram from 

treatment with highest SDI prior to thin for four 

representative US RW18 sites;  (B)  Stand density 

diagram for four treatments at 181101 where the 

218 treatment was not thinned; (C) Stand density 

diagram for 184901 for loblolly pine in Argentina.  
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Regionwide 18: Growth Response Following N and P Fertilization in 

Juvenile Loblolly Pine Stands that are Thinned at Midrotation 

Introduction 
The Regionwide 18 study was designed to 

investigate growth response following N and P 

fertilization of juvenile loblolly pine stands in the 

southeast United States.  The study compared 

different rates and frequencies of N and P 

fertilization in stands 2 to 6 years of age. 

 

Objectives 
 Determine the growth response to increasing 

amounts of N and P in young stands; 

 Determine if growth response differed 

between smaller more frequent doses of 

fertilizer compared to larger, less frequent 

doses of fertilizer.  

 

Study Locations and Treatments  
Twenty-four sites (23 loblolly pine; 1 slash pine) 

were installed in the southern United States 

(Figure 1). Study sites were located on a variety 

of soil types in the region.   At each location, a 

series of  fertilization treatments with various rates 

and  frequencies of N and P were applied (Table 

1).  N was applied at rates of 0, 60, 120, 180, and 

240 lb/ac at intervals of 0, 1, 2, 4 and 6 years.  P 

was applied at !0% of the N rate every time n 

was applied.  This method of fertilization leads to 

different  cumulative N and P applied through 

time.  

 

Results  
There was a significant increase in growth 

following fertilization at 45% of the study sites. 

Overall, growth response was proportional to 

cumulative amount of N and P applied. 

Fertilization accelerated stand development at 

the responsive sites. At many of the RW18 sites, 

basal area quickly reached very high levels 

(Figure 2). It was apparent that these stand 

would require thinning. Therefore, the study plan 

was revised to include thinning to 160 tree/acre 

in selected treatments eight years after the 

initial fertilization treatments began. A subset of 

the RW18 sites were thinned. Those sites that 

were not thinned were moved to inactive status 

and fertilizer treatments were discontinued.  This 

report summarized the growth response at four 

of the RW18 sites that were thinned.  

Table 1. Regionwide 18 Fertilization Treatments

Treatment

Code

Rate

lb/ac

Frequency

Years

Cumulative N at Years in Study

2 4 6 8

000 0 None 0 0 0 0

206 60 2 yrs 60 120 180 240

212 120 2 yrs 120 240 360 480

218 180 2 yrs 180 360 540 720

412 120 4 yrs 120 120 240 240

418 180 4 yrs 180 180 360 360

424 240 4 yrs 240 240 480 480

624 240 6 yrs 240 240 240 480

 
Figure 1. Location of Regionwide 18 Sites in the United States

Figure 2. Mean basal area development in fertilized and 

unfertilized treatments since study establishment (study 

4202). 
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Regionwide 18: Growth of Young Pine Stands with Fertilization Alone 

Versus Fertilization Plus Vegetation Control 
T.J. Albaugh, T.R. Fox, C.A. Maier, R.A. Rubilar, R.L. Cook 

Background 

The RegionWide 13 (RW13) study 

showed that fertilizing with 200 and 

25 lbs ac-1 of elemental N and P, 

respectively, ameliorated typical 

mid-rotation nutrient limitations in 

Pinus taeda stands in the 

southeastern United States.  

Average stand response after 8 

years was 55 ft3 ac-1 yr-1.  Similar 

responses were observed in later 

studies (RW15 and RW17).  This 

success led to an interest in 

fertilizing younger pine stands to 

capture the site more quickly, 

increase stand productivity, and 

reduce rotation length.  However, 

there was concern that, at an operational 

scale, the application of fertilizers to young 

stands which have not fully captured the site 

would result in greater growth response of 

competing vegetation relative to the pine  and, 

ultimately, suppression of pine growth. 

Study Objectives 

Our goal was to test the hypothesis that growth 

as a result of fertilizer alone and fertilizer plus 

vegetation control treatments in young pine 

stands would be the same.  

Treatments and Experimental Design 

This study was part of the RW18 examining 

juvenile fertilization.  Treatments were fertilization 

(120 and 12 lbs ac-1 elemental N and P, 

respectively, applied every 2 years) (F) and 

fertilization (120 and 12 lbs ac-1 elemental N and 

P, respectively, applied every 2 years) plus 

complete sustained vegetation control (F+VC). 

Eleven of the RW18 sites had the treatments, 10 

sites were in P. taeda and 1 site (185302) was in 

P. elliottii (Table 1).   Diammonium phosphate, , 

monoammonium phosphate, urea and coated 

urea fertilizers were used.  Based on foliar 

nutrient analyses, additional nutrients were 

added to prevent nutrient imbalances.  After 8 

years, total applied nutrients were 480 and 48 

lbs ac-1 elemental N and P, respectively. 

Vegetation control treatments were determined 

for each site and included mechanical (i.e. 

mowing, weed eaters) and chemical control 

(spot and directed sprays of glyphosate).  

Height and diameter were measured prior to 

treatment and annually for 8 years.  Volume 

was estimated using a Tasissa et al. (1997) 

equation.  Volume increment was end of year 8 

volume minus volume prior to treatment.   

Results  

No treatment 

differences were 

observed for 

initial diameter, 

he ight ,  and 

stand volume 

(Table 2 and 

F i g u r e  1 ) . 

S imi lar ly, no 

Table 1. Site age at initiation, Cooperative Research in Forest Fertilization 

(CRIFF) soils group and location for the eleven sites where fertilizer and 

fertilizer plus complete sustained vegetation control treatments were ap-

Age at CRIFF

initiation soils Latitude Longitude

Site (years) group County State

181201 6 E 32.91 -86.38 Coosa AL

181502 3 E 34.15 -85.38 Floyd GA

181503 3 E 31.13 -94.46 Angelina TX

182201 2 E 33.81 -82.96 Wilkes GA

183601 4 E 32.70 -88.58 Kemper MS

183901 3 A 32.37 -87.84 Marengo AL

184302 5 E 32.68 -84.74 Talbot GA

184801 2 B 30.48 -93.78 Newton TX

185201 4 E 35.28 -79.94 Montgomery NC

185301 6 B 32.55 -89.64 Montgomery MS

185302 3 C 29.65 -83.17 Dixie FL

(decimal degrees)

Variable

Treatment Study Study x treatment

Initial diameter (inches) 0.310 <0.001 0.541

Initial height (feet) 0.256 <0.001 0.793

Initial stand volume (cubic feet per acre) 0.615 <0.001 0.999

Eight year diameter (inches) 0.203 <0.001 0.390

Eight year height (feet) 0.121 <0.001 0.714

Eight year volume increment (cubic feet per acre per year) 0.386 <0.001 0.990

Effect

Table 2. Statistical summary (p values) for growth metrics prior to treatment initiation and 8 years 

after treatment initiation for 11 sites in the southeastern United States where fertilizer or fertilizer 

plus complete sustained vegetation control were added to young Pinus taeda or P. elliottii 

stands.   
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treatment differences were found for 8-

year diameter, height, or stand volume 

increment. The intercept for the 

volume increment model was not 

different from zero but the slope (0.945) 

was different from 1 (Figure 2). 

However, the 1:1 line fell within the 95% 

confidence intervals around the 

volume increment model.  The P. 

taeda and P. elliottii pine sites 

behaved similarly.   

Discussion 

We accepted our hypothesis that 

growth as a result of fertilizer and 

fertilizer plus vegetation control 

treatments in young  pine stands was 

the same.   

This was surprising given the response 

observed in some previous studies 

where F and F+VC resulted in an 

additive treatment response.  We 

applied a relatively large amount of 

fertilizer and this may have caused 

rapid leaf area and crown expansion, 

enabling the pine to shade-out 

competing vegetation in both 

treatments. Our sites were  established 

with effective site preparation which 

may have resulted in little competing 

vegetation at treatment initiation, as 

well.   

From our data alone, one would 

conclude that on many sites, nutrients 

may be added to young stands 

without stimulating the competing vegetation such that there is a loss of pine 

growth. It is likely that there are sites or 

conditions where competing vegetation control 

would be required to get a positive pine growth 

response when fertilizing young pine stands. 

However, if the stands have been well 

managed from establishment and an intensive 

fertilizer regime is applied, there is a greater 

likelihood of a positive pine growth response 

without stimulating the competing vegetation.  

In support of this argument, there is recent 

evidence that, in mid-rotation stands with 

relatively low amounts of competing 

vegetation, almost all applied nitrogen can be 

found in the trees, soil, or litter layer with very 

little found in competing vegetation (Raymond 

2016).  

Additional Resources 

Albaugh et al., 2018 GTR SRS-234 pp 99-104. 

Figure 1. Initial diameter (A), height (C) and volume (E) and diameter 

(B), height (D) and average annual volume growth (F) for the eight 

years after treatment initiation.  Error bars are one standard error; “A” 

on the x axis indicates the average across all sites for  each  metric. 
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Figure 2. Average annual volume growth for eight 

years after treatment  for the two treatments.  1:1 is the 
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Regionwide 18: Growth Response to Repeated Nutrient Additions at 

Different Rates in Pinus taeda in Argentina 

Introduction 

The RW 18 was designed to investigate the 

effects of rate and frequency of N+P fertilization 

applications on growth response of loblolly pine 

(Pinus taeda) stands until rotation age in 

Argentina.  

Study Objectives 

 Determine the growth response to 

increasing rates of N+P in young loblolly pine 

stands. 

 Determine if growth response differed 

between smaller more frequent doses of 

fertilizer compared to larger, less frequent 

doses of fertilizer.  

Treatments and Experimental Design 

Two studies were established, one on a well-

drained  red clay Ultisol (184901) and a second 

on a poorly-drained loam Inceptisol (184902). 

The stands were located in Corrientes and 

Gobernador Virasoso (Timbauva) provinces. The 

“Red Clay” 184901 and the “Loam” 184902 were 

established in 2000 and 2003 with 4 and 2 blocks, 

respectively.  Both experiments were established 

as a complete randomized block design. Stands 

were established with a pre- and post planting 

weed control and base fertilization at 

establishment of 12N-35P-9K-1B (kg ha-1). 

Nitrogen (N) treatment rates were 0, 60, 120, 180 

and 240 kg  ha-1 applied at frequencies of 0, 1, 2, 

4 and 6 years. Application of phosphorous (P)

was at a rate of 10% of N applied. Treatment 

combinations (rates and frequencies) resulted in 

some plots having similar cumulative amounts of 

N added over time to test for effects of 

frequency of application.  

Table 1.  Cumulative N rates over time. Applied rates of P 

are 10% of N rate.  

Figure 1. Frequency of application did not affect growth 

response at either the 360 (top) or the 480 (bottom) kg 

ha-1 final N rate. 
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Current Status 

Studies 184901 and 184902 were harvested at 12 

and 14 years since the treatments were applied, 

respectively. Study 184901 was never thinned. 

Study 184902 was thinned from an initial density  

of 1429 trees per hectare (tph) to 1250 tph in 

2010, and then to 450 tph in 2012.  

Results 

Neither stand responded to different frequency 

of application of similar doses of either 360 or 480 

kg ha-1 N (Figure 1), which is similar to results 

found in other RW18 trials in the southeastern US.   

Neither stand responded significantly to greater 

rates of fertilization (Figure 2).  This result was not 

unexpected considering both sites are on basalt 

formations which provides sufficient inherent 

fertility for loblolly pine growth.   

The highest rate (600 kg ha-1 N) at the red clay 

site, had highest absolute yield, but was still not 

significantly different from the control (P = 

0.0546) (Figure 3). At the poorly-drained Loam 

site, the highest rates (720 and 1080 kg ha-1 N) 

were not significantly different from the control. It 

is possible that the highest rates of N+P may 

have started to create a nutrient imbalance or 

other nutrient limitation. 

Future Work 

While these sites did not show significant 

response to increasing rates of fertilizer or 

increased frequency of application, it is likely 

there are sites in Argentina with lower fertility 

parent material that could benefit from fertilizer 

application. 
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was found at either site. 

Figure 3. Volume growth over years since treatment. Note: The Red Clay 184901 site was never thinned. Thinning 

volumes were included back into the total volume for the Loam 184902 site. There were no significant differences 

among treatments at either site. 
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Regionwide 18: Rate and Optimal Frequency of Application of Nutrients to 

Maximize Growth of Pinus tecunumanii in Colombia 

Study Objectives 
The RW 18 was designed to assess the effects of 

rate and frequency of N fertilization application 

in P. tecunumanii until rotation age.   

Objectives: 

 To determine the growth response to 

increasing amounts of N availability in young 

pine stands.  

 To determine how maximum growth 

response may be obtained by rate and 

frequency of application. 

 

Treatments and Experimental Design 
The study was established in Cauca and Pereira 

area from Colombia. This area present 1174 m 

altitude, 2217 mm, a mean annual temperature 

and precipitation of 9.3 ⁰C and 2217 mm, 

respectively. The soil series is classified as Andisol 

with parental material of volcanic ash. 

 

The array of treatments for RW18 studies 

considered two independent variables: annual 

dose of fertilizer applied, and frequency or 

range of fertilization. A total of 7 studies were 

initially installed, but a fire destroyed one of this 

at second year of development. Preliminary 

results are not considered in this report. Three of 

six studies successfully established, were located 

in the area of Cauca and Pereira Quindio. The 

treatment applied are presented in Table 1. 

 

Growth Response 
After 11 years (135 months), the growing for the 

control treatment averaged 24 m  height, 25 cm 

DBH, and 483 m3 ha-1 while for the best 

treatment (120 kg N ha-1 every 4 years), reached 

23 m in height, 27 cm in DBH and 491 m3 ha-1.   

By compared to the control, all the treatments 

had a positive response for DBH (type A 

Table 1. Treatments applied in trial RW184609 

established and accumulated maximum of N kg ha-1.  

Figure 1. Mean height (upper panel), tree (middle panel) 

and stem volumen (lower panel) . 
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response), whereas it was negative for height.  

Figure 1 shows the growth response in dbh, 

height and stem volume for the fertilization 

treatments.   

 

The higher stem volume response  did not differ 

significantly from the control (p<0.1, Figure 1).  

Moreover, increasing the dose of N at either 2 

or 4 years tended to decrease tree height.  

Unlike, higher doses of N did not necessarily 

increased the  response in DBH.  

 

Overall, there was a trend of decreasing 

volume as the N dose increased.  This might 

suggest that others nutrients may be  limiting 

growth at this site.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

When, it’s evaluated the survival, we found 

highs  values for all the treatments, over the 

90%. However, this results are not related with a 

good  stem quality, because, when we assess 

the damage resistant, it was found a high 

damage percentage. The lower damage was 

presented for the treatment 212, with 75% 

healthy tree 120 kg N ha-1 every 2 years) (Figure 

2).  

 
Future Direction 

Options will be evaluated for thinning following 

evaluations. Nutrient accumulation on 

aboveground and belowground biomass 

analyses  will be studied before harvesting of 

site to understand second rotation carryover of 

improved nutrition and nutrient removals of P. 

tecunumanii stands.  

 

 

  

Figure 2. Survival (left panel) and damage (right panel) percentage for the RW18 trial in Colombia. Meaning 

letters for damage: A:alive, N:forked tree or/and two arrows O: broken inch  
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Regionwide 19: A Thinning by Fertilization Trial Series 
A joint study by the Forest Productivity Cooperative and Forest Modeling Research Cooperative 

Study Objectives 
To investigate the effects of fertilization and 

thinning intensity in midrotation loblolly pine 

stands in order to understand how stand density 

and nutrition affect both stand and individual 

tree growth and value. 

Treatments and Experimental Design 
Treatments: a factorial combination of four 

thinning intensities (thin to 100; 200; 300 or 500 

trees acre-1 (TPA)) and two levels of fertilization 

(without fertilizer or with 200 lbs acre-1 N with 25 

lbs acre-1 P, with additional nutrients as required).  

Optional treatments (no thin or second thin) are 

possible.  The experimental design is either a 

randomized complete block or a split plot 

design (Table 1).  In the latter, fertilization is the 

whole plot treatment.  

Stand Characterization 
Eight trials have been established with a ninth 

installation (194202) in progress (Table 1). Two 

trials (194901 and 195601) are located in South 

America while the US trials are sited in different 

physiographic regions within the natural loblolly 

pine range.  Age, DBH, height, basal area (BA) 

and stand volume (green weight over bark) prior 

to thinning are provided for each site in Table 1.  

Summary of Results 
At all sites there was a large increase in diameter 

growth as stand density decreased (Fig. 1).  

However, diameter response to fertilization was 

more site specific.  At two of the five sites with 3 

or more years of data (194201: Upper hilly 

coastal plain; and 195501: Piedmont (Fig. 1A) 

fertilization significantly increased diameter 

growth.  A similar result was observed in the 2-

year data at 193501: Gulf interior coastal plain.  

However, the other three sites with 3-year data 

(193901: Ridge and Valley; 194001: Atlantic 

coastal plain (Fig. 1B); and 194901: Argentina), 

show no response to fertilization. 

Stand volume increased as stand density 

increased for all trials as a result of greater tree 

numbers at high stand densities (Fig. 2).  

However, crop trees show a decrease in volume 
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increment as stand density increased which  

indicates reduced growth at higher stand 

density even among a comparable subset of 

the population.  Such reductions in growth are 

likely due to resource competition at higher 

stand densities.   

This study considers whether reduced stand 

volume will be compensated for by increased 

individual tree volume with greater value. 

Thinning alters the diameter distribution with a 

shift to larger diameter trees which increases 

with time (Fig. 3 A and C).  In the high density 

treatment, the change in the timber value 

classes relative to YST=0 has been small, while at 

the low stand density there are more sawtimber 

sized trees.  The total  volume (removed plus 

standing) at YST=5 (Fig. 3C) decreases slightly as 

density increases, however there is an increase 

in the potential value of the timber as more 

sawtimber is produced at lower stand densities 

(Fig. 3D).  

Crop trees: A subset of trees similar in size and number 
to the 100 TPA treatment. Comparing crop trees elimi-
nates confounding effects associated with systematically 
removing small trees when thinning. 
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*Regionwide 19: Managing Density in Fertilized Pine Plantations 
A joint study by the Forest Productivity Cooperative and Forest Modeling Research Cooperative 

 

Background and Study Objectives 
The original objective was to understand how 

density and fertilization affect stand and 

individual tree growth and value in mid-rotation 

Pinus taeda  stands.  Growth response in the 

initial thin to 200 and 300 trees ac-1 treatments 

was impressive, such that eight years after 

thinning, these plots had reached basal area 

levels similar to those prior to the initial thinning 

operation.  Over time, additional objectives 

were identified:  1) to understand how a non-

thinned ~20 year old stand would respond to 

thinning relative to stands 

that were 10-15 years old 

when thinned (same age 

as the initial thin in the 

study); 2) to examine this 

issue with and without 

fertilization; 3) to determine 

if stands that did not 

respond to the initial 

fertilizer treatment would 

respond to fertilizer eight 

years after the initial 

fertilizer application.  

Treatments and 
Experimental Design 
Original treatments were a 

factorial combination of 

four thinning intensities (thin 

to 100, 200, 300 or 500 trees 

ac-1) and two levels of 

fertilization (no fertilizer or 

200 and 25 lbs ac-1 

elemental N and P, 

respectively) with four 

blocks at each site.  After 8 

years, 2 blocks were 

randomly selected.  In the 

selected blocks, the 500 

trees ac-1 plots were 

thinned to 200 trees ac-1, 

and the 300 and 200 trees 

ac-1 plots were thinned to 

100 trees ac-1.  All plots that 

had been fertilized at initiation were fertilized 

again with 150 and 25 lbs ac-1 elemental N and 

P, respectively.   

Study Status 
There are 9 studies installed, 7 are in different 

physiographic regions in the US, 1 in Argentina 

and 1 in Uruguay.  Currently, four sites have 

been second thinned and re-fertilized: 3501 on 

the Upper Gulf Coastal Plain in AR, 3901 in the 

Ridge and Valley of AL, 4001 on the Atlantic 

Figure 1. Diameter and volume increment six years after treatment initiation for non-

fertilized (A, C) and fertilized (B,D) treatments comparing the fastest growing site in 

the US (4001 on the Atlantic Coastal Plain in SC; blue) and the sites in Argentina 

(4901; pink) and Uruguay (5601; green). 
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Coastal Plain in SC, and 5501 in the Piedmont of 

VA. The site in LA (3101) on the Lower Gulf 

Coastal Plain will be second thinned and re-

fertilized in 2020-2021.  This report focuses on the 

magnitude and pattern of response in the US 

and South American sites as well as an 

examination of how thinning and fertilization 

influence stand uniformity.    

Results 

Growth at the tree and stand scales at the 

South American sites are about twice the 

growth observed at the fastest growing site 

(4001) in the US (Figure 1).  However, the  

patterns of treatment response are similar 

across all sites where lower density results in 

greater individual tree growth (diameter) but 

less stand scale growth (volume).  The apparent 

break in this pattern at the stand scale for 4901 

where the volume growth at the highest density 

is less than that at lower (200 and 300 trees ac-1) 

densities is a result of an early unplanned thin in 

the 500 trees ac-1 treatments at that site to 

prevent density dependent mortality.  Thinning 

to a stand density of 100 trees ac-1 reduced 

variation in tree diameter whereas the addition 

of fertilization across thinning levels did not 

influence diameter variation (Figure 2).  Similar 

to results reported in the 2017 paper (see below 

for citation), large trees grew faster than small 

trees at the South American sites (Figure 3).  This 

is in contrast to work presented by the East 

Texas Pine Plantation Research Project at the 

Biennial Southern Silviculture Research 

Conference in 2019 where they indicated that 

thinned stands in the Western Gulf region had 

smaller trees growing faster than larger trees.  

The FPC study in the Western Gulf (193101, in 

Louisiana) demonstrated a growth pattern 

similar to all the FPC studies where larger trees 

grew faster than smaller trees.   

Future Direction 

We will continue measurements and plan 

additional analyses for publication including the 

comparison of early age and later age thinning 

responses and calibrating a spreadsheet based 

thinning model for members to use. 

Additional Resources  
Albaugh et al. 2017. For. Ecol. Manage. 396:  

207-216. 

Figure 2. Coefficient of variation (CV) for diameter at 

194001 (top) with thin to 100 (100), thin to 200 and then 

to 100 (210), thin to 500 (500) and thin to 500 and then 

to 200 (520) trees ac-1 and at 195501 (bottom) for ferti-

lized (F) and non-fertilized (NF) treatments.  Patterns 

are representative of all sites. 
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Figure 3. Diameter increment versus initial diameter 

class at 194901 (Argentina) for the 100 trees ac-1 non 

fertilized (100NF), 100 trees ac-1 fertilized (100F), 500 

trees ac-1 non fertilized (500NF), 500 trees ac-1 fertilized 

(500F) treatments.  The patterns observed at this site 

are the same as those at all other RW19 sites. 
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Regionwide 19:  Diameter Growth Response Following Thinning and 

Fertilization in Loblolly Pine Stands  
A joint study by the Forest Productivity Cooperative and Forest Modeling Research Cooperative 

RW19  Objectives 
The RW19 was designed to investigate  the 

impact of fertilization and thinning intensity in 

midrotation Pinus taeda stands.  The goal was to 

quantify how stand density and nutrition affect 

individual tree growth  and stand volume growth 

and how that affects stand value. 

 

Treatments and Experimental Design 
The RW19 study has been installed at 9 locations  

in the United States and 2 locations in South 

America between 2007 and 2013 ). Treatments: 

a factorial combination of four or five thinning 

intensities (thin to 100, 200, 300 or 500 trees ac-1 

or no thinning (designated 600 trees ac-1)and 

two levels of fertilization (no fertilizer or 200 and 

25 lbs ac-1 elemental N and P, respectively).  

 

DBH Growth Following Thinning and 
Fertilization 
At all sites there was a large increase in diameter 

growth as stand density decreased (Fig. 1).  

However, diameter response to fertilization was 

more site specific.  For example, at 194001 in SC 

there was no response to fertilization. This site 

had a high initial leaf area and is located on a 

more fertile soil which is not nutrient limited. At 

195501 in VA fertilization significantly increased 

diameter growth. This eroded Piedmont soil is   

nutrient deficient.  However,  even at this site, 

there was no diameter response to fertilization in 

the unthinned plots where the basal area was 

above 140 ft2/ac when the study was installed. 

The diameter growth response following 

fertilization increase as residual stand density 

decreased.  

It is interesting to examine the diameter growth 

response of trees in each diameter class across 

the diameter distribution (Figure 2). In all cases 

the diameter growth was greater for trees with 

larger initial diameter . Diameter growth in the 

smaller trees  in the diameter distribution was 

negligible over the six years in all plots. This is 

related to the crown class of the trees. Trees that 

with larger diameter are likely dominant and 

codominant trees and thus have larger crowns 

and more leaf area which leads to great 

growth. Trees with smaller diameters are 

intermediate and suppressed and have very 

little leaf area. Even following thinning and 

fertilization, these trees are not able to capture 

additional resources and increase their leaf 

area, and therefore there is little dbh growth 

response in these trees.  

 

Figure 1. Diameter growth response in RW19 studies at 

195501 in VA and  194001 in SC. 
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Figure 2. Diameter growth across the diameter distribution for plots thinned to 100, 200, 300 and 500 tree/acre with 

and without fertilization at 195501 in VA (Left) and 194001 in SC (Right) 
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*Regionwide 19: Thinning and Fertilization in Loblolly Pine in Argentina 

Study Objectives 

To investigate the effects of fertilization in 

combination with thinning intensities in young 

loblolly pine stands in order to understand how 

stand density and nutrition affect both stand 

and individual tree growth and value. 

Treatments and Experimental Design 

The experimental design is a randomized 

complete block design with four replicates. 

Treatments were a factorial combination of two 

levels of fertilization (none vs. 180 kg N ha-1 + 25 

kg P ha-1) and four thinning intensities (250, 500, 

750 and 750/250 trees ha-1).  The initial stand 

density of 1250 trees ha-1 was the control. The 

treatment 750/250 trees ha-1 corresponds to a 

initial thinning to 750  trees ha-1 and then a 

second thinning to 250 trees ha-1 five years later. 

The stand was 4 years old when treatments were 

applied.  
The study was established in 2008 on poorly 

drained clay loam soil (Table 1) in the area of 

Misiones Argentina in (Figure 1). This reports 

focuses on the most recent data, collected in 

2018. 

Results 

Ten years after treatment (2018), there was no 

significant effect of the fertilization on growth 

(p>0.05). However, there was a significant effect 

for the thinning intensity (p<0.05). The differences 

among the thinning treatments are increasing 

over time.  

DBH had an inverse relationship with thinning 

intensity over time, showing the best response at 

250 trees ha-1 (45.6 cm) and the lowest response 

at 1250 trees ha-1 (29.9 cm; Figure 2).  The higher 

gains in diameter were during the first 3 years 

post-thinning. The second thinning in the 750/250 

trees ha-1 treatment showed an increase at 

following year of application, showing the 

second best response in DBH in 2018 (38.9 cm).  

Neither thinning intensity nor fertilization had any 

effect on tree height (p>0.05, Figure 3). 

Study RW195601 

Species Pinus taeda 

Country Argentina 

Province Misiones 

Soil Type Clay loam 

Drainage type Poor 

Year installed 2008 

Age (years) 6 

DBH (cm) 17.3 

Height (m) 12.1 

Volume (m3 ha-1)  152 

Basal area (m2 ha-1) 31 

 Table 1. Study description at the time of thinning.  

Figure 1. The RW19 trial is located in Misiones Province, 

Argentina. 
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Increasing the thinning intensity increased the 

volume of individual trees significantly (p<0.05, 

Figure 4), The most intensive thinning increased 

in 127 % the volume mean per tree compared to 

the unthinned control (1.96 vs 0.86 m3 tree-1, 

Figure 4). 

The stand volume was significantly different with 

thinning intensity (p<0.05), showing an inverse 

relationship between stand volume and thinning 

intensity (Figure 5).  

Conclusions and Future Direction 

The stand volume consistently increased with 

stocking as a result of higher number of trees at 

higher stocking levels. Increasing the thinning 

intensity increased the volume of individual trees 

(by increase in DBH), but decreased the stand 

volume.   

Ten years since the application of the 

treatments, there was no effect of fertilization on 

growth. 

So far the differences between treatments are 

increasing with time. Future evaluations of 

growth combined with financial analysis of forest 

products will address the optimal silvicultural 

prescription. In addition, it will clarify whether any 

nutrient deficiency may be present in the future 

and if fertilization may have a long-term effect 

on these soils. 

 

Figure 2. Mean DBH by thinning intensity over time.  

Figure 3. Mean height by thinning intensity over time. 

Figure 4. Volume mean per tree by thinning intensity at 

2018. Vertical bars correspond to standard error of plot 

means (n=4). 

Figure 5. Stand volume by thinning intensity over time. 
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*Regionwide 19: Thinning and Fertilization in Loblolly Pine in Uruguay 
 

Study Objectives 

To investigate the combined effect of fertilization 

and thinning intensity for young loblolly pine 

stands.   

Treatments and Experimental Design 

The study was established in a Loblolly pine forest 

(Pinus taeda) in Ribera (central-north) of the 

Tacuarembo provice in Uruguay, and known as 

Region Wide 195601. The site’s soil type consisted 

of a well drained loamy sand. Annual rainfall 

was 1300 mm yr-1.  

The experimental design consisted of a 

complete randomized block design with four 

replicates and eight treatments.  The treatments 

considered a factorial combination of two levels 

of fertilization and four thinning intensities 

applied in a 4 year old stand (table 1).  

Were measured annually DBH and total height. 

This reports show the mainly result of data 2019. 

Results 

For 2019, this stand didn’t show a significant 

effect of the fertilization on growth (p>0.05). 

However, there was a significant effect for the 

thinning intensity (p<0.05) and the differences 

among the thinning treatments are increasing as 

the stand develops. 

The mean DBH in 2019 did present a significant 

difference for thinning intensity (p<0.05). It was 

43.3 cm for the most intensive thinning (250 trees 

ha-1), while no thinning was 29.2 cm (Figure 2).  

The most intensive thinning did present the lower  

response in height (19.9 m), and it was 

significantly different compared to the rest of the 

thinning intensities (p<0.05, Figure 3). 

Increasing the thinning intensity increased the 

volume of individual trees significantly (p<0.05), 

The most intensive thinning increased in 138 % 

the volume mean per tree respect to not 

thinning (1.27 vs 0.53 m3 tree-1, Figure 4). 

The stand volume did present significant 

difference for the thinning intensity (p<0.05), 

showing a inverse relation between stand 

volume and thinning intensity (Figure 5).  

Conclusions and Future Direction 

The stand volume consistently increased with 

stocking as a result of higher number of trees at 

higher stocking levels. Increasing the thinning  

Figure 1. Location of RW19 trial in Uruguay. 

Table 1. Treatments description of study. 

Effect DBH Height 
Volume  

per tree  

Stand 

Volume 

Fertilization 0.27 0.55 0.13 0.2 

Thinning <0.001 <0.001 <0.001 <0.001 

Fertilization 
and thinning 

0.83 0.89 0.57 0.28 

 Table 2. Analysis of variance (p-values) testing effects 

and interactions on growth at year 2019.  

 



  

 66 

 

 

intensity increased the volume of individual trees 

(by increase on DBH), but decreased the stand 

volume.   

Until year 9 since the application of the 

treatments, there was no effect of fertilization on 

growth 

So far the differences between treatments are 

increasing with time.  Future evaluations of 

growth combined with financial analysis of 

products that may be extracted of the forest will 

address the optimal silvicultural prescription.  On 

the other hand, it will clarify whether any nutrient 

deficiency may be present in the future and if  

fertilization may have a  long-term effect on 

these soils. 

 

Figure 2. Mean DBH for RW195601 in function of the 

thinning intensity  across the time.  

Figure 3. Mean height for RW195601 in function of the 

thinning intensity  across the time. 

Figure 4. Volume mean per tree for RW195601 in func-

tion of the thinning intensity at 2019. Vertical bars cor-

respond to standard error of plot means (n=4). Same 

letter, the difference is not statistically significant.  

Figure 5. Stand volume for RW195601 in function of the 

thinning intensity  across the time. 
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Regionwide 19: Litter Decomposition Study—195501 
 

Project Objectives 

1) Determine litter decomposition rates as 

affected by fertilization and thinning  

2) Determine nitrogen and other nutrient 

release or immobilization  in litter across the 

study treatments. 

 

Treatments and Experimental Design 

Treatments: a factorial combination of three 

thinning intensities (thin to 100; 200; or 500 trees 

acre-1 (TPA)) and two levels of fertilization 

(without fertilizer or with 200 lbs acre-1 N with 25 

lbs acre-1 P.  The study was beginning its fifth 

growing season post treatment when the 

decomposition study was initiated.  Fourteen 

grams of litter collected in litter traps in the 

adjacent PINEMAP study were placed in(10” by 

6”) mesh bags.  Litter from fertilized plots was 

used in fertilized treatments and non-fertilized 

litter was used in non-fertilized treatments. 

Twenty one bags were randomly placed a 3 

foot by 6 foot  area in each plot (7 sampling 

dates, 3 subsamples) (Figure 1).   

Measurements and Sampling 

Three replicate litterbags from each plot were 

collected at 0, 2, 4, 6, 10, 14 and 18 months 

starting in April 2014.  Mass loss is determined on 

each bag. Litter from the three replicate bags is 

combined and ground for analysis of: loss on 

ignition, carbon and nutrient concentrations (N, 

P, K, Ca, Mg, B)  Temperature and light levels are 

recorded hourly in each plot. 

Results 

There were no significant interaction found 

between fertilizer and thinning treatments.  

Approximately 2 grams of carbon were lost from 

each bag over the 18 month incubation.  

Significant treatment differences in carbon mass 

was only found between fertilizer treatments in 

the final sampling period (Figures 2 & 3).   

Nitrogen mass per bag data required a log 

transformation due to increasing variance over 

time.   Litter from fertilized plots maintained 

significantly higher N concentrations throughout 

the study period  (Figures 2).  Nitrogen was  

immobilized in all treatments  and all time 

periods and in three of the collections (6, 14, 18 

months) the non- fertilized treatments N mass 

increased above the N mass of the initial litter.  

There were a few significant differences 

between time periods in the thinning treatments 

but no consistent trends in differences (Figure 3).   

Carbon to nitrogen ratio was significantly higher 

for the non-fertilized treatments than the 

fertilized treatments at all time periods (Figure 2).  

Thinning treatments had no effect on C:N ratios 

(Figure 3).  Over time, C:N ratios were 

significantly reduced in nearly all time periods in 

all treatments.  Carbon was being lost and 

nitrogen retained in the litter.  In the last 

collection at 18 months the C:N ratio in the 

fertilized treatment was approaching the level 

(40-50) where N could be expected to start to 

be released (Figure 2).   

 

 

 

 
Figure 1.  Litter bags installed . Arrow in image 

points to the HOBO temperature and light sensor 
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 Continuing Work 

1) Build a model of litter decomposition as a 

function of environmental factors and 

parameters of the litter. 

2) Conduct similar analyses for other nutrients 

(P, K, Ca, Mg, B).  

3) Compare the results of this study with a 

companion study that was incubated  

simultaneously in PINEMAP study. 

Figure 3. Carbon mass per bag (top), nitrogen 

mass per bag (middle) and carbon to nitrogen 

ratio (lower) over eighteen months of incubation.  

Significant differences (alpha = 0.05) between 

thinning treatments for a give sample date are 

indicated with a star. 

Figure 2.  Carbon mass per bag (top), nitrogen 

mass per bag (middle) and carbon to nitrogen 

ratio (lower) over eighteen months of incubation.  

Significant differences (alpha = 0.05) between 

fertilizer treatments for a give sample date are 

indicated with a star.   
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*Regionwide 19: Effects of Thinning and Fertilization on Wood Quality-  

A Pilot Study in Appomattox, VA 
M.L. Schulte, R.L. Cook, T.J. Albaugh, H.E. Burkhart, J.L. Creighton, O.C. Campoe, D.R. Carter, R.A. 

Rubilar, and T.R. Fox 

Introduction  

Fertilization and thinning are thought to change 

the growth form and potentially wood quality of 

pine due to faster growth. The volume and 

taper models used to predict growth and yield 

were built with antiquated data when 

considering the advanced genetics and 

silvilcultural practices common in the field 

today. The Regionwide 19 trials at the time of a 

second thinning provide an opportunity to 

evaluate wood quality questions related to 

silvicultural effects. In a pilot study at 195501 in 

Appomattox, Virginia, we evaluated stem taper 

and specific gravity to examine the effects of 

thinning and fertilization on wood quality.  

Study Objectives 

To evaluate the effects of thinning and 

fertilization on wood quality, i.e., volume, taper 

and specific gravity. 

Treatments and Experimental Design 

The 195501 in Appomattox, VA was established 

in 2009 with midrotation thinning and 

fertilization. Nine years since treatment, we 

sampled a subset of treatments: a factorial 

combination of two levels of thinning (resulting 

densities of 500 and 200 trees per acre) and two 

levels of fertilization (none and 150 lbs ac-1 N + 

25 lbs ac-1 P.) with 2 replications. In March 2018 

(age 24), we sampled three trees of average 

DBH per plot, two plots per treatment, for a total 

of 24 trees. Trees were felled and wood disk 

samples were taken at the base, DBH, and 

every 10 feet up to a 2” top (Figure 1). We 

measured standing DBH, height after felled, dry 

weight and dimensions of wood disks. We then 

calculated volume, taper, and specific gravity.  

Results 

Individual tree volume significantly increased 

with fertilization and thinning (200tpa). We did 

not measure dimensions of green wood disks, 

which limited our ability to calculate “true” or 

measured green volume to compare with  

volume calculated by DBH and height.  

Taper was evaluated by taking diameter 

measurements of dry wood disks by tree height. 

Diameters increased throughout the height of 

the tree with fertilization, and increased in the 

bottom half of the tree at the lower density 

(Figure 2). Reducing stand density from 500 to 

200 trees ac-1 increased inside-bark diameter of 

the first and second log without changing taper 

or wood specific gravity at the individual tree 

scale.  

We found no significant differences in specific 

gravity at DBH with fertilization (P=0.32) or 

thinning (P=0.23). We did not find any significant 

differences in specific gravity throughout the 

height of the tree with fertilization or thinning 

(Figure 3).  

If the trends in diameter, height, volume, 

specific gravity, HTLC, and taper remain the 

same through the life of the stand, there are 

potential tradeoffs between producing rapidly 

growing wood and clear wood. Based on our 

results, this tradeoff is influenced by HTLC, i.e. 

lower live-branches, and increases in volume 

growth with thinning and fertilization.  

Future Directions 

This study serves as a preliminary data set and 

allowed us to test methods and feasibility of 

similar studies. As the RW19 studies are thinned a 

second time, we have an opportunity to collect 

more data at four other RW19 locations, to 

evaluate the effects of thinning and fertilization 

on wood quality across different environments.  

Additional Resources 

These results were presented at the 20th  

Biennial Southern Silvicultural Research 

Conference in Shreveport, LA. 

Schulte et al. Fertilization and thinning effects on 

plantation Loblolly pine taper and wood quality. 

20th BSSRC Proceedings (In Review). 
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Figure 1. Schematic of the wood sampling at the base, DBH, and every 10 feet after to dry and measure. 

Figure 2. Taper, or change in diameter by relative tree height, for a) fertilization and, b) density. Each line is an av-

erage of 12 trees per treatment. The asterisks denote significance (P<0.05) at each height segment. The interac-

tion between fertilization and density was not significant (P<0.05). 

Figure 3. Whole-disk specific gravity by tree height, for a) fertilization and, b) density. Each line is an average of 12 

trees per treatment. There were  no significant differences between treatments at any height. The interaction be-

tween fertilization and density was not significant (P<0.05). 
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*Regionwide 20: Carbon Balance of Five Contrasting Varieties of Pinus 

taeda in Brazil 

Study Objectives 

The objective is to quantify how much of the 

difference in wood production of the different 

varieties can be explained by differences in 

patterns of carbon fluxes and partitioning to 

different components.  

 

Treatments and Experimental Design 

The RW20 study design is a split-split plot design 

with 3 or 4 replications at each site. Main plots 

were two levels of silviculture (low (operational), 

and high (no nutrient limitations)), the split plot 

was genotype (4 clones (C1, C2, C3, C4), a 

mass-control pollinated family (MCP) and an 

open-pollinated family (OP)) and the split-split 

plot was initial density (618, 1235, 1853 stems ha-

1). For this study we measured the Brazilian site, 

from 6 to 7 years after planting, at a density of 

1853 stems ha-1 (2.2 x 2.4 m spacing) and 

intensive silviculture. The varieties were: open-

pollinated and clones 1, 2, 3 and 4 (Figure 1). 

For the carbon balance, the following 

methodology was used (Figure 2): 

Aboveground NPP (ANPP) = Bole + 

Branch + Bark + Foliage net primary 

production (Allometry from 

destructive sampling + litter traps); 

Total Belowground Carbon Flux (TBCF) = 

root growth + litterfall + soil CO2 efflux 

+ change in soil organic layer 

(Allometry from destructive sampling 

+ litter traps + IRGA); 

Autotrophic Respiration (Ra) = 

proportional to ANPP; 

Gross Primary Production (GPP) = ANPP 

+ TBCF + Ra; 

Partitioning = ratios among fluxes to 

different above and belowground 

components. 

Results 

Gross primary production (GPP, photosynthesis) 

among the contrasting varieties ranged from 

4071 (C4) to 5633 g of C ha-1 year-1 (C3), an 

increase of 38%, however the variation in MAI 

ranged from 33.9 (C3) to 39.5 (OP) m3 ha-1 year-

1, an increase of 16% (Figure 3). 

The difference between the increase in GPP 

and MAI is because the varieties have different 

patterns of carbon partitioning. The partitioning 

of GPP to wood net primary production (WNPP) 

ranged from 11% to 14% and the partitioning to 

total belowground flux (TBCF) ranged from 48% 

to 60% (Figure 4). 

 

Conclusions 

High rates of photosynthesis do not result in high 

wood productivity. 

Partitioning to different components of the tree 

other than wood has a significant impact on 

wood production. 

 

Figure 1. Contrasting varieties (Left: Clone 3; Right: OP) with different 

canopy structures. They also have different rates of photosynthesis 

and patterns of carbon partitioning. 
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Most productive varieties are the ones with high rates 

of photosynthesis and also high partitioning of 

the C to WNPP and less to TBCF.  A high rate of 

partitioning to WNPP is not always the best 

strategy because weather must be considered 

(the history of development of the variety). 

 

Future Directions 

The first year of measurements focused on the 

comparison of 5 varieties. For the next year, 3 

varieties will be measured at two contrasting 

stockings (617 and 1852 trees per hectare). 

 

Figure 4. Carbon partitioning of different components of Pinus 

taeda varieties. 

Figure 3. Carbon fluxes of different components of Pinus taeda 

varieties. 

Figure 2. Examples of above and below-

ground sampling performed in the field to cal-

culate the carbon fluxes. 
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*Site Mediated Increase in LAImax Corresponds with Increased Shade 

Tolerance and Enhanced Light Harvesting of Lower Crown Foliage of 

Loblolly Pine (Pinus taeda L.) in Brazil 
B. Wang, J.R. Seiler, T.R. Fox, C.A. Maier, J.A. Peterson, T.J. Albaugh, D.R. Carter, M.A. Yáñez  

Introduction 

Anecdotally, we have observed very high leaf 

area index (LAI) at loblolly pine (Pinus taeda L.) 

sites in Brazil and Argentina.  Research at the 

Forest Productivity Cooperative’s RW20 found 

that growth rates and leaf area indices in BR 

were about twice that found at sites in the 

United States (US) (Albaugh et al. 2018).  High 

LAI results in relatively low light levels at the 

base of the live crown, however, we find 

foliage surviving at these low light levels.  Little is 

known about how foliage manages to survive.  

Understanding whether foliage in low light levels 

is merely surviving or making a net contribution 

to overall carbon gain will be important to 

determining why overall growth rates and 

carrying capacity are higher in BR than in the 

US for loblolly pine. Additionally,  determining if 

foliage in low light levels acclimates leaf-level 

physiological attributes to permit survival under 

these conditions and if these leaf level changes 

are influenced by genotype is information 

needed to help researchers understand if these 

factors can be managed in loblolly pine grown 

in the US.   

 

Study Objectives 

Our interest was to better understand leaf 

physiology as it varies across region.  

Specifically, we tested these hypotheses:  1)  

the genotype x site interaction significantly 

affects LAI and leaf physiology; 2) peak LAI is 

greater and light penetration percent (LPP) is 

lower in BR than in the US; and 3) foliage at the 

base of the crown in BR have a lower light 

compensation point (LCP) and are better able 

to harvest light than those in the US. 

 

 

Treatments and Experimental Design 

The work was completed at the RW20 sites in 

Virginia (VA), North Carolina (NC), and Brazil 

(BR) where the same six genetic entries of 

loblolly pine were planted at three initial 

densities and treated with two levels of 

silviculture.  This study examined only four 

genetic entries (four clones (C1, C2, C3, and 

C4)) in the intensive silviculture treatment, 

planted at the highest density (750 trees ac-1 in 

the US and 766 trees ac-1 in BR). 

Figure 1. Peak leaf area index (A) and percentage of 

light penetrating to the bottom of the live crown (B) for 

loblolly pine at sites in Virginia (VA), North Carolina 

(NC), and Brazil (BR). 
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Field measurements were completed in summer 

2016  (February in BR, August in the US).  Light 

response curves were generated for 80 

branches to determine the light compensation 

point, light saturation point, dark respiration, 

apparent quantum efficiency and maximum 

photosynthetic rate.  Fascicle chlorophyll 

content was measured on the same branches 

used for developing the light curves.  Light 

intensity was measured at the base of the live 

crown and above the canopy.  Light 

penetration percent was light intensity at the 

base of the live crown divided by light intensity 

above the canopy.  LAI was measured with a 

LICOR LAI2200 Plant Canopy Analyzer.   

 

Results 

The light saturation point was the only variable 

affected by genotype such that C1 had a lower 

light saturation point than C3.  However, there 

were no significant genotype by site 

interactions.  LAI in BR was about two times 

greater than LAI at the US sites (Figure 1A).  

Consequently, the  light penetration percent 

was significantly lower in BR (2.5%) than at the 

US sites (average 13.2%) (Figure 1B). Leaf-level 

light use efficiency (apparent quantum 

efficiency)  was not different among the sites.  

However,  in BR foliar nitrogen concentrations 

were greater throughout the crown compared 

to US sites (Figure 2) and foliar chlorophyll in BR 

was 33% higher  than at the US sites (Figure 3).  

Leaf-level light use efficiency was positively 

correlated with chlorophyll content at the US 

sites but not at the BR site.  This result suggests 

that foliage at the BR site may have invested 

more chlorophyll in light harvesting than foliage 

at the US sites. 

 

Conclusions  

Previous work at these sites suggested that there 

was likely more diffuse light lower in the crown 

at the BR site due to more cloudy weather 

found there (Albaugh et al. 2018). This 

information combined with data from this study 

where more nitrogen is available throughout the 

crown and more chlorophyll appears to be 

allocated for light harvesting at the BR site may 

help explain the ability of the  trees at the BR site 

to maintain very high levels of leaf area.  At the 

same time, it is not clear that this foliage is 

contributing substantially to the overall growth 

of the trees as it may simply produce enough 

carbon to meet respiration requirements.  These 

data will be combined with a more detailed 

modeling analysis to tease out the importance 

of these factors. 

 

Additional Resources  

Wang et al 202x.  In review.   

Albaugh et al 2018. For. Ecol. Manage. 425:35-

44.   https://doi.org/10.1016/j.foreco.2018.05.033 

Foliar nitrogen concentration (%)

1.00 1.25 1.50 1.75 2.00 2.25

D
is

ta
n

c
e

 f
ro

m
 t

o
p

 o
f 

tr
e

e
 (

c
m

)

0

100

200

300

400

500

600

700

800

900

1000

VA

NC
BR

Figure 2.  Foliar nitrogen concentration distribution 

through the crown for loblolly pine at sites in Virginia 

(VA), North Carolina (NC), and Brazil (BR). 

Site

VA NC BR

C
h

lo
ro

p
h

y
ll
 c

o
n

te
n

t 
(m

g
 m

-2
)

0

10

20

30

40

50

60

70

80

90

100

110

120

Figure 3.  Foliar chlorophyll content for loblolly pine at 

sites in Virginia (VA), North Carolina (NC), and Brazil 
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*Crown Architecture, Crown Leaf Area Distribution, and Individual Tree 

Growth Efficiency Vary Across Site, Genetic Entry, and Planting Density 
 

T.J. Albaugh, C.A. Maier, O.C. Campoe, M.A. Yáñez, E.D. Carbaugh, D.R. Carter,                                     

R.L. Cook, R.A. Rubilar, T.R. Fox 

Introduction  

Pinus taeda L. growth in parts of South America 

can be substantially greater than that in the 

southeastern United States (SEUS).  Studies to 

explain these differences have examined 

physiological assessments, foliage longevity, 

and light use efficiency, however, none of 

these were influenced by site.  Heat sums 

(volume growth per unit degree hour) were 

influenced by site. Greater growth per unit heat 

sum was found in Brazil (BR) than in the SEUS, 

indicating that something other than heat sum 

influenced greater growth in BR.  Resource 

availability influences the amount and location 

of foliage in tree crowns and previous studies 

noted differences in crown structure in P. taeda 

in the SEUS and outside the native range.   

Study Objectives 

Consequently, we wanted to examine  

individual tree crown foliage distribution in the 

SEUS and BR to examine these hypotheses:  

crown architecture is the same in the SEUS and 

BR; leaf area distribution within the crown is the 

same in the SEUS and BR; and the relationship 

between individual tree volume increment and 

leaf area is the same in the SEUS and BR and is 

not influenced by foliage distribution. 

Treatments and Experimental Design 

We tested the hypotheses in the RW20 

experimental design utilizing sites in Virginia 

(VA), North Carolina (NC), and Brazil (BR), two 

genetic entries (clone 3 and open pollinated) 

and two planting densities (250 and 750 trees 

ac-1).  We measured tree diameter and height, 

branch diameter and distance from the top of 

the tree on all live branches on 56 trees in 2013 

prior to crown closure and on 72 trees in 2017 

after crown closure but when trees at all sites 

were about the same size.  Destructively 

harvested branches were used to estimate 

foliage and branch mass and specific leaf area 

on all measured branches.  We used a beta 

model to describe 

the leaf  a rea 

distribution in tree 

crowns at real and 

relative scales.  We 

quantified individual 

tree growth per unit 

leaf area.        

Results 

In 2013, when trees 

were still open grown, 

the SEUS sites had 

g r e at e r  b r a nc h 

d iameter  (24%) , 

b ranch nu m ber 

(14%), live crown 

length (44%), foliage 

mass (82%), and 

branch mass (91%), 

than the BR site. 

However, in 2017, 

Figure 1. Distance from the top of the tree and branch diameter for all branches meas-

ured in 2013 (A) and 2017 (B) for sites in Virginia (VA), North Carolina (NC) and Brazil (BR) 

where the same two Pinus taeda genetic entries were planted at three densities.  Each 

point represents one branch. 
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after crown closure and when trees were the 

same  size, site did not affect these variables 

(e.g. Figure 1). In 2013, site significantly affected 

absolute leaf area distribution, likely due to 

differences in live crown length and leaf area, 

such that there was more foliage at a given 

level in the crown at SEUS sites than at the BR 

site. In 2017, site was still a significant factor 

explaining leaf area distribution, although at this 

point, with crown closure and similar sized trees, 

there was more foliage at the BR site at a given 

level in the crown compared to the SEUS sites 

(Figure 2). In 2013 and 2017, when including site, 

genetic entry, stand density, and beta model 

leaf area distribution parameters as 

independent variables, site significantly 

affected individual tree growth efficiency, 

indicating that something other than leaf area 

distribution was influencing the site effect 

(Figure 3). Better BR growth is likely due to a 

combination of factors, including leaf area 

distribution, crown architecture, and previously 

identified factors (heat sum) which influence 

the site effect, indicating that future work should 

include a modeling analysis to examine all 

known contributing factors. 

Additional Resources  

Albaugh et al. 2019. Trees:  Structure and 

Function.  Published online:  https://

doi.org/10.1007/s00468-019-01898-3. 

Figure 2. Relativized leaf area distribution in 2017 when 

genetic entry (C3 (A) and OP (B)), site (Virginia (VA), 

North Carolina (NC), and Brazil (BR)), and planting 

density 250 and 750 trees ac-1 were significant factors 

explaining the relative amount and position of leaf 

area. 
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Regionwide 20: Silviculture of Varietal Loblolly Pine (Pinus taeda L.) - 

Spacing and Silviculture Effects on Varieties with Different Crown 

Ideotypes 

Study Objective 
This study was designed  to examine the effect 

of silviculture (stocking and intensity level) on the 

growth, carbon allocation, productivity and 

carrying capacity of Pinus taeda without the 

confounding effects of differing genetics.  By 

planting the same genetic material at all 

locations and installing studies in- and outside 

the native range of loblolly pine, we will be able 

to examine the environmental and resource 

limitations that drive growth.  Objectives include:   

1. Quantify environmental (climatic, soil) and 

silvicultural effects on growth, carbon 

allocation  (above and belowground), and 

ecophysiological processes of loblolly pine at 

the tree and stand level  

2. Test the crown ideotype approach for 

evaluating the suitability of varieties for 

production purposes 

Treatments and Experimental Design 
The design is a split-split plot with silviculture (low 

- typical operational and high - no nutrient 

 Figure 1.  Height growth for the block plot installations for 

low and high silviculture.  Age four height in BR is about 

the same as that in VA and NC at age six.  
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deficiencies) as the main plot with genetics (6 

entries) and stocking (250, 500, and 750 stems ac
-1) as split plots replicated three or four times at 

each site.  Sites were selected inside (North 

Carolina) and outside (Virginia and Brazil) the 

native loblolly range.  The same genetic material 

is planted at all sites with 4 varieties (2 moderate 

and 2 broad crown ideotypes) a mass control 

pollinated family and an open pollinated family. 

Single tree progeny tests  were also installed.  

Current Status 
The VA, NC and BR sites were installed in 2009, 

2009 and 2011, respectively.  Vegetation control 

and fertilization have been maintained as 

appropriate.   Annual growth measurements are 

completed on all sites.  Additional work includes 

tree mapping, ecophysiological, soil, fine root 

and canopy architecture measures.  

Results 
A significant site effect on growth was observed 

where BR>VA>NC (Figure 1).  Four year old BR 

trees are the same size as 6 year old trees in NC 

and VA.     

Silviculture has a positive effect on crown  

growth.  Live crown lengths are greater with high 

silviculture, however there may be changes in 

light compensation points where some clones 

lose their foliage more rapidly than expected 

(e.g. Clone 2 at VA) (Figure 2).   

Volume growth is positively related to crown 

width across all sites (Figure 3).  At this point in 

stand, development crown width may be a 

good surrogate for leaf area index (which is 

difficult to measure before canopy closure).  

Leaf area index measurements at the VA and 

NC sites indicate a difference in growth per unit 

leaf area index (Figure 4).  However,  clone 3, a 

narrow crown ideotypes has growth per unit leaf 

area index rates similar to OP and C2 which 

have very broad crowns. 

The genetic entries used in the block plots cover 

the range in height growth observed in the 63 

genetic entries from the single tree plots (Figure 

5).  However, there is considerable rank change 

among the single tree plots induced by 

silvicultural treatment.   

 

Future Work 

We plan intensive ecophysiological campaigns 

to better understand the differences in growth 

that we observe across site.   

 Figure 3.  Volume growth is related to crown width 

which is likely a surrogate for leaf area index at this 

point in stand development. 
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 Figure 4.  There are apparent clonal differences in 

growth per unit leaf area index at the VA and NC sites. 
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Regionwide 20: Brazilian Site - Silviculture of Varietal Loblolly Pine  

Spacing and Silviculture Effects on Varieties with Different Crown 

Ideotypes 

Study Objectives 

 Determine if there is a consistent growth 

response to silvicultural treatments among 

different genotypes (OP, MCP and clones) that 

are classified into the same crown ideotypes; 

 Compare growth response among different 

genotypes when managed under different 

silvicultural management intensities and planted 

at different initial densities designed to optimize 

biomass production, mixed products, or 

sawtimber production. 

Treatments and Experimental Design 

 The design is a split-split plot with silviculture 

(Commercial – no fertilization and limited weed 

control; and Intensive - no nutrient deficiencies 

and complete weed control until canopy 

closure (aprox. 4 years after planting) as the 

main plot with genetics (7 entries – 2 OP, 1 MCP, 

and 4 clones) and stocking (250, 500, and 750 

stems ac-1, or 617, 1235 and 1852 stems ha-1) as 

split plots replicated three times. A single tree 

progeny test was also installed with 36 entries. 

The Brazilian site was planted in April 2011 and 

annually measured. These results represent 

measurements performed 7.5 years after 

planting. 

Results 

Significant genotype differences in  mean 

annual increment (MAI) were observed, and 

intensive silvicultural management significantly 

increased MAI from 15 to 29% (Figure 2). The 

current trends are showing that genotypes with 

broad crown ideotypes are more productive, 

however, both broad and narrow crowns seem 

to respond similarly to intensive silviculture. 

The effect of intensive silviculture significantly 

increases with tree spacing. Less trees per 

hectare open more space to light, increasing 

weed competition (Figure 3). 

Trees also respond differently to an increase in 

spacing (Figure 4). 

Figure 2. Mean annual increment for the different geno-

types at both silvicultural treatments. BC = broad crown; 

NC = Narrow crown; OP = open pollinated; MCP = mass 

control pollinated.  

Figure 3. Mean annual increment for the three initial den-

sities at both silvicultural treatments. 

Figure 1. Image of the RW20 trial in Brazil. Block plots on 

the right, Single Tree Plot on the left and two circular 

Nelders. 
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Most of the genetic entries in the single tree plots 

were positively affected by intensive silviculture 

for both DBH and total height. The genetic 

entries planted in the block plots fairly cover the 

range in DBH and total height observed in the 36 

genetic entries from the single tree plots (Figure 

5). There is considerable rank change among 

the single tree plots induced by silviculture. 

Future Direction 

We are currently measuring carbon fluxes and 

partitioning on 1 OP and 4 clones, to better 

understand the different patterns of wood 

production among the genotypes. 

Studies for the following years will focus on stem 

form, branch distribution, and wood quality for 

the different genotypes and initial densities.  

Acknowledgements  

To Valor Florestal for field support during the trial 

installation and additional activities. 

 

Additional Resources 

Albaugh et al., 2018. A common garden 

experiment examining light use efficiency and 

heat sum to explain growth differences in native 

and exotic Pinus taeda. Forest Ecology and 

Management, 425, 35-44. 

Figure 4. Mean annual increment for the three initial den-

sities, for each genotype, under intensive silviculture. BC 

= broad crown; NC = Narrow crown; OP = open pollinat-

ed; MCP = mass control pollinated.  

Figure 5. DBH and total height for the 36 genetic entries of the Single Tree Plots, at both silvicultural treat-

ments. Red boxes indicate same genotypes planted at the block plot.   
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Regionwide 20: Crown Architecture Study Quantifying Differences Among 

Crown Ideotypes in Pinus taeda 

Study Objective 
To examine and quantify the differences in crown 

architecture for the crown ideotypes (Figure 1) 

used in the RW20 study.  To develop a faster and 

easier way to measure crown characteristics that 

may relate to carbon allocation and productivity.  

To examine the relationship between the crown 

characteristics and physiology and individual tree 

productivity.  

Treatments and Experimental Design 
The study was based in the block plot design of 

the RW20 at Reynolds Homestead.  Our focus was 

on measuring crown characteristics and we 

wanted to link the crown characteristics to 

physiological assessments and productivity.  

Consequently, we selected 20 trees from those 

used by Marco Yanez for his physiology 

assessments.  Selected trees were in the 1235 

stems ha-1 (500 stems ac-1) stocking treatment 

and the high culture treatment (to eliminate 

competing vegetation effects on the crown 

development).  To expand our range of data, we 

selected 12 trees from the Cross Carbon Study 

which has larger trees with a range in crown 

ideotype. We measured the branch diameter 

and crown location of all branches on the 20 

RW20 trees (Figure 2).  We destructively sampled 

30 branches per crown ideotype (total of 180 

branches) that covered the range in branch 

diameter and crown location of the branches on 

the 20 measured trees.  We measured dry weight 

of the branch and foliage material from the 

destructively harvested branches and developed 

models to predict individual branch foliage mass 

from branch diameter and crown location.  We 

summed the foliage mass for all branches on the 

20 measured trees to estimate total foliage mass 

on the trees.  Total foliage mass data were 

available for the Cross Site trees using a similar 

process.  We used a terrestrial Lidar scanner to 

scan the 20 RW20 trees and the 12 Cross Site trees 

(Figure 2).  We are developing a relationship 

between data generated by the Lidar scan and 

the foliage mass and other crown characteristics.  

  

  

  

  

  

  

  

  

  

  

Figure 1.  Narrow (left) and wide (right) crown ideotypes 

at the RW20 site at Reynolds Homestead in the 1235 

stems ha-1 (500 stems ac-1) and high culture treatment. 

  

 Figure 2.  Measuring 

individual branch diameter 

and crown location (left) 

and terrestrial Lidar scanner 

collecting image of crown 

(below). 
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Current Status 
Branch measurements, destructive branch 

harvests and Lidar measurements were 

completed in spring of 2012.  Branch samples 

have been processed in the lab for dry weight.  

Analysis on these data continues. 

Results 
Branch biomass harvest 

Individual branch foliage mass was a function of 

branch diameter, distance from the top of  the  

tree, crown ideotype and the interactions of 

these terms.  These relationships resulted in quite 

varied foliage display among the different crown 

ideotypes (Figure 3, only three ideotypes are 

shown for presentation clarity).  However, even 

with these differences in foliage distribution with 

in the crown there was no significant crown 

ideotype effect on the individual tree stem 

volume growth and foliage mass relationship 

(Figure 4).  This is an indication that crown 

ideotype does not have an effect on above 

ground growth efficiency however crown 

ideotype may still influence growth efficiency 

when examining above and below ground 

production. 

Future Work 
Processing of the Lidar data is ongoing (Figure 5).  

When processing is complete we will work to 

establish a relationship between the Lidar output 

and the crown characteristics quantified with the 

more detailed measurements.  Additional work 

will involve an analysis of the crown assessments 

and the physiology measures that were 

completed on the same trees.   

   

Figure 3.  Foliage mass distribution within the crown for 

three crown ideotypes, C1 moderate clone, C3 broad 

clone, and C6 open pollinated. 
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Figure 4.  Stem volume growth per unit of foliage mass 

for different crown ideotypes where moderate and 

broad indicate crown width characteristics and MCP 

and OP are mass control pollinated and open pollinated 

crown ideotypes, respectively. 
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A Common Garden Experiment Examining Within Crown Foliage 

Distribution to Explain Growth Differences in Native and Exotic Pinus 

taeda  
T.J. Albaugh, C.A. Maier, O.C. Campoe, R.L. Cook, D.R. Carter, R.A. Rubilar, T.R. Fox, M.A. Yanez, E. 

Carbaugh, V. Aguiar 

Background and Study Objectives 

This study was designed to examine the effect of 

silviculture (planting density and management 

intensity level) on the growth, carbon allocation, 

productivity, and carrying capacity of Pinus 

taeda without the confounding effects of 

genetics. By planting the same genetic material 

at all locations and installing studies in- and 

outside the native range, we are able to 

examine hypotheses that have been proposed 

to explain the observed growth differences in 

Pinus taeda. Previous work demonstrated that 

exotic planting growth in Brazil (BR) was much 

greater than that found in the native range 

(North Carolina (NC) and as an exotic in North 

America (Virginia (VA)). In earlier studies, 

researchers observed a bimodal foliage 

distribution in an exotic planting of P. taeda and 

suggested that this may explain  part of the 

growth differences. This analysis focused on 

testing one hypothesis: foliage distribution is the 

same for native and exotic plantations.   

Treatments and Experimental Design 

The study design is a split-split plot design with 3 

or 4 replications at each site. Main plots were 

two levels of silviculture (low (operational), and 

high (no nutrient limitations)), the split plot was 

genotype (4 clones (C1, C2, C3, C4), a mass-

control pollinated family (MP) and an open-

pollinated family (OP)) and the split-split plot was 

initial density (618, 1235, 1853 stems ha-1) 

replicated three or four times at each site. Sites 

were selected inside (NC) and outside (VA and 

BR) the native loblolly range.  This effort utilized 

two approaches. First was a non-destructive 

approach where we measured branch 

diameter, distance from the tree top and 

branch length for all the branches on trees from 

all genetic entries at all sites in the 1235 stems ha-

1 treatment and high silviculture. A second 

approach was a destructive harvest where first 

we measured trees in the same manner as the 

non-destructive measurements and then 

destructively sampled 24 trees at each site.  

Given the level of effort required for the harvest, 

we only harvested trees from 2 densities (618 

and 1853 stems ha-1), 2 genotype (C3 and OP) 

and high and low silviculture. The selected 

genotypes represented the extreme in observed 

crown display where the OP entry had the 

largest crowns and C3 had the smallest.  

Similarly, examining the widest and narrowest 

spacing provides the best opportunity to detect 
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Figure 2. Distance from the top of the tree and specific 

leaf area for the destructively harvest trees for the three 

sites (Virginia (VA), North Carolina (NC), and Brazil (BR). 
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differences due to spacing.  We determined dry 

weight, completed nutrient analysis and 

determined specific leaf area (SLA). 

Relationships to predict individual branch foliage 

mass were developed where branch diameter 

and crown location were the independent 

variables. Foliage mass was converted to leaf 

area with  SLA. We used a non-linear sigmoid 

function (Beta Model) to describe foliage area 

throughout the crown for each tree. There were 

differences in tree size and total foliage amount 

across site and treatment, consequently we 

standardized the data so we could more readily 

compare across site and treatment.    

Results and Discussion 

There were large changes in branch diameter 

distribution from 2013 to 2017 across site where 

the largest branches in 2017 were about twice 

the diameter as the largest ones in 2013 (Figure 

1). There were significant crown location and site 

effects on SLA (Figure 2). Absolute leaf area 

distribution models differed across site and 

density (Figure 3). Standardized foliage 

distribution varied by site, density and genotype 

(Figure 4).   

The gradient in SLA through the canopy has 

been observed in other studies and is indicative 

of the change from sun to shade leaves. This 

effect was exacerbated at the BR site where 

leaf area indices at the stand scale were about 

twice that of the VA and NC sites. Absolute leaf 

area at a given crown location was reduced 

with increased density at all sites, although the 

magnitude of the shift differed across site.  

Interestingly, the exotic sites (BR and VA) had 

more leaf area lower in the crown than the NC 

site and the foliage distribution was shifted 

downward in the crown.   

We rejected our hypothesis because there were 

differences in foliage distribution due to site.  

However, the exotic sites have not developed a 

bimodal distribution. It is possible that better 

growth observed in BR is related to foliage 

distribution but that does not occur through the 

development of a bimodal foliage distribution.   
 

Future Direction 

A manuscript from this analysis will be prepared 

and submitted for review and, hopefully, 

publication. We continue to test additional 

hypotheses to determine why growth in BR is so 

much greater than that in North America. The 

biomass harvest data set will permit examining 

allocation and nutrient use and nutrient use 

efficiency hypotheses. 
 

Additional Resources 

Albaugh et al., 2018 For. Ecol. Manage. 425:  35-

44. 

Figure 4. Relative crown location and relative leaf area 

through out the crown for the 3 sites (Virginia (VA), 

North Carolina (NC), and Brazil (BR), 2 density levels 

(618 and 1853 trees ha-1) and 2 genotypes (OP and 

C3). 
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Figure 3. Crown location and leaf area through out the 

crown for the 3 sites (Virginia (VA), North Carolina (NC), 

and Brazil (BR) and 2 density levels (618 and 1853 trees 

ha-1). 
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Regionwide 20: Effect of Silvicultural Intensity, Spacing, and Crown 

Ideotypes on Above and Belowground Carbon Allocation of Loblolly Pine 

Introduction 
The general postulate behind the existing 

carbon allocation theory is that plants partition 

carbon to various organs to optimize the 

capture of limiting resources, to maximize growth 

rate. Carbon partitioning to biomass production 

in trees is an important variable in determining 

stem volume growth efficiency, belowground 

carbon sequestration in stumps and coarse 

roots, and ecosystem carbon balance. 

Root/shoot ratio is subject to genetic, 

ontogenetic, environmental, and silvicultural 

influences (e.g. light levels, soil fertility and 

fertilization, water availability, planting spacing). 

A direct comparison of the tissue types of the 

trees is required to determine whether treatment 

effects are changing partitioning or merely 

changing growth rates. 

Study Objectives 
The objective of this study is to evaluate growth 

response and carbon allocation patterns (above 

and below ground) at the individual tree and 

stand level of different genotypes of loblolly pine 

managed under different silvicultural intensities 

and planted at different initial densities. 

Treatments and Experimental Design 

The study was established in Virginia and North 

Carolina in 2009 and in the state of Paraná, 

Brazil, in 2011. It was installed as a split-split plot 

design with silvicultural intensity (low - typical 

operational and high - no nutrient deficiencies) 

as the main plot, genotype (six entries, four 

clones (C1, C2, C3, C4, a mass control pollinated 

family, and an open pollinated family (OP)) and 

initial density (250, 500, and 750 trees/ac) as split 

plots, replicated three or four times at each site.  

For this project two levels of stocking (250 trees/

ac and 750 trees/ac), and two genotypes (OP 

and C3), were selected. Selected genetic 

entries provide the widest range in crown size, 

based on field measurements. In the dormant 

season (January-February in U.S. and July in 

Brazil) we destructively harvested 72 trees (24 

trees per site (2 silvicultural levels x 2 spacing 

levels x 2 genotypes x 3 replicates)), selected to 

cover the current existing range of diameter and 

height at each site. 

For each tree, diameter at breast height, total 

height, crown diameter and the distance from 

the top and diameter of all branches (Figure 1a) 

were measured. Six branches were sampled and 

their foliage and branchwood taken to the lab 

for dry weight determination. Three undamaged 

fascicles from each branch were sampled for 

specific leaf area analysis (Figure 1b). Four discs 

were cut from the stem for dry weight 

determination and nutrient analysis. 

The root harvest included the root ball (tap root 

and all connected roots), the roots sieved from 

soil in a 1 m2 pit (0.5 m deep) centered on the 

stump, and roots sieved from soil from a 0.5 m 

wide trench extended to half the distance 

between tree rows (to capture roots between 

trees and estimate roots in area occupied by 

each tree) (Figure 2). All root material was taken 

to the lab for fresh and dry weight 

Figure 1. Branch measurements (a); SLA samples and 

foliage being collected (b). 

 a 

 b 
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determination, nutrient analysis and dry ashing 

determination. 

Results and Current Status 

The amount of resources applied for the biomass 

harvest was at least 600 hours of fieldwork and 

over 800 hours in lab processing per site. 

All biomass material was oven dried and 

weighed. The data are being used to generate 

individual tree biomass equations for foliage, 

branch, stem and root biomass (Figure 3). These 

equations will be applied to trees in each plot/

site and scaled to an area level. Across sites we 

sampled trees ranging from 5.2 to 27.7 cm in DBH 

and 4.6 to 13.1 m in total height. On average, 

the values of dry biomass per tree for foliage, 

branches, bole and coarse roots across sites 

were 4.2, 12.3, 32.5 and 12.5 kg, respectively. 

Laboratory work is ongoing.  Samples from Brazil 

will be shipped to the U.S. for processing. 
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Figure 3. Relationship between DBH and branch, foli-

age, stem and root dry weight. 
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Regionwide 20: Effects of Silvicultural Intensity, Genetics, and Planting 

Density on Above and Belowground Carbon Allocation of Loblolly Pine 

Introduction 

Decades of research in fertilization, vegetation 

control, site preparation, planting density, and 

tree improvement have made loblolly pine 

(Pinus taeda) the most commercially important 

pine species in southeastern US. However, little is 

known about the effects of silviculture, 

genetics ,and planting density, as well as their 

interactions, on belowground carbon 

sequestration and the relationship between 

above and belowground carbon allocation. 

Study Objectives 

Evaluate biomass production and biomass 

allocation patterns of two loblolly pine 

genotypes with inherent genetic differences, 

managed under two levels of silvicultural 

intensity, planted at two initial planting densities, 

and the occurrence of genetic x management 

interactions, both at the individual tree and 

stand level. 

Treatments and Experimental Design 

This site of the RW20 study was installed in 2009 at 

Bladen Lakes State Forest as a split-split-plot 

design with three replicates. A subset of the 

larger study was used for this analysis. The main 

plot was two levels of silvicultural intensity, low 

(operational) and high (no resource limitation). 

The split-plot was two genotypes, an open-

pollinated family (OP) and a clone (C3). The split

-split-plot was two planting densities, low (617 

trees ha-1) and high (1852 trees ha-1). We 

measured tree height and diameter, live crown 

dimensions, branch diameter and distance from 

top of the tree. We performed a whole-tree 

biomass harvest which consisted of branches 

and foliage of 6 branches per tree, the entire 

bole, root ball (taproot and connected roots), 

and roots sieved from soil in a 1 m2 pit (0.5 m 

deep; Figure 1). 

Allometric equations were developed in order to 

estimate the amount of biomass in different tree 

components. We used a mixed model 

approach to test treatment effects on biomass 

production at the tree and stand level, and on 

allocation patterns. 

Results 

When developing allometric equations, tree 

diameter was the most effective predictor of 

root biomass. The mortality rate observed was 

5% for C3 and 22% for the OP family. Within the 

OP family, the mortality rate was 11% in low 

silviculture and 32%in high silviculture. 

At the tree level, bole biomass was not affected 

by silviculture but it increased from 17.9 kg in low 

stand density to 21.4 kg in high density. 

Aboveground biomass (bole, branches and 

foliage) was always greater in low density 

compared to high density, but differences were 

more significant in high silviculture (42.5 kg vs. 

29.3 kg) compared to low silviculture (27.5 kg vs. 

20.4 kg). In low silviculture, root biomass was 5.2 

kg in high density and 8.1 kg in low density. In 

high silviculture, root biomass was 8.6 kg in high 

density and 12.1 kg in low density (Figure 2). 

At the stand level, stand density had a 

significant effect on bole and aboveground 

biomass production. Bole biomass increased 

from 10.7 Mg ha-1 in low density to 30.7 Mg ha-1 

in high density. Aboveground biomass increased 

from 17.2 Mg ha-1 in low density to 42.7 Mg ha-1 

in high density. Significant density by silviculture 

Figure 1. a Branch measurement; b. Foliage material 

being collected; c. 1 m2 soils pedestal; d. Root ball be-

ing weighed. 

a b 

c d 
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interactions were observed for root biomass. In 

low silviculture, root biomass increased from 4.2 

Mg ha-1 in low density to 9.6 Mg ha-1 in high 

density. In high silviculture it increased from 5.8 

Mg ha-1 in low density to 14.5 Mg ha-1 in high 

density. 

Significant differences were observed for the 

percentage of biomass allocated to tree 

components (Figure 3). The biomass allocated to 

crown (branches and foliage) was greater in low 

density, compared to high density. Between 

genotypes, OP allocated a greater percentage 

to branch and foliage than C3, but it did not 

result in greater overall biomass production. 

Density by silviculture interactions were observed 

for root:bole ratios. In high silviculture, the ratio 

goes from 0.49 in high density to 0.59 in low 

density, whereas in low silviculture it 

goes from 0.40 in high to 0.57 in low 

density. 

Conclusions 

Considering that carbon accounts for 

about 50% of biomass, loblolly pine 

plantations have great potential to be 

carbon sequestration mechanisms on 

both above and belowground biomass. 

The strong relationship between tree 

diameter and root biomass shows that, 

as an initial approach, diameter can 

be used to efficiently evaluate not only 

aboveground production but also 

belowground carbon sequestration. 

The mortality rate observed for some 

treatments were higher than what is 

expected for loblolly pine plantation 

forests, and likely confounded 

treatment effects. 

Stand density had the most significant 

effect on biomass production at the tree and 

stand level. It also had the most significant effect 

on biomass allocation, with increased allocation 

towards belowground components and 

reduced allocation towards aboveground 

components in low density compared to high 

density. Silviculture had no effect on biomass 

allocation. These findings are contrary to the 

general idea that reduced nutrient availability, 

caused by lack of fertilization (low silviculture or 

greater competition for soil nutrients (high 

density) would results in greater allocation to 

roots at the expense of aboveground 

components. In high density, canopy closure 

happening much sooner than in low density, 

and light becomes the main resource limiting 

development. Trees then compete for light more 

than they compete for soil nutrients or water, 

and allocate a greater percentage of 

its biomass towards aboveground 

growth. It is also important to consider 

that changes in allocation patterns can 

be greatly affected by ontogeny, and 

that further research with a greater 

number of genotypes, across a variety 

of different sites is necessary to validate 

conclusions drawn from this study. 
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Figure 2. Mean bole, aboveground, and root biomass of all 8 treat-

ment combinations at the tree and stand level. 

Figure 3. Proportions of tree components for the different treatments. 

Numbers represent percentages of whole-tree biomass. 
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Regionwide 20: Belowground Biomass 

Introduction 

The Forest Productivity Cooperative is 

determining above and below ground biomass 

allocation in the three locations of the RW20 

study (Virginia– VA, North Carolina– NC, Brazil). 

With crown closure or nearing closure, the FPC 

examined if differences in allocation patterns 

could explain differences in stem growth and 

productivity. One of the primary goals of this 

study was to identify the physiological processes 

which cause differences in loblolly pine growth in 

Brazil compared to USA.  Prior studies found slight 

differences in leaf level processes, but could not 

explain the increased growth in South America. 

The preliminary results of this report are from the 

VA RW 20 site. 

Study Objectives 

 Estimate total below ground biomass 

allocation  

 Determine allocation differences between 

silviculture, density and genotype 

treatments   

Treatments and Experimental Design 

Biomass allocation was determined in the high 

and low silviculture, 250 and 750 trees ac-1 (tpa), 

and the broad crown open pollinated (OP) and 

narrow crown C3 genotypes.  The treatment 

combination was a 2X2X2 factorial in VA, NC 

and Brazil.  At the time of sampling, the VA and 

NC sites had completed 8 growing seasons while 

the Brazil site had completed 6. Due to the faster 

growth in Brazil, all stands were at a similar stage 

of development (See other RW20 reports or 

Yanez et al. 2015).    

To develop regression equations to predict tree 

biomass, 3 trees in the treated buffer of each 

treatment at each site were selected to cover 

the range of tree sizes in each selected 

treatment. Above ground biomass of stem, 

branch and foliage was determined using the 

methods developed at SETRES (Albaugh et al. 

2006). To extract stumps, lateral roots were 

severed in a 1x1 m2 centered over the stump to 

a 50 cm depth using a trencher (Figure 1). A mini

-excavator was then used to lift the stump out of 

the soil.  Soil was removed from the pit by hand 

to a depth of 50 cm and sieved to collect all 

roots > 2 mm (Figure 2).  Stumps and roots were 

washed to remove soil and separated into two 

classes; tap root > 25mm (TAP) and coarse roots 

<25 mm (CRT). Roots were then oven dried and 

weighed. An additional trench 30 cm wide and 

50 cm deep was excavated from the side of the 

1x1m2  pit into the middle between rows. The soil 

from this trench was sieved to remove roots so 

the biomass of coarse roots extending beyond 

1x1 m2 pit could be estimated.  
Figure 1. Extracting a stump at the Virginia RW20. 

Figure 2. Completed stump and trench root excavation.   
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Results 

Root mass in the 1x1 m2 pit was modeled using 

stem DBH as the independent variable (Figure 3 

top). Silviculture, density and genotype were not 

significant factors in the relationship.  For roots 

outside the 1x1 m2 pit, separate equations were 

developed based on density treatments. In the 

high density treatment, there were no significant 

relationships between tree dimensions and root 

biomass, indicating roots fully occupied the site.  

The mean value was used in this treatment. In 

the low density treatment, a log transformation 

of DBH2 was used for the regression of root 

biomass (Figure 3 bottom).  

The equations described above were used to 

estimate below ground biomass on an areal 

basis. There were no significant differences (a = 

0.5) between genotypes, and there were  no 

interactions between silviculture and density 

treatments. Therefore, silviculture and density 

were analyzed separately. Trees in the high 

silviculture treatment allocated 31% more 

biomass to roots than the low silviculture 

treatment (20.1 vs 15.4 Mg ha-1). Similarly, high 

density treatments significantly produced 45% 

more root biomass than low density treatments 

(21.0 vs 14.5 Mg ha-1).    

For each site, we estimated 70 person days (field 

and lab) were invested in the belowground 

biomass  estimation. An additional 50 person 

days per site were invested in the fine root coring 

and sample processing.    

Future Work 

These data will be combined with data from NC 

and Brazil to asses both above and below 

ground biomass allocation. Work is also 

underway to assess fine root (<2mm) standing 

biomass and production (in-growth). Carbon 

and nutrient analysis has been performed on all 

samples to allow determinations of nutrient use 

and allocation. A collaborative manuscript 

covering all sites and biomass components and 

nutrients is planned.  These data will also be used 

to parameterize process models for further 

insight in to production differences.  
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Figure 3.  Below ground biomass regression equations for 

total stump (top) and roots outside the 1x1m2 pit 

centered on the stump (bottom).   

Figure 4. Total below ground biomass of roots >2mm.  
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Regionwide 20: Fine Root Biomass and Production 
 

Background 

The Forest Productivity Cooperative has been 

determining above and below ground biomass 

allocation in the RW20 study. With crown closure 

or nearing closure, we sought to determine if 

differences in allocation could explain 

differences in stem growth and productivity.  

One primary goal of this study was to identify the 

physiological processes that allow loblolly pine 

to grow well in Brazil.  Prior studies have looked 

at leaf level processes, and although there were 

slight differences they did not explain the 

increased growth in South America.   

Fine root (<2mm diameter), standing biomass, 

and production were assessed separately from 

the stump and root extractions. Because carbon 

allocation to fine roots is difficult to estimate due 

to variable life span and turn over rate, we used 

a coring and ingrowth core re-sampling 

methodology to estimate fine root production 

(Figure 1).      

Study Objectives 

 Estimate total below ground fine root 

biomass and production  

 Determine allocation differences between 

silviculture, density and genotype treatments   

Treatments and Experimental Design 

We examined fine root biomass allocation 

where we hypothesized likely differences would 

occur:  high and low silviculture, 250 and 750 

trees ac-1, and broad crown open pollinated 

(OP) and narrow crown C3 genotypes. This 

sampling structure gave a 2X2X2 factorial 

treatment combination in Virginia, North 

Carolina and Brazil. At the time of sampling, the 

Virginia and North Carolina sites had completed 

eight growing seasons while the Brazil site had 

completed six growing seasons. Due to the faster 

growth in Brazil, the stands were at a similar size 

when sampled (see other RW20 two-page 

reports or Yanez et al. 2015).    

Fine root biomass was estimated using 7.45 cm 

diameter cores collected using a hydraulic 

corer. Cores were collected in two stages. The 

first stage was used to determine sampling 

depth, sampling intensity needed, and labor 

required for processing samples. Initially 10 cores 

were collected in each high silviculture, high 

density plot in 3 blocks. Five cores were 

collected between the rows and five were 

collected between trees on the row. Three cores 

in each group were sampled to a 50 cm depth 

and two cores per zone were collected to 100 

cm depth. Cores were divided into the depth 

increments of 0-10, 10-20, 20-50, 50-75, and 75-

100 cm for processing (Figure 2). Soil was washed 

from roots and roots were then hand sorted to 
Figure 1. Extracting intact cores using a hydraulic 

Giddings probe mounted on an ATV. 

Figure 2. A 1 m deep core divided by depth increments, 

from left to right: 0-10, 10-20, 20-50, 50-75 and 75-100 cm.   
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separate pine from competing vegetation into 

two size classes (<2mm and >2mm). Root length 

and projected area were determined using a 

WinRhizo scanner and software. The second 

stage of sampling was completed in the 

remaining treatments to a 50 cm depth. In the 

low silviculture, high density treatments, 4 cores 

were collected– 2 between trees and 2 

between rows. In the low density plots, 2 cores 

were collected between the rows and 2 

collected between trees. For each core 

between trees, another core was collected 

approximately 80 cm closer to the tree.  Cores 

were processed as previously detailed. 

Results 

Fine root biomass decreased with depth (Figure 

3). There was an interaction (p = 0.03) between 

depth and genotype, with more fine root 

biomass in the 10–20 cm depth of the OP than in 

C3 (0.24 vs. 0.17 mg cm-3 , respectively). Across 

all depths there was no difference between 

genotypes. The high density treatment had 

significantly greater root biomass (p < 0.1) that 

was greater with increased silviculture (Figure 3).  

Finally, the OP grown at high density produced 

more fine root biomass than C3, while at low 

density there was no difference (Figure 3).  

Conclusions 

 Fine root biomass diminished with depth 

 Root closure has not occurred in the 250 tpa 

treatments 

 High silviculture and 750 tpa had the highest 

fine root biomass per unit soil volume          

Future Work 

Processing of samples from NC is nearing 

completion. Final ingrowth cores will be 

collected in the US in January 2017. Carbon and 

nutrient analysis will be completed on all 

samples to determine nutrient use and 

partitioning. A collaborative manuscript 

covering all sites, biomass components, and 

nutrients is planned. These data will be used to 

parameterize process models for further insight in 

to production differences.  
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Figure 3.  Treatment effects on loblolly pine fine root (>2mm) biomass in the VA RW20 from 50 cm cores.  Bars 

represent the least squares mean value for each level of the treatment factor or interaction.  Letters denote 

significant (p= <0.10) differences within the levels for each factor or interaction.  The overall p-value for each 

treatment factor or interaction is given above the bars.      
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Regionwide 20:  Phenological Assessments to Explain Growth and 

Carrying Capacity Differences in Native and Exotic Pinus taeda 
T.J. Albaugh, T.R. Fox, M.A. Laviner, C.A. Maier, O.C. Campoe, J.E. Raymond 

Study Objective 

Our overall objective is to quantify 

environmental and silvicultural effects on 

g r o w t h ,  c a r b o n  a l l o c a t i o n ,  a n d 

ecophysiological processes of loblolly pine (Pinus 

taeda) at the tree and stand level to understand 

why growth and carrying capacity is higher 

outside of the loblolly pine native range. Our 

approach uses the models 3PG (Landsberg 

1986) (Figure 1), MAESTRA (Wang and Jarvis, 

1990), and 4CA (Schafer et al.  2003) for 

hypotheses development and testing that may 

explain observed growth differences. The 

models require information about annual growth 

and foliage development and senescence. At 

the same time, initial hypotheses that may help 

explain the differences in growth would be 

differences in the length of the growing season 

and differences in the amount of foliage 

produced and its longevity. The objective for the 

phenology assessments is to quantify phenologic 

development and foliage production and 

senescence.   

Treatments and Experimental Design 

On each of the 16 tower trees (Figure 2), three 

branches were selected, one at the base of the 

 Figure 1. Landsberg’s (1986) ecophysiological 3PG 

model being used to develop-test hypotheses 

explaining why growth and carrying capacity may be 

higher outside the native range of loblolly pine.   

 Figure 2. Trees were 

selected and towers 

next to the tree were 

installed at the VA 

and NC sites (12 and 

4, respectively). All 

towers were 40 ft (12 

m) tall and can be 

extended to access 

the crown for 

branch, foliage and 

o t h e r 

e c o p h y s i o l o g i c a l 

assessments. 

 

Figure 3.  Branch elongation across four clones at the 

Virginia site.  Three crown positions were measured:  

bottom of crown (low), mid crown (mid) and near the 

tree top (top).  Relative (A) and absolute (B) elongation 

is shown.     
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live crown (low), one at mid crown (mid) and 

one at the base of the previous years growth 

(top). Branch diameter, branch elongation, 

foliage elongation and foliage longevity 

measurements were collected every 2-3 weeks 

beginning as soon as the towers were erected in 

2016. Phenological measurements examine 

crown position (low, mid, top), genotype (clones 

2, 3, 4 and open pollinated), site (currently VA 

and NC), silviculture (high and low), and 

stocking (250 vs 750 initial trees ac-1) effects.   

Current Status 

Measurements were completed in VA and NC. 

Branch development differs greatly throughout 

the crown. Low branches put on most of their 

growth early in the year (Figure 3A). The mid and 

top branches grow about the same relatively 

during the year but the top branch typically 

grows considerably longer than the mid and low 

branches (Figure 3B). The low crown position 

typically adds one flush, the mid crown two and 

the top branch three. At this point growth 

phenology does not appear to be influenced by 

genotype. Foliage amount and longevity 

appear to be influenced by crown position 

where the bottom of the crown produces less 

foliage that senesces earlier (Figure 4). Density 

influences foliage  longevity where low density 

trees lose up to 80% of their foliage before 

October in the second year of life whereas high 

density trees retain more foliage through 

October (Figure 5). However, typical maximum 

leaf life span does not appear to be influenced 

by density, genotype or crown position.   

Future Work 

A manuscript is in preparation and will be 

submitted soon.  The data will be used to adjust 

the ecophysiological models.  The study needs 

to be repeated at the Brazil site.    

Figure 5.  Foliage index (product of maximum fascicle 

length and number) for the 2015 foliage cohort over 

time for genotype (3 clones (C2, C3, C4) and open 

pollinated (OP)).  Low (top) and high (bottom) density 

treatments are shown.  The red line is October in the 

second year of life, the black line is the break between 

2016 and 2017.   
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Figure 4. Foliage index (product of maximum fascicle 

length and number) for the 2015 foliage cohort over 

time at bottom of crown (low), mid crown (mid) and 

near the tree top (top)). Relative (A) and absolute (B) 

foliage index is shown.   
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Regionwide 20: Using a Tree Level Process-Based Model to Study the 

Effects of Silviculture and Spacing on Productivity and Light Use Efficiency 

in  Pinus taeda Genotypes with Contrasting Crown Ideotype 
O. Campoe, J.L. Stape, T.J. Albaugh, H.L. Allen, T.R. Fox, R. Rubilar, D. Binkley  

Introduction  

Commercially planted Pinus taeda varieties 

have different crown ideotypes, a set of crown 

characteristics that affect tree growth and tend 

to respond to management practices in a 

uniform and consistent manner. Varieties 

identified as “crop ideotypes” have narrow 

crowns and small branches, growing well 

without excessively competing for site resources 

with neighbouring trees. In contrast, the 

“competition ideotypes” have large crowns that 

rapidly expand to increase site resource 

acquisition, intensively competing with the 

neighbouring trees.  

Study Objectives 

We used the Regionwide 20 experimental design 

to evaluate the effects of two levels of 

silviculture and three levels of planting spacing 

on productivity and light use efficiency of Pinus 

taeda varieties with contrasting crown 

ideotypes. 

 

Treatments and Experimental Design 

We used the Maestra model (Campoe et al., 

2013, Figure 1), a tree level process-based model 

to calculate absorbed photosynthetically active 

radiation (APAR) and then light use efficiency 

(LUE = ratio between wood production and 

APAR) of individual trees across treatments 

(Figure 1). The model identifies the position of 

every tree on the studied stand, taking into 

account single crown location and structure, 

and the interactions among them for light 

absorption. 

For this preliminary study, we selected three 

varieties with contrasting crown ideotypes 

(Clone 1 – narrow crown (C1); Clone 2 – Broad 

crown (C2); Open-pollinated variety (OP)) at the 

Regionwide 20 site located in Virginia. Tree 

position, total height, live crown height, and 

crown width, parameters required for Maestra, 

were estimated using LiDAR data. Leaf area per 

tree was estimated based on allometric 

equations. Wood productivity was calculated 

based on growth data from the 5th(2014) to the 

6th(2015) years after planting. 

Figure 1. Representation of the RW20 at Virginia developed by the Maestra model. 
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We compared tree performance under high (no 

resources limitation) and low silviculture 

(commercial management), and at three 

different initial stocking (1,853 (750tpa), 1,235 

(500tpa) and 618 (250tpa) trees per hectare, 

Figure 2). 

Results 

Preliminary results show that for the Virginia site 

from year 5 to 6, tree wood growth among 

varieties ranged from 9.9 to 10.9 kg tree-1 year-1 

(Table 1). The broad crown ideotype of C2 

provided an increase of ~14% in APAR, 

compared to C1 and OP. light use efficiency 

was higher for OP (0.77 kg GJ-1) and lower for C1 

(0.59 kg GJ-1).  

Intensive silviculture increased both wood 

production, from 8.2 to 12.5 kg tree-1 year-1 and 

APAR, from 13.2 to 21.3 GJ tree-1 year-1, due to 

an increase of 57% in leaf area (from 16.2 to 25.4 

m2  tree-1). 

Initial stocking resulted in a gradient of 

responses. From lower to higher stocking, trees 

showed a decrease in individual wood growth 

(12.6 to 8.4 kg tree-1 year-1) and APAR (22.1 to 

12.9 GJ tree-1 year-1)and an increase in LUE (0.59 

to 0.79Kg GJ-1).     

Carbon partitioning between crown and wood 

production has a significant effect on LUE, since 

we are focusing on efficiency of wood 

production. With the same amount of carbon, 

the increase in production of one component 

may result in  a decrease in the others.     

Future Direction 

Data from recent destructive sampling 

performed at the three sites will be used to 

develop specific biomass and leaf area 

equations improving our ability to parameterize 

the model and provide more accurate results 

and interpretations. 

The dataset for the three sites (Virginia, North 

Carolina and Brazil) for longer periods (before 

and after canopy closure) is under preparation 

for a complete analysis. 

Reference 

Campoe, O., Stape, J.L., Albaugh, T.J., Allen, 

H.L., Fox, T.R., Rubilar, R., Binkley, D. 2013. 

Fertilization and irrigation effects on tree level 

growth, light interception and light use efficiency 

in Pinus taeda. For. Ecol. Manage. 288,43–48.  

 

 

Table 1. Production, leaf area, APAR and LUE for the 

studied Pinus taeda varieties under two levels of silvi-

culture and three levels of initial stocking.  

Figure 2. Examples of how Maestra model projects the 

individual trees within the plots and actual photos from 

these plots (Initial stocking tree hectare-1) A: 1853; B: 

1235; C: 618). 
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A Common Garden Experiment Examining Light Use Efficiency to Explain 

Growth and Carrying Capacity Differences in Native and Exotic Pinus 

taeda  
T.J. Albaugh, T.R. Fox, C.A. Maier, O.C. Campoe, R.A. Rubilar, R.L. Cook, J.E. Raymond, C.A. Alvares, J.L. 

Stape 

Study Objectives 

This study was designed 

to examine the effect 

of silviculture (planting 

density and intensity 

level) on the growth, 

carbon allocation, 

p r o d u c t i v i t y  a n d 

carrying capacity of 

Pinus taeda without the 

confounding effects of 

genetics.  By planting 

the same genetic 

material at all locations 

and installing studies in- 

and outside the native 

range, we were able to 

e x a m i n e  t h e 

environmental and 

resource limitations that 

drive Pinus taeda 

growth.  This analysis 

focused on three hypotheses:  1) Growth is the 

same for native and exotic plantations; 2) light-

use efficiency (LUE) is the same for native and 

exotic plantations (i.e. site does not affect the 

volume growth and absorbed photosynthetically 

active radiation (PAR) relationship); 3) heat sum 

per unit of volume growth is the same for native 

and exotic plantations (i.e. site does not affect 

the cumulative volume and degree hour 

relationship). 

Treatments and Experimental Design 

We used the high-silviculture plots (no resource 

limitations) only because the low-silviculture plots 

had competing vegetation that interfered with 

our leaf area index measurements.  

Consequently, the main plots were genotype (4 

clones (C1, C2, C3, C4), a mass-control 

pollinated family (MP) and an open-pollinated 

family (OP)) and the split-plot was initial stocking 

(250, 500, and 750 trees ac-1) replicated three or 

four times at each site.  Sites were selected 

inside (North Carolina (NC)) and outside (Virginia 

(VA) and Brazil (BR)) the native loblolly range.  

We examined data after 8 growing seasons at 

VA and NC and 5 growing seasons at BR when 

trees at all sites were about the same size.   

Results and Discussion 

Incoming PAR at the top of the canopy was not 

different among the sites (2231, 2358, 2400 MJ m-

Table 1. Site least square means for stand and growth increment metrics for three sites (Virginia (VA), North Carolina 

(NC), and Brazil (BR)) with planted Pinus taeda .  Data for VA and NC are after 8 years and the eighth growing sea-

son.  Data for BR is after 5 years and the fifth growing season. 

Diameter Height Basal area Volume Peak  leaf Off-Peak  leaf

Diameter increment Height increment Basal area increment Volume increment Density area index area index

Site Effect Level (inch) (inch yr-1) (ft) (ft yr-1) (ft2 ac-1) (ft2 ac-1 yr-1) (ft3 ac-1) (ft3 ac-1 yr-1) (trees ac-1) (ac ac-1) (ac ac-1)

VA Site VA 6.7 A 0.8 A 33.1 A 4.4 A 114 A 23.3 A 1810 A 529 A 452 A 3.5 A 2.6 A

NC NC 6.7A 0.9A 33.1A 5.5B 96.7B 22A 1570AB 531AB 409B 3.6A 2.7A

BR BR 6.5B 1.3B 27.6B 3.8A 107.9A 36B 1436B 567B 490C 6.1B 5.8B
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Figure 1. Mean monthly air temperature (maximum (left) and minimum (right)) for sites in 

Virginia (VA), North Carolina (NC), and Brazil (BR)) where the same Pinus taeda genetic 

entries were planted at three initial densities.  Phenological month adjusts BR site data by 

6 months so that it is in phase with the VA and NC sites to facilitate direct comparison.  
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2 yr-1 for VA, NC and BR, respectively).  Rainfall 

was well-distributed throughout the year at all 

sites, however, BR receives about 12-16 inches 

more annually.  Seasonal patterns are 6 months 

out of phase for BR compared to VA and NC. 

Temperatures at BR were more moderate than 

those in VA and NC (Figure 1).  Vapor pressure 

deficit (VPD) was 2-3 times higher during the 

growing season at the NC and VA sites 

compared to the BR site.   

We rejected our first hypothesis because 

significant site effects on growth metrics were 

found where the BR trees were slightly smaller 

than VA and NC trees but BR trees were growing 

much faster (Table 1).   

We accepted our second hypothesis because 

site did not affect the LUE relationship but density 

and genotype did (Figure 2). 

We rejected our third hypothesis because site 

did affect the cumulative volume and 

cumulative degree hour relationship (Figure 3). 

With no adjustment for VPD, the NC site 

accumulated about twice as many degree 

hours in the last year measured than the BR site 

with the VA site intermediate between the other 

two sites.  Removing hours where VPD was 

>1.5kPa for the cumulative degree hour 

calculation reduced the cumulative degree 

hours for the NC and VA sites much closer to BR 

values. 

These results indicate 

that more favorable 

weather may play a 

part in explaining better 

growth observed in BR, 

however, there may be 

other factors that 

contribute to better 

growth in BR that would 

account for the site 

differences in volume 

growth per unit degree 

hour. 

Future Direction 

We continue to test 

additional hypotheses 

to determine why 

growth in BR is so much 

greater than that in 

North America.  

A d d i t i o n a l 

Resources 

Albaugh et al., 2018 For. 

Ecol. Manage. 425:  35-44. 

Figure 3. Cumulative volume growth versus heat sum 

without vapor pressure deficit (VPD) adjustment (top) 

and with the VPD adjustment (bottom).  
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Figure 2. Light-use efficiency (volume growth per unit absorbed photosynthetically active 

radiation (PAR) for the eighth growing season at the Virginia (VA) and North Carolina 

(NC) sites and the fifth growing season in Brazil (BR).  Site was not significant but density 

(left) and genotype (right) were.  The density effect is shown for the open pollinated 

genotype at three density levels (250, 500, and 750 trees ac-1); the genotype effect is 

shown for all six genotypes (clones 1-4 (C1-C4), mass control pollinated (MP) and open 

pollinated (OP)) at 750 trees ac-1. 
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Regionwide 20: Will Crown Ideotype Help Determine Optimum Varietal 

Silviculture? 
Timothy J. Albaugh, Thomas R. Fox, Marco A. Yanez, Rafael A. Rubilar, Barry Goldfarb  

Study Objective 
Technology permits large numbers of clonal 

Pinus taeda to be produced and deployed, 

allowing a wider availability of clonal forestry  

benefits (potentially greater productivity, and 

better uniformity).  However, clones may exhibit 

environmental interactions that require an 

understanding of their response to silviculture.  

Given these conditions, a method to test large 

numbers of clones for their deployment suitability 

is required.  One possibility is ideotypes.  

Ideotypes have a consistent set of 

characteristics and respond to management 

practices in a uniform manner.  A crop ideotype 

has a narrow crown with small branches and 

grows well without competing for resources with 

adjacent trees whereas a competition ideotype 

grows well by aggressively expanding its crown 

and exploiting resources to the detriment of its 

neighbors (Figure 1).  Our interest was to 

examine if ideotype could predict response to 

silvicultural treatment.  We tested the hypothesis 

that silvicultural response was not related to 

crown dimension.  

  

Treatment and Experimental Design 
We installed a split-split plot design with four 

replications at Reynolds Homestead Research 

Center in 2009. The main plot was silvicultural 

level (low=operational and high=no resource 

limitations). The split plot was genetic entry (1 

open pollinated family, 1 control mass pollinated 

family and 4 clones). The split-split plot was initial 

stocking (617, 1235 and 1852 trees ha-1). We 

measured height, diameter, height to live crown 

and crown width annually for three years.  These 

data permitted estimation of crown volume and 

stem volume increment.  We used a mixed 

model approach to test for treatment effects in 

these variables.   

 

Table 1. Genetic entry (clones 1-4) mass control pollinated and open pollinated) and silvicultural treatment 

(low=operational, high=no resource limitations) means for crown dimensional measurements after 3 years and third 

year stem volume increment for six genetic entries of Pinus taeda planted in the piedmont of Virginia at three 

stocking levels  (618, 1235, 1853 stems ha-1)  Means are across stocking because stocking was not significant at this 

age. 

Live Stem

crown Crown Crown Volume

Genetic entry Diameter Height length width volume increment

(cm) (m) (m) (m) (m3 tree-1) (cm3 tree-1 yr-1)

Clone 1 3.5 3.0 2.8 1.1 1.1 1560

Clone 2 3.7 3.1 2.7 1.2 1.2 1554

Clone 3 3.1 2.9 2.7 1.1 1.0 1118

Clone 4 3.4 3.0 2.7 1.4 1.5 1291

Mass control pollinated 2.8 2.7 2.5 1.1 0.9 939

Open pollinated 2.5 2.5 2.3 1.2 1.0 769

Clone 1 4.3 3.4 3.1 1.5 2.3 2521

Clone 2 4.4 3.2 3.0 1.7 2.6 2551

Clone 3 4.5 3.4 3.2 1.7 2.8 2423

Clone 4 4.8 3.6 3.3 2.0 3.9 2869

Mass control pollinated 3.7 3.0 2.8 1.6 2.2 2044

Open pollinated 3.1 2.7 2.5 1.6 2.3 1692

Low Silviculture

High Silviculture
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Results  
Significant clone and silviculture differences 

were observed for diameter, height, live crown 

length (LCL), crown width, crown volume and 

volume increment (Table 1). Stocking was not 

significant for any variable. Averaged across 

genetic entry, high silviculture increased 

diameter (1 cm, 31%), height (0.3 m, 

11%), LCL (0.4 m, 14%), crown width (0.5 

m, 43%), crown volume (1.6 m3 tree-1, 

146%) and stem volume increment (1145 

cm3 tree-1 yr-1, 95%) compared with low 

silviculture. Significant clone by silviculture 

interactions were observed for diameter, 

height, LCL, and crown volume. All 

genetic entries responded positively to 

silviculture, whereas Clone 4 had a 

greater stem volume response to 

silviculture compared with the other 

entries.  Stem volume incremental 

response to silviculture decreased with 

increasing crown volume across all 

genetic entries (Figure 2). Genetic entry 

did not affect the slope of the stem 

volume increment response to silviculture 

and crown volume relationship but it did 

affect the intercept. The C4 intercept 

was greater than the other genetic entry 

intercepts. 

Conclusions 
Stem volume growth response to silviculture was 

related to crown volume; we rejected our 

hypothesis that silviculture response was not 

related to crown dimension.  Growth response to 

silviculture decreased with increasing crown 

volume which is a surrogate for leaf area index 

at this age.  This result agrees with other work 

where response to silvicultural treatment was 

reduced with increasing initial leaf area (Zhao et 

al. 2016). Crown ideotype as a continuous 

variable may be more useful than using it as a 

categorical variable.  The response to silviculture 

treatment for all genetic entries was to increase 

LCL and crown width. Consequently, to use  

ideotype to determine optimal clonal silvicultural 

treatments, the conditions under which ideotype 

is determined must be known.  Ideotype may be 

a useful method to determine clonal silviculture  

response. However, limitations include tree leaf 

area may not be related to crown size in all 

clones; information about the conditions under 

which ideotype is determined is required; few 

clones were tested here and other clones may 

exhibit genotype by environment interactions 

that were not observed here; and determination 

as to how the clones will respond to silvicultural 

input should be completed prior to crown 

closure.  

 

Additional Resources 
Albaugh et al.  2016.  General Technical Report 

SRS-212.  USDA-FS Southern Research Station. 

 

Figure 2. Stem volume incremental response to silviculture (high 

silviculture minus low) at end of third year versus crown volume of 

low silviculture trees for six genetic entries (clones 1-4 (C1-4), mass 

control pollinated (MCP) and open pollinated (OP)).  No significant 

slope effect but Clone 4 had a greater intercept than all other 

genetic entries. 
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Figure 1. Crop ideotype (on left) with a narrow crown and 

relatively sparse foliage compared to a Competition 

ideotype (on right) with a wide crown and a crown 

relatively full with foliage.  Photo is from RW20 installation 

in VA at Reynolds Homestead.  Treatments (site, 

silviculture and spacing) had a large effect on crown size. 
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Regionwide 20: Silviculture of Varietal Loblolly Pine (Pinus taeda L.) - Spacing 

and Silviculture Effects on Varieties with Different Crown Ideotypes  

Study Objective 
This study will permit us to examine the effect of 

silviculture (stocking and intensity level) on the 

growth, carbon allocation, productivity and 

carrying capacity of Pinus taeda without the 

confounding effects of differing genetics.  By 

planting the same genetic material at all 

locations and installing studies in- and outside 

the loblolly pine native range, we will be able to 

examine the environmental and resource 

limitations that drive growth.   

 

Growth assessments from the RW20 show much 

more rapid growth for the trees in BR (Figure 1).  

Other work has shown that carrying capacity is 

also greater when loblolly is planted outside its 

native range (Figure 2).  Our objective is to 

quantify environmental and silvicultural effects 

on growth, carbon allocation  (above and 

belowground), and ecophysiological processes 

of loblolly pine at the tree and stand level  to 

understand why the trees grow better and 

carrying capacity is higher when loblolly is grown 

as an exotic in South America.  

Treatments and Experimental Design 
Given the level of effort involved in completing 

the ecophysiological assessments, a subset of 

genetic entries (Clones 2, 3, and 4 and the open 

pollinated family) and a subset of stocking levels 

 Figure 1.  Height growth for the block plot installations for 

low and high silviculture.  Age four height in BR is about 

the same as that in VA and NC at age six.  
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 Figure 3.  Schematic of Landsberg’s (1986) 

ecophysiological 3PG model that will be used to 

develop and test hypotheses explaining why growth 

and carrying capacity may be higher outside the 

native range of loblolly pine.   

Figure 2.  Loblolly pine carrying capacity is greater when 

planted as an exotic. 
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(250 and 750 trees ac-1) in the high silviculture 

plots will be examined.  We plan a modeling 

approach to help develop and test hypotheses.  

The 3PG (Landsberg 1986) (Figure 3) and 4CA 

models (Schafer et al.  2003) will be 

parameterized for this effort.   

 

Current Status 
Physiological work has been completed on 

these sites (Figure 4) and work is ongoing (Figure 

5) to collect data needed for the models.   

This is a collaborative effort and we are working 

with the USDA Forest Service at the VA site to 

collect sap flow, soil CO2 evolution and above 

and belowground stand scale biomass 

assessments.  Towers have been installed to 

access the canopy, power is being installed and 

the systems have been built and moved on site 

to begin data collection when power is 

available (Figure 6).   

 

Future Work 

We plan intensive ecophysiological 

measurement campaigns over the coming year.  

We are seeking additional collaborators in Brazil 

to facilitate work there and plan to complete 

the same measurements in Brazil as we are at 

the VA site.  Additional measure will also be 

completed at the NC site.  

Figure 5.  Leaf area index for the three sites.  VA and NC 

data are peak leaf area from the 7th growing season, BR 

data are at the minimum (winter) after the fourth 

growing season.  Peak leaf area has not been measured 

in BR yet. 
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Figure 4.  Little variation in maximum photosynthetic 

were observed in the genetic entries used in the RW20.  

Data from Yanez, 2014.   
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Figure 6.  Ecophysiological assessments require, among 

other things, access to the canopy (A), power to the 

field (B), ACES systems for measuring soil CO2 evolution 

( C), and above and below ground harvests (D). 
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Regionwide 20: Comparison of Crown Profiles for Six Genotypes of          

Pinus taeda Established at Multiple Planting Densities 
Eric Carbaugh, Thomas Fox 

Rationale 
Leaves are the most important organ influencing 

tree growth because they are the location of pho-

tosynthesis and gas exchange. The quantity and 

spatial distribution of leaves within the crown of a 

tree will influence growth rates by determining the 

total leaf area that is exposed to photosynthetically 

active radiation (PAR).  The aggregate of branch 

characteristics constitute crown architecture and 

determines the potential total tree leaf area and 

foliage display.  It has been shown that crown archi-

tecture is influenced by genotype, which has given 

rise to hopes that varieties derived by somatic em-

bryogenesis (SE) can be classified into crown ideo-

types.  An ideotype is formally defined as a plant 

model which will yield a greater quantity or quality 

of useful products than conventional cultivars of 

wild plants, and it should demonstrate consistency 

in productivity potential over a range of conditions 

including site quality, silvicultural treatments, and 

planting density.  It is reasonable to assume that 

clonal offspring resulting from SE will express very 

similar crown characteristics within a given geno-

type.  If that proves to be true, the crown ideotype 

concept could be validated, and the need for em-

pirical testing could be reduced, thereby reducing 

the overall production expenses associated with SE. 

 
Objectives 
The main scope of this study is to assess the respons-

es of two pollinated genotypes and four clonal gen-

otypes to three contrasting site qualities, two levels 

of silvicultural intensity, and multiple planting densi-

ties, in order to determine whether crown architec-

ture develops in a consistent and predictable man-

ner for each clonal genotype. The effects of plant-

ing density will be determined by investigating 

Nelder plots established in Virginia and Brazil. 

This report focuses specifically on comparing the 

effect of planting density on the crown dimensions 

of varieties C3 and C4.  These varieties were chosen 

for this analysis because they are expected to rep-

resent the greatest contrast between narrow and 

broad crown ideotypes. 

 

Methods 
Two Nelder plots were established at each study site 

in Virginia and Brazil.  The Virginia site was located on 

the Reynolds Homestead Research Center near Critz, 

and the Brazil 

Nelders were 

located in San-

ta Catarina 

State. Each 

Nelder plot at 

the Virginia site 

included two 

replications of 

each geno-

type, for a total 

of four replica-

tions. Each Bra-

zil Nelder plot 

contained four 

replications of 

C1, four replications of C2, two replications of CMP, 

and two replications of the landrase Rigesa, resulting 

in a total of eight replications of both C1 and C2, as 

well as four replications of both CMP and Rigesa.  The 

clones were selected by Arbogen, Inc.  

In the Virginia Nelder plots, all even-numbered trees, 

excluding the outermost tree, from the center row of 

each replication of each genotype were measured.  

In the Brazil Nelder plots, all even-numbered trees, ex-

cluding the outermost tree, were measured from the 

center row of three C1 replications and three C2 repli-

cations.  On each selected tree, every branch was 

measured for the characteristics of height above 

ground, length, basal diameter, and azimuth.   

For this report, the parameters of average branch 

length, maximum branch length, dbh, and total 

height were compared in relation to planting density 

between varieties C3 and C4 in the Virginia Nelders.  

For both average and maximum branch length, the 

t ree crown 

heights were 

divided into 

thirds. 

A v e r a g e 

branch length 

was calculated 

by averaging 

the length of all 

branches with-

in each re-

spective 1/3rd 

crown height.  

M a x i m u m 

branch length 
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was the longest branch within each respective 

1/3rd crown height, excluding ramicorns.  All pa-

rameters were averaged across the four replica-

tions. 

 

Results 
The trees of each variety demonstrated ex-

pected responses to planting density. In general, 

both average and maximum branch length de-

creased as planting density increased (Figures 4 

and 5).  Total tree height was largely unaffected 

by planting density (Figure 6), while dbh steadily 

decreased as planting density increased (Figure 

7). 

While this analysis does not assess statistical sig-

nificance, it is apparent graphically that variety 

C4 was larger in every parameter than variety 

C3.  The affect appears to be most pronounced 

in total tree height.  Maximum branch length in 

the lower crown is only slightly higher for C4 than 

C3 and actually lower at one point in the mid 

crown.  Average branch length is consistent-

ly higher for C4 than C3. 

 

Conclusions 
Initial analysis seems to indicate that the crown 

ideotype classification of these two varieties is 

consistent with actual growth patterns. Variety 

C3 is consistently narrower than C4 in every pa-

rameter associated with planting density.  

Figure 3.  Variety C3 (left)  with narrow crown classification 

vs. C4 (right) with broad crown classification. 
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Regionwide 20: Effect of Site and Silvicultural Intensity on Crown 

Architecture of Six Loblolly Pine Genotypes 

Study Objective 
This study was designed  to examine the effect 

of silviculture (stocking and intensity level) on 

the growth, carbon allocation, productivity and 

carrying capacity of Pinus taeda without the 

confounding effects of differing genetics.  By 

planting the same genetic material at all 

locations and installing studies in- and outside 

the native range of loblolly pine, we will be able 

to examine the environmental and resource 

limitations that drive growth.  Objectives 

include:   

1. Quantify environmental (climatic, soil) and 

silvicultural effects on growth, carbon 

allocation  (above and belowground), and 

ecophysiological processes of loblolly pine 

at the tree and stand level  

2. Test the crown ideotype approach for 

evaluating the suitability of varieties for 

production purposes 

 

Treatments and Experimental Design 
The design is a split-split plot with silviculture (low 

- typical operational and high - no nutrient 

deficiencies) as the main plot with genetics (6 

entries) and stocking (250, 500, and 750 stems 

ac-1) as split plots replicated three or four times 

at each site.  Sites were selected inside (North 

Carolina) and outside (Virginia and Brazil) the 

native loblolly range.  The same genetic 

material is planted at all sites with 4 varieties (2 

moderate and 2 broad crown ideotypes) a 

mass control pollinated family and an open 

pollinated family.  

At age 4, detailed measurements of the crowns 

were made in each genotype iat the two levels 

of silviculture n the 500 tree/acre plots at the 

sites in NC and VA.  Tree height, dbh and 

branch diameter and branch length of every 

branch  were measured on 3 trees in each plot. 

Crown volume was calculated.  

 

Results 
There were no differences in average branch 

length and branch diameter between the two 

sites. However, both branch length and 

diameter were greater in the high silviculture 

treatment compared to the low silviculture 

treatment (Figure 1). There were also differences 

in branch length (Figure 2)  and branch 

diameter among the six genotypes. (Figure 3).  

The OP family had larger branches than the 

CMP family. Among the clones, C1 and C3 had 

smaller branches than C2 and C4.  As a 

consequence of the larger branches, the crown 

volume was greater in high intensity silviculture 

compared to the low intensity  

(Figure 4).  Likewise,  C2 and C4 which had 

larger branches also had significantly greater 

crown volume than C1 and C3 (Figure 5).  

Figure 1. Average branch length (top) and branch 

diameter (bottom) as influenced by silviculture in 

loblolly pine. 
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The results from the branch measurements indicate 

that C1 and C3 were narrow crown ideotypes and 

C2 and C4 were broad crown ideotypes (Figure 6). 

These ideotypes were relatively consistent across 

sites and  silvicultural treatments.  

Figure 6.  Comparison of crown architecture of  Left: narrow crown clones (C1 and C3) and Right: broad crown 

clones (C2 and C4) at age 4 at Reynolds Homestead Research Center in the Piedmont of Virginia. 

Figure 2. Average branch length of six genotypes of 

loblolly pine  

Figure 3. Average branch diameter of six genotypes of 

loblolly pine  

Figure 5. Average crown volume of six genotypes of 

loblolly pine  

Figure 4. Average crown volume of loblolly pine in low 

and high silviculture.  
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Regionwide 20: Growth Responses of Loblolly Pine Varieties to Silvicultural 

Treatments 
Marco Yanez, Thomas Fox, John Seiler, and Jose Stape 

Rationale 
Clonal plantations may improve the productivity 

of loblolly pine plantations in the southern United 

States. However, little is known about the 

operational gains of planting specific clones and  

how their productivity is influenced by silvicultural 

systems. Furthermore, clonal plantations  provide 

an opportunity to precisely evaluate climatic, 

edaphic and management impacts on growth 

and stand development. Understanding the 

genetic by environment interactions is key to  

improving prescriptions and advance  toward 

precision forestry.  In this report we present some 

results about the growth responses obtained at 

the RW20 study during the first four growing 

seasons. 

 

Treatments and Experimental Design 
A study of clonal silviculture of loblolly pine was 

established in 2009 at two sites in the southern 

U.S.. One site was located in the Virginia 

Piedmont (Reynolds Site) and the other in the 

North Carolina Coastal Plain (Bladen Site).  The 

study was a split-split plot design with two levels 

of silviculture (operational and intensive) as the 

main plots,  six genotypes entries (1OP, 1CMP, 4 

clones) as sub-plots, and three different planting 

densities (250, 500, and 750 trees per acre) as 

sub-sub-plot. At the Reynolds site, the 

experimental unit consisted of block-plots of 81 

trees (in an arrangement of 9 by 9 trees) with 4 

replicates. At the Bladen site the experimental 

unit was a block-plot of 63 trees (in an 

arrangement of 9 by 7 trees) with 3 replicates.  

The genetic entries consisted of 1 open 

pollinated family (OP), 1 mass control pollinated 

family (CMP), and four clones designated C1, 

C2, C3 and C4. The varieties C1 and C2 were 

selected as having a moderately broad crown 

and C3 and C4 were selected as having a wide 

crown ideotype. Measurement of growth traits 

(total height, dbh, crown width, and height to 

the live crown) are taken each year during the 

winter months. 

Preliminary Results 
Complex interactions have been found among 

the different treatment factors with time. We 

had significant differences among genetic 

entries and among silvicultural intensities for dbh 

and crown width, and less significant differences 

in height (Figure 1, 2, and 3). Both the genetic 

and silvicultural effect started very early in the 

stand development, with increasing differences 

through time. Overall, at age 4 years clones  are 

performing better than the OP and CMP family. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.  Mean dbh across the two sites by genetic entry 

(A)and silvicultural intensity (B).  * denotes significant 

differences  at an alpha level of 0.05; ** denotes 

significant differences  at an alpha level of 0.01. 
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Figure 2.  Mean for crown width per site and genetic entry (A,B) and silvicultural intensity (C,D).  * denotes significant 

differences  at an alpha level of 0.05; ** denotes significant differences  at an alpha level of 0.01. 

Figure 3.  Mean for tree height per site and genetic entry.  * denotes significant differences  at an alpha level of 0.05; 

** denotes significant differences  at an alpha level of 0.01. 
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Regionwide 22: Evaluation of the Potential Productivity of Loblolly Pine in 

SEUS Using a Twin-Plot Approach Across Geological-Climatic Gradients 
Timothy Albaugh, Jose Stape, Thomas Fox, Rafael Rubilar, Michael Kane, Harold Burkhart  

Study Objectives 
We can measure the gap between site specific 

potential and actual productivity for loblolly pine 

(Pinus taeda L.) in the southeast US using existing 

growth and yield, and process based models. 

Understanding the cause of these gaps and the 

physiological processes controlling forest 

responses is strategic information for a manager 

because this information would improve 

silvicultural recommendations under stochastic 

climate conditions. However, the growth and 

yield, and process based models now in use 

have not been independently validated across 

the region.   The project objective is to complete 

this validation. 

Treatments and Experimental Design 
The adopted approach includes a retrospective 

analysis and installation of additional plots to test 

specific hypotheses with loblolly pine as the 

population of interest. 

The retrospective analyses used RW13, 15, 17, 18 

and 19 control and treated plots.  The 3PG 

model was used to estimate potential 

productivity.  The difference between control 

and treated plots indicated how much  

silvicultural treatments may improve productivity.  

The difference between potential and treated 

plot productivity indicated how much more a 

given site was capable of producing.  We will 

examine site and ecophysiological factors  to 

explain these differences.   

We installed twin plots to examine the following 

hypotheses: 

1:Initial vegetation control amount and type will 

explain treatment response; 

2: Initial leaf area index will explain treatment 

response. 

All plots received operational silviculture.  There 

were two treatments:  a control (C) which 

received only operational silviculture and 

treated (T) which received operational 

silviculture plus complete fertilization and 

complete and sustained vegetation control 

(Figure 2).  At select sites four treatments were 

applied: C and T plots as above along with 

operational plus complete fertilization and 

operational plus complete and sustained 

vegetation control.   

Finally, we will select and test growth and yield 

and process based models against collected 

data and recalibrate models if necessary. 

Figure 2. Twin plot group with two treatment plots.  All 

plots receive standard silviculture.  The control (C) 

receives no additional treatment and the treated (T) 

adds complete sustained vegetation control, and 

complete fertilization . 

Figure 1. Installed plots. 
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Current Status 
Forty two installations were completed in 2011 

and six of these had four treatment plots.  Forty 

sites were on the Hofmann Forest and there was 

one each in AR and FL.  We measured growth 

annually for four years on all plots.  Leaf area 

index was measured prior to treatment 

application. A qualitative assessment of 

competing vegetation was completed annually.  

We acquired appropriate weather data. 

Results 
RW22: Diameter response (treated growth minus 

control growth) was linearly related to initial leaf 

area index where greater initial LAI resulted in 

less response (Figure 3). The qualitative 

assessments of competing vegetation amount 

did not influence the diameter response—initial 

LAI relationship.  However the relationship was 

influenced by competing vegetation type 

where broadleaves > woody > grass (Figure 4). 

Retrospective Analysis: N+P application 

improved growth over control on most sites while 

treated plots typically grew less than the 

modeled potential (Figure 5).  185301 had good 

control growth, little treatment response and 

growth was near potential.  180101 had low 

control growth, good treatment response and 

yet there was still considerable difference 

between treated and potential growth.  Rain 

and temperature differences from average, and 

soil cation exchange capacity and clay 

percentage explain over 50% of the variation 

between treated and potential growth.  Results 

from these ongoing analyses will permit 

managers to better identify sites where 

silvicultural manipulations may move observed 

growth closer to potential.   

Acknowledgements 
This project is supported by NSF CAFS, NCSU and 

the Hofmann Forest Foundation. 

 

 

 

 

 

 

 

 

Figure 5. Annualized 8 year treatment growth and 

modeled potential productivity versus control growth.  

The blue circle (185301) and rectangle (180101) identify 

sites with small and large differences from potential 

productivity, respectively. 
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Figure 3. DBH response three years after treatment 

application  and initial leaf area index. 
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Figure 4. Diameter growth three years after treatment 

application for the control and treated plots with 

competing vegetation type. 
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Regionwide 23: Duration and Intensity of Weed Control on Early 
Development of Pinus caribaea in Venezuela 

Figure 1.  RW23 Location trial in Venezuela. 

Table 1.  Characterization establishment sites. 

Area Chaguaramas El Aceital 

Species Pinus caribaea Pinus caribaea 

Blocks 3 3 

Age at the 

time of         

establishment 

(days) 

194 185 

Previous use Forest Forest 

Weed control Glyphosate Glyphosate 

Texture Loam Sand 

Drainage Permeable Permeable 

Rainfall     

(mm) 
2040 2000 

Temperature   

(°C) 
29 27 

Slope(%) 3 3 

Soil taxonomy Ultisol Ultisol 

Study Objectives 
1. To determine the optimal duration and intensity 

of weed control to maximize survival and tree 

growth of P. caribaea. 

2. To assess biomass and nutrient uptake of 

competing vegetation over time and its effect 

on resource availability for the target crop. 

3. To model the biological and economical 

response of P. Caribbean to duration and 

intensity of weed control. 

Treatments and Experimental Design 
The experimental design for these pine studies 

considered a complete randomized block design 

with 3 replicates at each site. Treatments included 

a factorial combination of three levels of weed 

control intensities (no weed control, 1 m band and 

complete weed control) and seven levels of weed 

control duration (0, 60, 180, 360, 720, 1080 and 1440 

days free of competing vegetation). The trial will 

be carried until 4 years or shorter based on canopy 

closure responses.  

Sites Characteristics  
Two studies were established by Terranova of 

Venezuela (MASISA). The trials were established in 

August 2013 and were located in the Provinces of 

Chaguaramas and El Aceite (Figure 1). Studies 

were established according to the following 

characteristics (Table 1). 
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Figure 2.  Mean collar diameter (upper panel) and 

height (lower panel) by site and weed control intensity 

by site in the RW23 trials in Venezuela.  Error bars 

correspond to the standard error. 
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Current Status 
At both sites the trials were planted in June 2013.  

Growth measurements of collar diameter and 

height were taken 5 months after establishment.    

The growth at the site El Aceital was lower than the 

site Chaguaramas. Some preliminary results  

indicates a site by weed control treatment 

interaction. Weed control intensity is already 

affecting collar diameter, which was more 

notorious at the site El Aceital (Figure 2).  Unlike, the 

intensity in the weed control did not affect height 

as it did at the site Chaguaramas. 

Future Direction  
Periodic measurements matching the duration of 

weed control consider tree height and diameter, 

weeds biomass and nutritional assessments, foliage 

analyses and indirect estimates of leaf area.  

Soil sampling will be conducted at stages of 

measurement and contrasting treatment 

combinations, in order to quantify intensity and 

duration treatments of weed control on nitrogen 

availability. 

Regression analyses will be used to model the 

biological and economical response to weed 

control duration and intensity to provide 

operational guidelines. 
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*Regionwide 28: Quantifying Carryover Effects of Increasing Rates of 

Phosphorous Addition on Subsequent Rotation Productivity 
 

Introduction 

Phosphorus fertilization at time of planting results 

in a Type A response throughout the rotation on 

phosphorus limited sites.  When phosphorus and 

nitrogen are applied together on nutrient 

limited mid-rotation stands, a synergistic growth 

response is observed compared to when either 

element is applied alone.  Consequently, 

cumulative phosphorus applications during a 

rotation may be more than 50 lbs ac-1 

elemental phosphorus. If sufficient phosphorus 

has been applied in one rotation additional 

phosphorus may not be necessary for the first 

few years in a subsequent rotation on the same 

site (Everett and Palm-Leis, 2009).  Delaying the 

application of additional phosphorus would be 

beneficial biologically (only applying what the 

trees need when they need it), reduce the 

likelihood of off site movement of the added 

phosphorus, and reduce the length of time 

costs associated with the phosphorus 

application need to be carried in the rotation.   

Across a range in sites, a robust quantification of 

phosphorus availability 

from one rotation to 

the next (carry over) 

and associated growth 

r e s p o ns e s  w o u l d 

greatly benefit forest 

managers.   

 

Study Objectives 

The Regionwide 28 

addresses the following 

questions:  is there 

p h o s p h o r u s 

carryover?; if so, how 

long does it last?, and 

is the subsequent 

r o t a t i o n  g r o w t h 

response or longevity 

of growth response 

related to the amount 

of phosphorus applied in the previous rotation? 

The following hypotheses will be examined:   

1. The duration and magnitude of response is 

positively related to previous rotation 

phosphorus addition. 

2. The duration and magnitude of response is 

positively related to soil phosphorus 

concentration and content at time of 

planting. 

3. Soils with high clay content, low 

concentrations of aluminum and iron 

oxides, and a pH=>5 have more 

bioavailable phosphorus and a greater 

duration and magnitude of response. 

4. The duration and magnitude of response is 

positively related to forest floor 

de com pos i t ion  and phosphoru s 

mineralization. 

 

Table 1. Regionwide 28 study locations and expected clearcut and planting (if avail-

able) years and owner/manager.   Installation occurs in the planting year. 

Study County and State expected clearcut expected planting Owner/Manager

282401 Nassau, FL 2018 2019 Rayonier

284201 Brantley, GA 2018 2020 Rayonier

284202 Brantley, GA 2018 2020 Rayonier

281502 Floyd, GA 2019 2020 Weyerhaeuser

284801 Newton, TX 2019 2020 Hancock

281303 Scotland, NC 2019 2020 BTG Pactual

283102 Vernon, LA 2020 Hancock

280601 Brunswick, VA 2021 Roseburg

281201 Coosa, AL 2021 Hancock

282201 Wilkes, GA 2021 Weyerhaeuser

281503 Angelina, TX 2022 Catchmark/FRC

284501 Marengo, AL 2022 Weyerhaeuser

285301 Montgomery, MS 2022 Campbell Global

284401 Bradley, AR 2023 Potlatch

285302 Dixie, FL 2023 2024 Campbell Global

280101 Kershaw, SC 2025 Private individual

285201 Montgomery, NC 2025 2027 Jordan Lumber
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T r e a t m e n t s  a n d 

Experimental Design  

The study requires sites where 

a known and varying amount 

of phosphorus was added in 

the previous rotation.  The 

RW18 which examined the 

rate and dose of nitrogen and 

phosphorus applications in 

juvenile stands has these 

desired characteristics.  

Consequently, intact RW18 

sites that are still available will 

be used for the RW28 (Table 

1).  The cumulative amount of 

phosphorus added in the RW18 ranged from 0 

to 108 lbs ac-1 elemental P (Table 2).  The 

treatments were grouped by their relative 

amount of applied phosphorus. In the RW28, 

each member of the relative groups will be 

assigned to receive 0 or 40 lbs ac-1 additional 

phosphorus at planting.  The control plots (no 

fertilizer additions from the RW18) will continue 

as true controls (no additions).  All other plots in 

the RW28 design will receive 46 lbs ac-1 nitrogen, 

24 lbs ac-1 potassium and a micronutrient mix to 

insure that other nutrients are not limiting and 

allowing the focus to be on phosphorus.  The 

same genetic entries will be planted within 

physiographic regions.  Weed control will be 

applied in all treatment plots to eliminate all 

competing vegetation.  The study will be 

measured annually for six years after installation. 

Plant root simulator probes (Figure 1) will be 

installed at three sites (282401, 284201 and one 

to be determined but located in the Piedmont) 

prior to harvest and  followed for two years post 

harvest to better quantify plant available 

phosphorus.    

Current Status 

Final harvest dates for three sites (281503, 

285301 and 284401) need to be verified.  Plot 

corner GPS coordinate data collection prior to 

harvest will be completed in the 2019-2020 

winter season.  The coordinates are needed so 

we can establish the RW28 plots directly on top 

of the RW18 plots after harvest to insure a 

known amount of previously added phosphorus.  

Pre-harvest soil samples have been collected at 

most sites and the remaining sites will be 

sampled in the 2019-2020 measurement season. 

Study installation for 282401 occurred 

December 2019 and 284201 and 284202 will be 

installed early in 2020.  

     

Additional Resources  

Everett and Palm-Leis, 2009.  Availability of 

residual phosphorus fertilizer for loblolly pine. 

Forest Ecology and Management 258:  2207-

2213.  

Figure 1. Jacob Hackman (NCSU PhD student) during 

installation of plant root simulator probes used to quan-

tify phosphorus available to the trees.   

RW18 RW28

Cumulative applied P RW18 P application

RW18 RW28 (lbs ac-1) P rate group (lbs ac-1)

0 0 0 Control 0

206 361 36 Low 40

412 360 36 Low 0

624 481 48 Med 40

418 480 54 Med 0

212 721 72 High 40

424 720 72 High 0

218 1080 108 High 0

Treatment codes

Table 2. Treatments in the RW28 are overlaid on treatments from the RW18 

with differing amounts of added phosphorus. 
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*Applicability of Plant Root Simulator Probes and Alternative Methods of  

Phosphorus Detection in Pinus taeda Plantations 

Introduction 
The Regionwide 18 (RW18) field sites were 

established to identify optimal rates and 

frequencies of nutrient applications to achieve 

and maintain high rates of production in forest 

plantations. As the RW18 has come to an end, 

this provides a new opportunity, the 

Regionwide 28 (RW28), to assess how long 

residual phosphorus from previous fertilizer 

applications maintains optimal growth rates in 

newly established forest plantations. This 

nutrient carry-over effect is hypothesized to 

lengthen the Assart Effect observed following a 

disturbance to the soil such as harvesting and 

site prep. The Assart Effect is the increase in 

nutrient availability following a disturbance that 

can persist for a given period depending on 

environmental conditions.  Capitalizing on this 

effect will improve and generate ideal rates 

and timings to not only limit fertilizer costs but 

also increase the overall productivity of the 

stand itself. 

 

Study Objectives 
1. Determine duration and magnitude of 

response to previous fertilizer application of 

phosphorus in following rotation due to four 

different rates of phosphorus across 20 sites 

when phosphorus is applied at establishment 

vs. no phosphorus.  

2. Observe how the fungal community structure 

shifts in relation to changes in phosphorus 

fertilizer applications. 

•Weight of mycelium  

•Next-generation sequencing 

3. Evaluate possible in-situ, non-destructive 

techniques for estimating total plant-available 

phosphorus. 

•Plant root simulator probes (PRS probes) 

•Micro-dialysis (MD) 

Treatments and Experimental Design 

These RW18 field sites were established in 1999 

and were harvested in the spring of 2019. Each 

site contained a total of 10 plots with four 

replicates of each application rate per plot 

throughout the rotation of the stand. Each plot 

contained four rows with fifteen trees per row 

for a total of ~60 trees on approximately 0.1 

acres. Replicate soil samples were taken in 

both the bed and inter-bed within the center of 

plot boundaries. PRS probes were inserted into 

sub-surface soil centered in root-exclusion 

cylinders. Four cation and four anion probes 

Figure 1. Comparison Between PRS probes and M3. 

Preliminary phosphorus response results for both 184201 

(Purple) and 182401 (Blue). M3 (Solid), PRS (Dashed).  

Table 1. The cumulative phosphorus application rates 

applied to the RW18 site plots in 184201 and 182401 

over the course of the experiments rotation.  

Cumulative Phosphorus Rate  

(lb/ac) 

New Treatment 

0 Control 

36 Establishment P 

36 No P 

45 Establishment P 

54 No P 

72 Establishment P 

72 No P 

108 No P 
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were used per plot and combined to give an 

estimate of total nutrient availability. 

Overall, we had a total of 4 treatments 0 lb/ac, 

36 lb/ac, 54 lb/ac and 108 lb/ac of cumulative 

phosphorus fertilizer applied. Because of the 

inherent bias associated with Mehlich III (M3) 

traditional soil testing procedures, additional 

sampling techniques are being used to provide 

a more accurate representation of plant-

available nutrients. PRS probes, as well as MD 

techniques, could provide insight into how 

phosphorus is moving in site-specific 

environments. PRS probes supplied by 

WesternAg are used as an alternative to 

traditional chemical sampling techniques that 

can be used in situ to determine plant-available 

ions found in solution that are moved via 

passive diffusion through the soil. Each probe 

contains a membrane that exchanges soil ions 

and saturates with plant-available macro and 

micronutrients found in the soil solution. 

 

Current Status  
Plant root simulator probe installation 

Using the PRS probe data taken before harvest 

will provide a baseline for how the nutrient 

availabilities before and after establishing a 

new stand of loblolly pine changes. Current 

plans include the re-installation of PRS probes in 

the same sites both in 184201 and 182401 after 

bedding and planting have been completed in 

late fall of 2019. PRS probes will be re-installed 

after planting in both, 184201 and 182401 and 

will remain in the ground for a total of 3 months 

before further analysis. Installation and 

extraction of PRS probes will be completed in 3-

month intervals following planting to be the first 

of its kind to observe the phosphorus carry-over 

effect in real-time. 

Micro-dialysis 

MD protocol is planned to be used in the field in 

the coming months once lab protocols have 

been optimized for use on phosphorus-deficient 

soils.  MD has already been proven to work in 

the field for the detection and extraction of 

amino acids and other nitrogen molecules. Little 

research has been performed with regards to 

testing for phosphorus using the same 

method. Further research into using real-time in-

situ techniques for nutrient availability detection 

are hypothesized to be the next step in soil 

testing procedures in both forestry and 

agriculture. 

Fungi and chemical sampling 

The first set of nylon mesh bags has been 

collected and is currently being processed for 

later downstream analysis. Additional soil 

samples and nylon mesh bags will be installed 

when the next set of PRS probes in December 

and later sequenced to determine relationships 

in phosphorus responsive soils and the overall 

fungal microbiome found in loblolly pine stands 

which will be the first of its kind. This data will 

and should provide insight as to which 

organisms are the first to re-establish a recently 

harvested pine stand and which taxa are 

responsive to varying levels of phosphorus and 

may in time provide a biological indicator for 

the detection of phosphorus-deficient soils in 

these sites. 

 

Results 
The pre-harvest data showed significant 

differences in micro and macronutrient 

concentrations, specifically phosphorus, 

between sites. 

182401 responded significantly to treatment of 

higher rates of phosphorus fertilizer (108 lb/ac), 

with the responses of both the PRS and M3 

showing similar response curvature. Significant 

shifts were not observed between the 0, 36, and 

54 lb/ac phosphorus treatments, however, little 

variation existed between the two methods. 

 

184201 phosphorus concentrations dipped 

significantly under the 54 lb/ac using M3. PRS 

probe data revealed a positive relationship to 

phosphorus fertilization in all treatments. 

However, only the control sites differed 

significantly between treatments indicating PRS 

probes could detect changes in phosphorus 

fertilization, but more replications are needed to 

detect smaller changes. PRS probes also had 

less variation between treatments than M3 in 

184201 eluding that PRS probes could act as an 

alternative to M3 sampling on soils and sites that 

are known for high variability. This preliminary 

data serves as a solid baseline for what to 

expect, and further data is needed to establish 

thresholds using PRS probes. 

 

Future Directions 
This research is the current focus of Jacob 

Hackman’s dissertation project, future data 

integrating fungal community structure, micro-

dialysis and tree growth response will provide a 

clear look into the phosphorus carry-over effect. 
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LA Regionwide 1: Sustainable Use of Forest Harvest Residues in the 
Establishment of Radiata Pine Plantations in Chile: Effects on Growth in 

the First Seven Years 

Study Objectives 

To evaluate the effects of different distribution 

patterns of forest harvest residues on seven years 

of stand growth and productivity in Radiata 

pine.  

Treatments and Experimental Design 

Two studies were established in the Región del 

Biobío, Chile on different soils: marine sediments 

in Curanilahue and  volcanic sands soils in 

Yumbel (Figure 1).  The marine sediments site has  

higher annual accumulated rainfall  and lower 

temperature (1.600 mm and 12,5 ºC 

respectively) in relation to the volcanic sands 

sites (1.275 mm and 13,5 °C).  

Trials were established in 2010 with a randomized 

complete block design, three blocks of two 

treatments, planted with 3 x 2 m (1.666 tree ha-1) 

spacing. At the marine sediments site, the 

treatments were without residues (SR) and with 

residues (CR), with residue loads of  0 and 240 

m3ha-1 respectively. At the volcanic sands site, 

the treatments were on a residue gradient , with 

residue loads of 0, 20, 40, 60 and 240 m3 ha-1. 

Responses in diameter at breast height (DBH), 

height, and volume were evaluated during the 

first seven years of the study. 

Results 

In both sites, before 48 months, no significant 

differences were recorded (p > 0.05)  for DBH, 

height and volume.  

Marine Sediments 

At age 7, the DBH, height, and volume showed 

significant differences among the treatments 

with residues and without residues (p˂0,05). The 

DBH mean in CR treatment was 14 cm and in SR 

Figure 1.  Location of LARW1 study sites in the Región del 

Biobío, Chile. 

Figure 2.  DBH (top) and height (bottom) responses for 

with residues and without residues treatments seven 

years after establishment.   
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treatment was 12,9 cm. Same result for height, 

with averages of 9,9 and 9,3 m for CR and SR 

treatments respectively (Figure 2). 

The with residues treatment had higher 

productivity (114.2 m3 ha-1) than the without 

residues treatment (97.9 m3 ha-1), representing a 

16.7% increase in cumulative volume at year 7 

(Figure 3). 

Volcanic Sands 

On average, the 240 m3 ha-1 residue treatment 

had the highest DBH, height, and cumulative 

volume at age seven. The 40 m3 ha-1 residue 

treatment had the lowest responses in this three 

variables (p˂0.05). The DBH mean in 240 m3 ha-1  

residue treatment was 14.6 cm and in 40 m3 ha-1 

residue treatment was 12.7 cm. The DBH showed 

significant differences between both treatments, 

but not with the other three treatments. The 

height mean in 240 m3 ha-1 residue treatment 

was 11 m and in 40 m3 ha-1 residue treatment 

was 9.1 m. The height showed significant 

differences between the 40 m3 ha-1 residue 

treatment with the other four treatments (Figure 

4). 

The 240 m3 ha-1 residue treatment  had the 

highest volume (138 m3 ha-1), followed by 60 

m3ha-1 residue treatment (123.8 m3 ha-1), 20 m3 

ha-1 residue treatment (117.1 m3 ha-1), 0 m3 ha-1 

residue treatment (115.8 m3 ha-1) and finally 40 

m3 ha-1 residue treatment (96.9 m3 ha-1). The 

difference between 240 m3 ha-1 residue 

treatment  and 0 m3 ha-1 residue treatment  

represents a 19.2 % increase in volume at year 

seven (Figure 5). 

Conclusions and Future Direction 

 These early results suggest that during the first 

seven years since planting, the treatments with a 

higher residue load increase the diameter and 

height of the trees, which allows an increase in 

stand productivity at both sites (CR at marine 

sediments and 240 m3 ha-1 at volcanic sands). 

Figure 3.  Cumulative volume  responses for with 

residues  and without residues treatments seven years 

after establishment.   

Figure 4.  DBH (top) and height (bottom) responses for 

0 , 20, 40, 60 and 240 m3ha-1 treatments  seven years 

after establishment. Same letter  represent treatments 

that  are not significantly different one each other 

(P<0.05).  

Figure 5.  Volume for 0, 20, 40, 60 and 240 m3ha-1 

treatments seven years after establishment.  Same 

letter  represent treatments that  are not significantly 

different one each other.  
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*LA Regionwide 2: Density and Plantation Design to Optimize Value and 

Productivity of Loblolly Pine Growth in Argentina 

Introduction 

The decisions made prior into the establishment 

of a new forest site will ultimately have a 

dramatic effect on the productivity, wood 

quality and profitability of said site. From a purely 

economic perspective, planting density and 

spacing will influence operating costs through 

the amount of required seedlings, amount of 

physical site preparation (e.g. tilling, raised bed 

creation, etc.), the amount of initial and 

subsequent fertilization, and finally the intensity 

and frequency of weed control. The selection of 

appropriate genotypes and their interaction with 

the current environmental and management 

context is also of concern. 

Study Objectives 

The objective of the current study was to explore 

the responses of tree growth under different 

levels of stocking and variable resource 

availability. To this end, several tree genotypes 

were evaluated against several silvicultural 

treatments (i.e. thinning and pruning).  

Treatments and Experimental Design 

Two studies were established within the 

Corrientes province in Argentina (Figure 1). The 

first of these was established in August  2013, and 

referred to as Loma. This site was a Kandihumulte 

soil, which is characterized as well-drained red 

clay soils with bulk densities greater than 1.3 g 

cm-3. Clay concentration reaches 50% at 10 cm, 

and increases to 70% at 80 cm depth. The 

experimental design was a split-plot with 

genotype as the main plot and spacing as the 

split-plot. Four replicates of plots were installed. 

Spacing was 4 m between rows and 1.5, 3 or 9 m 

within the row resulting in densities of 1667, 833 

and 416 trees ha-1, respectively. Three genotypes 

were installed: one clone; and two (control mass 

pollinated) families (A and B). These genotypes 

were selected because the exhibited a different 

crown structures (Figure 2).  

The second site was established in 2014, referred 

to as Paloma. This site is an Endoacuepte, with 

very fine clay soil and slopes of 1 to 2%. The soil is 

poorly drained, with a shallow depth, and a high 

aluminum content. The experimental design 

differed from that of Loma, where five 

randomized blocks were installed. The three 

levels of spacing and genotypes implemented 

at Loma were used here also. 

Figure 2.  Crown structure by genotypes.   

 

Figure 1. Study location in Argentina. 
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 Results 

Five and four years after establishment at the 

Loma and La Paloma sites, respectively, survival 

was at least 90% with little tree damage for all 

treatment combinations for both sites.   

At the Loma site, five years after establishment, 

we found a significant (p < 0.05) interaction 

between genotype and density on diameter at 

breast height (DBH) and total height).  The family 

B and clonal plots exhibited the greatest DBH in 

the 416 trees ha-1 treatment (22 and 20.8 cm, 

respectively, Figure 3). These plots also showed 

the highest total height in the density 416 and 

1666 trees ha-1 (10.2 and 10.1 m, respectively, 

Figure 4). 

At the La Paloma site, four years after 

establishment, a significant (p < 0.05) interaction 

between genotype and density on diameter at 

breast height (DBH) and total height was 

observed. Plots containing family A and clonal 

species types had the greatest DBH in the 416 

trees ha-1 treatment (15.6 and 15.5 cm, 

respectively) (Figure 5). In addition, family A had 

the highest total height in the three stocking 

(Figure 6). 

Conclusions and Future Direction 

Annual measurements of height, DBH and 

mortality are planned.  Soil and foliar chemical 

properties will be sampled for nutritional 

analyses. Future measurements will include 

crown characterization. 

 

 

Figure 3. DBH at the Loma site, five years after 

establishment. Error bars represent standard error. Same 

letter, the difference is not statistically significant.  

Figure 4. Total height at the Loma site, five years after 

establishment. Error bars represent standard error. Same 

letter, the difference is not statistically significant . 

Figure 5. DBH at the Paloma site, four years after 

establishment. Error bars represent standard error. Same 

letter, the difference is not statistically significant . 

Figure 6. Total height at the Paloma site, four years after 

establishment. Error bars represent standard error. Same 

letter, the difference is not statistically significant  
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*LA Regionwide 2: Site Optimum Stocking and Plantation Design to 

Optimize Value and Productivity of Radiata Pine Growth in Chile 

Introduction 

Initial planting density and  spacing is one of the 

most important decisions made at stand 

establishment. It affects not only the productivity 

of the stand but also wood quality and 

profitability. From the economic point of view,  

density and spacing delimit the associated 

operating costs, due to the number of plants, 

the number of lines of tilled soil or soil 

preparation machinery, initial fertilization, 

intensity and frequency of weed control. In 

addition, establishment of select genotypes 

increases specific interactions  with silvicultural 

management, as well as site resource availability 

in relation to climate change.  

 

Study Objectives 

The objective was to examine tree and stand 

growth under contrasting site resource 

availability and to assess the growth and wood 

quality responses of specific tree genotypes 

under different planting densities. 

 

Treatments and Experimental Design 

The experimental design consisted of a 

complete randomized block design with three 

replicates of three treatments.  The treatments 

were three levels of spacing (2.3, 3.5 and 4.4 m) 

resulting in three initial densities (1242, 816 and 

649 tree ha-1) of radiata pine. The study was 

established in July 2016, on sandy soils (Figure 1). 

 

 

Results 

Three years after establishment, there were no 

significant differences between treatments for  

survival. Survival was above 96% for all three 

densities (Figure 2). Collar diameter  increased 

with decreasing density (Figure 3). There were no 

significant differences between treatments for 

total height (Figure 4). The mean volume per 

tree increased with decreasing density 

treatments (p<0.05), with the best response of 

1402 cm3 tree-1 in the 649 trees ha-1 treatment 

(Figure 5). The ecophysiological variables (foliar 

area per tree, gas exchange variables, soil water 

content) did not show significant differences 

between density treatments (Figure 6). 

 

Future Direction 

We will continue to take seasonal measurements 

of DBH, height, mortality, ecophysiological 

evaluations (LAI, photosynthesis and soil water 

content), and branch and crown morphology. 

 

 

Figure 1. Location of the LARW2 radiata pine trial in 

Chile 
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Figure 2. Survival in LARW2 at 3 years after 

establishment of radiata pine in Chile. 

Figure 3. Collar diameter (DAC) in LARW2 at 3 years 

after establishment of radiata pine in Chile. 

Figure 4. Total height in LARW2 at 3 years after 

establishment of radiata pine in Chile. 

Figure 5. Mean volume per tree in LARW2 at 3 years 

after establishment of radiata pine in Chile. 

Figure 6. Photosynthesis in LARW2 until year 3 after establishment of radiata pine in Chile. 
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Regionwide 98: Differences in Nitrogen Loss After a Winter Fertilization 

Between Urea and Urea Treated with NBPT 

Introduction 

This study was designed to improve our 

understanding of applied nitrogen (N) losses  

across variable landscapes after a winter 

fertilization in thinned, mid-rotation loblolly pine 

(Pinus taeda L.) forests using the stable isotope 
15N.  

Study Objectives 

Determine if differences existed for total 

fertilizer N loss between urea and urea 

t reated w i t h  NBPT  (N - (n -but y l ) 

thiosphosphoric triamide) after a winter 

fertilization 

Determine if differences existed for total 

fertilizer N loss between urea and urea 

treated with NBPT (NBPT) after a winter 

fertilization between beds and interbeds 

Treatments and Experimental Design 

Sites were installed during the winter of 2015-

2016 in the buffer areas at three RW 19 (VA, SC, 

FL) thinning-fertilizer trials (Figure 1). At each site, 

three replications site-1 treatment-1 of urea and 

NBPT were applied to individual microcosms at 

a rate of 224 kg N ha-1. All fertilizer treatments 

were enriched with 15N.   

Microcosms were used to determine fertilizer N 

loss 15 days after a winter fertilization with urea 

and NBPT. Microcosms were constructed of 6” 

PVC pipe that measured 30cm in depth. Each 

microcosm was inserted into the soil, and each 

fertilizer treatment was applied ot the inside soil 

surface of the microcosm. Each microcosm was 

removed from the field 15 days after fertilization. 

A soil sample was also taken from immediately 

below the microcosm to assess the magnitude 

of fertilizer N loss through leaching. Soil in the 

microcosm was divided into forest floor, 0-15m, 

and 15-30cm, and each soil depth increment 

was analyzed for %N and 15N. These values were 

used to determine the amount of fertilizer N 

remaining in the microcosm through a mass 

balance calculation. .      

Results 

There was a significant difference in the amount 

of fertilizer N loss between urea and NBPT (Figure 

2). The mean fertilizer N loss, or applied N loss, 

when expressed as a percent of N applied to 

microcosms, was less for NBPT compared to 

urea (p = <0.0001). Fifteen days after fertilization, 

the mean applied N loss from microcosms was 

15% for NBPT and 30% for urea.  

There was less applied N loss for NBPT at the FL 

and VA sites compared to urea, but not at SC 

(Figure 3). Applied N loss for NBPT was 22% (FL) 

and 9% (VA) compared to 42% (FL) and 25.4% 

(VA) for urea. Applied N loss with urea was 

Figure 1. Site location map of 3 thinned mid-rotation 

loblolly pine forests used to study fertilizer N loss for urea 

and urea treated with NPBT after a winter fertilzation 

across the southeastern United States.  

Figure 2. Mean applied N loss from microcosms, ex-

pressed as a percent of applied N, for 3 thinned mid-

rotation loblolly pine forests across the southeastern 

United States after a winter application of 15N enriched 

treatments. Asteriks represent significant differences 

between treatemtns (***P<0.001). 
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greatest at FL (42%) compared to SC (23%) and 

VA (25%). Applied N loss with NBPT was only 

greater at FL (22.4%) compared to VA (8.7%).  

Differences were also observed for applied N 

loss between beds and interbeds at the FL site  

for urea (p=0.10) but not NBPT (Figure 4). At the 

FL site, applied N loss for urea from the bed was 

30% compared to 53% for the interbed. There 

was also a difference for applied N loss 

between beds and interbeds at SC for NBPT 

(p=0.10) for NBPT but not urea. At the SC site, 

applied N loss for NBPT from the bed was 6% 

compared to 19% in the interbed.    

When comparing applied N loss between 

treatments (NBPT vs. urea) for either beds or 

interbeds, differences were observed at both FL 

and SC (Figure 5). At SC, there was a difference 

between applied N loss for beds (p=0.10) 

between NBPT (6%) and urea (21%). In FL, there 

was a difference between treatments for 

applied N loss in the interbeds (p=0.10) between 

NBPT (26%) and urea (53%).  

Conclusions 

Results from this research indicate there are 

differences in the amount of applied N loss after 

a winter fertilization between urea and urea 

treated with NBPT due to differences in 

treatment and site variability. Results in the total 

amount of fertilizer N loss for urea are similar to 

other studies, indicating high variability for 

fertilizer N loss, ranging from 20% to 50%. Results 

are also similar for urea treated NBPT, with 

fertilizer N loss generally less than 20%. 

Additionally, microsite variability between beds 

and interbeds indicates large fertilizer N losses in 

interbeds with urea even during winter months. 

Differences between beds and interbeds 

following winter fertizilization may indicate 

mechanisms other than ammonia volatilization, 

such as denitrification, leaching or overland 

flow may be important to applied N loss in 

saturated, anaerobic environments such as 

interbeds compared to drier, aerobic 

environments of beds. This research indicates 

that during winter months, some form of 

enhanced efficiency product should still used to 

minimize loss of urea N fertilizer.    

Additional Information 

The results from this study are currently being 

prepared for a manuscript submission in the fall 

of 2018 to the Soil Science Society of America 

Journal (SSSAJ).  

 

 

Figure 3. Mean applied N loss from microcosms, ex-

pressed as a percent of applied N, for 3 thinned mid-

rotation loblolly pine plantations after a winter applica-

tion of 15N enriched treatments. Analysis is between 

treatments for each indiivudal site. Astreriks represent 

significant differences between treatments (**P<0.05). 

Errror bars are the standard error of the mean.  

Figure 4. Mean applied N loss from microcosms, ex-

pressed as a percent of applied N, for 2 thinned mid-

rotation loblolly pine forests (SC, FL) after a winter ap-

plication of 15N enriched treatments. Asterisks represent 

significant differences between bed and interbed 

(**P<0.05). Error bars are the standard error of the 

mean.  

Figure 5. Mean applied N loss from microcosms, ex-

pressed as a percent of applied N, for 2 thinned mid-

rotation loblolly pine forests (SC, FL) after a winter ap-

plication of 15N enriched treatments. Asterisks represent 

significant differences between treatments within beds 

or interbeds (**P<0.05). Error bars are the standard error 

of the mean.  
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Regionwide 98: Determining Long Term Fate of Fertilizer Nitrogen in 

Loblolly Pine Forests Using 15N 

Introduction   

Previous forest fertilization research has primarily 

focused on empirical responses of crop trees to 

assess productivity. This study was designed to 

improve our fundamental understanding of 

applied fertilizer nitrogen (N) dynamics in mid-

rotation loblolly pine (Pinus taeda L.) forests by 

using the stable isotope 15N to assess the long 

term fate of N derived from fertilizers.  

Study Objectives 

 Compare the long term N dynamics between 

urea and enhanced efficiency fertilizers (EEFs).  

Treatments & Experimental Design 

A subset of 8 sites were selected from the 

original 15N studies that were installed in 2010 –

2011(Study 1) and 2011-2012 (Study 2) near 

RW18, RW19, PINEMAP, and WGCD trials (Figure 

1). 

The same sampling protocol and circular plots in 

Study 1 and 2 were used to assess the long term 

ecosystem fate of fertilizer N (Figure 2). The 

original treatments for each site were a single 

replication site-1 of either a control (no fertilizer), 

urea, urea + NBPT (N-(n-butyl) thiosphosphoric 

triamide-treated urea), CUF (coated urea + 

NBPT), or PCU (polymer coated urea). The 

original N application rate was of 224 kg N ha-1 

and 28 kg P ha-1. Fertilizers were originally 

enriched with 15N (370‰) to differentiate N 

originating from fertilizers versus environmental N. 

The enrichment of fertilizers with 15N provided the 

ability to continue to trace the fertilizer through 

the ecosystem 6 years after fertilizer application.    

Results 

Results from the original RW98 studies installed in 

2010-2011 and 2011-2012 showed the mean 

ammonia (NH3) volatilization loss, expressed as a 

percent of the applied N, was greater for urea 

than all EEFs 15 days after both a spring and 

summer fertilization. When the 15 day NH3 

volatilization values were combined with the 

total ecosystem recovery data, between 90-

100% of the applied fertilizer N that was applied 

was accounted for through a mass balance 

technique at the end of the growing season for 

the initial year of fertilization (Figure 3). 

At the end of the growing season 6 years after 

fertilization, a higher proportion of fertilizer N was 

recovered for all EEFs compared to urea (Figure 

4). These results were similar to those observed 1 

year after fertilization. The total ecosystem 

recovery was similar for all EEFs (CUF = 60%, NBPT 
Figure 1. Site location map for 8 loblolly pine forests 

selected to assess the long term fate of fertilzier N using 
15N across the southeastern United States.  

Figure 2. The primary ecosystem components sampled.  

Figure 2. Schematic of circular plots used to assess the 

long term fate of fertilzer N at 8 loblolly pine forests 

across the southeastern United States.  
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= 68%, PCU = 61%) compared to urea (38%), 

which was significantly less.  

Fertilizer recovery was similar among all 

treatments for the crop trees (CUF = 26%, NBPT = 

25%, PCU = 22%, urea = 20%). Yet significant 

differences occurred among treatments in 

fertilizer N recovery in the mineral soil (0 - 100 cm) 

where all EEFs had a greater recovery (CUF = 

24%, NBPT = 28%, PCU = 33%) compared to urea 

(10%), although there were no differences 

among individual EEFs. It is also interesting to 

note that although there were no differences 

among fertilizer treatments, a larger proportion 

of fertilizer N was recovered in both the forest 

floor (CUF = 5%, NBPT = 9%, PCU = 7%, urea = 4%) 

and the understory (CUF = 6%, NBPT = 7%, PCU = 

4%, urea = 3%) compared to the first year after 

fertilization. The increase in recovery in the forest 

floor is attributed to increased leaf area, 

increased litterfall and hence an accumulation 

of N in the forest floor that was not rapidly 

decomposing. The increase in the recovery of 

fertilizer N in the understory was due to an 

increased understory development after 

thinning that became increasingly competitive 

for N in relation to the crop trees.  

Conclusions and Future Direction 

All enhanced efficiency fertilizers reduced the 

total loss of fertilizer N after a spring or summer 

fertilization when compared to urea, although 

few differences occurred between each 

enhanced efficiency product one year after 

fertilization. This result directly translated to an 

increase in fertilizer N available over an 

extended period of time (6 years) and was 

observed in an increase in total recovery for 

both the crop tree and soil for EEFs compared to 

urea. Ongoing research (Figure 5) is attempting 

to address the following questions: 1) is the 

remaining fertilizer in the soil bioavailable to the  

subsequent rotation; 2) will the increase in 

residual fertilizer remaining in the soil for EEFs 

compared to urea provide a meaningful N 

addition to translate to increases in productivity; 

and 3) because there is an increase in the 

amount of fertilizer N remaining in the soil with 

EEFs compared to urea, can a reduction of 

fertilizer N input be achieved from traditional 

application rates while still maintaining current 

levels of productivity?  

Additional Information 

The results from this study are currently being 

prepared for a manuscript submission in late fall 

2018/early 2019.    

Figure 4. Fertilizer N recovery (expressed as a percent 

of applied  N) of selected ecosystem components 

(Tree-loblolly pine aboveground+belowground bio-

mass; understory; litterfall; soil (forest floor + mineral soil)

after 6 growing seasons. Different fonts represent com-

parisons among treatments for same ecosystem com-

ponent (soil, litterfall, tree). Different letters represent 

significant differences α=0.05.  

Figure 3. Fertilizer N recovery (expressed as a % of ap-

plied N) for ecosystem components of spring and sum-

mer fertilization after 1 growing season. Different fonts 

represent comparisons among treatments for same 

ecosystem component (soil, litterfall, tree). Different 

letters represent significant differences α=0.05.  

Figure 5. Research directions for enhanced efficiency 

fertilizers to improve the future economic viability and 

sustainability of fertilization in loblolly pine plantations 

across the southeastern United States.  
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Regionwide 98: Differences in Ecosystem Partitioning of Fertilizer Nitrogen 

After a Winter Fertilization Between Urea and Urea Treated with NBPT  

Introduction   

Previous forest fertilization research has primarily 

focused on empirical responses of crop trees to 

assess productivity. This study was designed to 

improve our fundamental understanding of 

applied fertilizer nitrogen (N) dynamics in 

thinned mid-rotation loblolly pine (Pinus taeda 

L.) forests by using the stable isotope 15N.  

Study Objectives 

 Compare N dynamics between urea and urea 

treated with NBPT (N-(n-butyl) thiosphosphoric 

triamide) (NBPT) after a winter fertilization.  

 Monitor long term applied N cycling.      

Treatments & Experimental Design 

Studies were installed in the winter of 2015-2016 

in the buffer areas of RW 19 thinning-fertilizer trials 

(Figure 1). At each site, nine circular plots (100 

m2) were installed to have three replications site-

1 treatment-1 of a control (no fertilizer), urea, and 

NBPT. The application rate for each treatment 

was 224 kg N ha-1. All fertilizer treatments were 

enriched with 15N (0.5 AP; ~370‰) to 

differentiate N originating from fertilizers versus 

environmental N.  

At the end of the first growing season after the 

winter fertilization, a single loblolly pine crop tree, 

the understory, the forest floor and mineral soil 

was sampled to determine ecosystem retention  

of applied N. The primary components of each 

plot (Figure 2) were sampled and analyzed at  

Virginia Tech on an IsoPrime 100 EA-

IRMS (isotope ratio mass spectrometer and 

elemental analyzer) for 15N (‰) and percent N 

(N%).  These results were used in a mass balance 

calculation to  determine the amount of applied 

N in each component of the system. The 

percentage of applied N unaccounted for from 

each plot was assumed to be lost from the 

system.   

Results 

Fertilizer N Loss 

Fertilizer N loss was determined 15 days after the 

winter fertilization for both urea and NBPT using a 

microcosm experiment (Figure 3). More fertilizer 

N was lost with urea (30%) compared to NBPT 

(15%). Additional results from this experiment are 

detailed in this Report titled Differences in 

Nitrogen Loss After a Winter Fertilization Between 

Urea and Urea Treated with NBPT. 

Ecosystem Fate of Applied N 

There was a higher percentage of fertilizer N 

recovered for the entire ecosystem, expressed 

as a percentage of N applied, for NBPT 

Figure 1. Site location map of 3 thinned mid-rotation 

loblolly pine forests across the southeastern United Sta-

tes used to assess fertilzer N ecosystem recovery after a 

winter fertilization of 15N enriched treatments (NBPT, 

Urea).  

Figure 2. The primary ecosystem components sampled 

after a winter fertilization of 15N enriched treatments 

(NBPT, Urea) at 3 thinned mid-rotation loblolly pine for-

ests across the southeastern United States. 
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compared to urea at all sites (Figure 4). In VA, 

the total recovery was 85% for NBPT compared 

to 60% for urea. In SC, the total recovery was 

73% for NBPT compared to 62% for urea. In FL, 

fertilizer N recovery was 79% for NBPT compared 

to  54% for urea.  

The greatest recovery for all sites was in the soil 

followed by the crop trees (Figure 4). In VA, the 

majority of the fertilizer N was recovered in the 

soil (NBPT = 38%, urea = 24%), followed by the 

crop tree (NBPT = 32%, urea = 19%). The 

understory was an important component in VA 

because of the presence of a developed 

sapling stratum (NBPT = 15%, urea = 17%). In SC, 

the greatest fertilizer N recovered was in the soil 

(NBPT = 44%, urea = 36%), followed by the crop 

tree (NBPT = 19%, urea = 18%) and understory 

(NBPT = 10%, urea = 8%). Although the trends in 

the proportion of fertilizer recovery were 

consistent for the FL site compared to VA and 

SC, FL had the lowest ecosystem recovery for 

urea (54%). The highest recovery was in the soil 

(NBPT = 42%, urea = 29%) followed by the crop 

trees (NBPT = 37%, urea = 25%). There was no 

understory at the FL site.  

The highest 15N values (‰) were observed in the 

foliage at VA (161‰) and FL (157‰) for NBPT 

(Figure 5). Foliar 15N values were lower in SC, 

indicating productivity at this site is not generally 

limited by N.  The 15N values were also high in FL 

for the forest floor for NBPT (148‰) compared to 

other sites.       

Conclusions and Future Direction 

Results from this study indicate that less fertilizer N 

is lost using an enhanced efficiency product, 

NBPT, when compared to urea. This reduction in 

loss of fertilizer N directly translates to more 

fertilizer N remaining in the system and hence an 

increase in N available for uptake. Results from 

this study, combined with others, show that 

enhanced efficiency nitrogen containing 

products increase nitrogen use efficiency after a 

spring, summer and winter fertilization.        

Future directions are focused on understanding 

whether the increase in fertilizer N remaining in 

the soil for enhanced efficiency fertilizers 

compared to urea translates to continued 

improvements in the sustainability of N 

fertilization in these systems. 

Additional Information 

The results from this study are currently being 

prepared for a manuscript submission in late fall 

2018/early 2019 to the journal Plant and Soil.   

Figure 3. Mean applied N loss from microcosms, ex-

pressed as a percent of applied N, for 3 thinned mid-

rotation loblolly pine forests across the southeastern 

United States 15 days after a winter application of 15N 

enriched treatments (NBPT, Urea). Different letters are 

standard error of the mean. The N application rate was 

224 kg N ha-1. 

Figure 4. Fertilizer N recovery, expressed as a percent 

of fertilizer N applied, for ecosystem components after 

a winter fertilization of 15N enriched treatments (NBPT, 

Urea) at 3 thinned mid-rotation loblolly pine forests 

across the southeastern United States. The N applica-

tion rate was 224 kg N ha-1. 

Figure 5. The 15N values (‰) for foliage, forest floor and 

mineral soil (0-30cm) after a winter fertilization of 15N 

enriched treatments (NBPT, Urea) at 3 thinned mid-

rotation loblolly pine forests across the southeastern 

United States. The N application rate was 224 kg N ha-1. 
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Regionwide 98: Bioavailability of Nitrogen Containing Fertilizers 

6 Years After Fertilization 

Introduction   

Empirical results from fertilizer field trials using 

nitrogen (N) indicate a positive growth response 

from fertilization lasting an average of 8 years for 

responsive sites. Most of these studies used urea-

N to emulate operational techniques. Yet 

numerous studies in the last decade have shown 

the efficacy of using enhanced efficiency 

fertilizers (EEFs) to reduce fertilizer N loss from the 

system, which translates to a greater proportion 

of total fertilizer N remaining in the system. An 

increase in fertilizer N remaining in the system 

appears to increase the N availability to crop 

trees for an extended period of time.  

This study is an extension of previous RW98– 

studies that improved upon the fundamental 

understanding of applied fertilizer N dynamics in 

mid-rotation loblolly pine forests across the 

southeastern United States using the stable 

isotope 15N. This extension of the original studies 

is examining the long term fate of fertilizer N, and 

whether residual fertilizer N is bioavailable to 

crop trees 6 years after fertilization.   

Study Objectives 

 Compare long term fertilizer N dynamics and 

bioavailability of residual fertilizer N between 

urea and enhanced efficiency fertilizers 6 

years after a spring or summer fertilization.  

Treatments & Experimental Design 

A subset of 3 sites was selected from the original 
15N studies that were installed in 2010 –2011 and 

2011-2012 in conjunction with the RW19 thinning 

and fertilizer trials (Figure 1). The original 

treatments for each site were a single replication 

site-1 of a control (no fertilizer), urea, urea + NBPT 

(N-(n-butyl) thiosphosphoric triamide-treated 

urea), CUF (coated urea + NBPT), or PCU 

(polymer coated urea). The original N 

application rate was of 224 kg N ha-1 and 28 kg 

P ha-1. Fertilizers were originally enriched with 15N 

(370‰) to differentiate N originating from 

fertilizers versus environmental N. The enrichment 

of fertilizers with 15N provided the ability to 

continue to trace the fertilizer through the 

ecosystem 6 years after fertilizer application.    

After all sampling was completed to determine 

ecosystem recovery of fertilizer N 6 years after 

fertilization, all vegetation was removed from the 

entire circular plot to mimic an operational 

harvest (Figure 2). All plots were re-planted in 

February 2016.  All planted seedlings were the 

same genotype. In addition, entire soil cores 

using PVC piping to a depth of 30 cm were 

taken from each plot for use in a greenhouse 

experiment. 

Understory control was implemented at each 

plot for this experiment in the middle of the 

growing season. At this time, one seedling and a 

subsample of the understory was removed from 

Figure 1. Site location map for 3 thinned mid-rotation 

loblolly pine forests selected to assess the bioavailabili-

ty of residual fertilizer N across the southeastern United 

States. 

Figure 2. Plot schematic for 3 thinned mid-rotation 

loblolly pine forests selected to assess the bioavailabili-

ty of residual fertilizer N across the southeastern United 

States 
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each plot from each site to determine if there 

had been any residual fertilizer N uptake.   

Results 

Field Experiment 

Results from the end of the first growing season in 

individual plots at each site indicate uptake of 

residual fertilizer N did occur (Figures 3 & 4). All 

ecosystem components for all treatments show 

elevated 15N values (‰) for all fertilizer 

treatments (Figure 4). Elevated 15N values, when 

compared to a control and hence natural 

abundance values, provide insight to the 

magnitude of uptake of enriched substances. Six 

years after fertilization, newly planted seedlings 

were taking up N from residual fertilizer. Fertilizer 

N uptake had a similar trend for CUF and NBPT 

treatments with the greatest 15N values for all 

ecosystem components, followed by PCU and 

urea.  

The understory was allowed to grow until mid-

season when control measures were 

implemented.  15N values in the understory 

vegetation were also greatest for CUF and NBPT. 

Understory that was harvested at the end of the 

growing season had similar trends in values for 

each treatment.   

Greenhouse Experiment 

For the greenhouse experiment, results at the 

end of a single growing season from seedlings 

planted in cores taken from individual plots at 

each site showed uptake of residual fertilizer N 

occurred (Figures 3 & 5). Total seedling biomass 

values (g) were greater for the treatments CUF 

and NBPT compared to PCU and urea. 

Competing vegetation was also removed and 

analyzed from each core monthly (when 

present).  We observed a similar trend as that 

found in the field study where the understory 

had elevated levels of fertilizer N uptake.  

Conclusions and Future Direction 

Both the field and greenhouse experiments 

showed residual fertilizer N is available for uptake 

by plants 6 years after fertilization. Fertilizer N 

remaining in the soil 6 years after fertilization is 

bioavailable to newly planted seedlings. What is 

uncertain is whether residual fertilizer N will 

provide a meaningful input to increasing 

productivity for these seedlings in the future. 

Most studies in agriculture have shown residual 

fertilizer does not translate to gains in 

productivity in subsequent crop rotations. Results 

from this study will provide valuable insight to the 

impact of residual N fertilizer on productivity 

gains in subsequent rotations.  

Figure 4. 15N values (‰) for select ecoystem compo-

nents at the end of the first growing season to assess 

the bioavailability of residual fertilizer N for 3 thinned 

mid-rotation loblolly pine forests across the southeas-

tern United States. Values represent both the field and 

greenhouse experiments. 

Figure 3. Photographs of field (A) and greenhouse (B) 

experiments used to assess the bioavailability of resi-

dual fertilizer N for 3 thinned mid-rotation loblolly pine 

forests across the southeastern United States. 

A B 

Figure 5. 15N values (‰) for select ecoystem compo-

nents at the end of the first growing season to assess 

the bioavailability of residual fertilizer N for 3 thinned 

mid-rotation loblolly pine forests across the southeas-

tern United States for the greenhouse experiment. 
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PINEMAP Project Overview 

Project Outcomes 
1) Increased carbon (C) sequestration from 

silvicultural and genetic enhancement of 
productivity and efficiency of fertilizer use, 
and resilience to climate variability and 
disturbance. Planted southern pine forests 
already contribute to climate change 
mitigation by taking up and storing 
(sequestering) enormous amounts of 
atmospheric CO2 , both in trees and soil, and 
in long-lived wood products. PINEMAP 
produces knowledge necessary to increase 
the amount of CO2 sequestered through 
enhancement of forest productivity, more 
efficient use of fertilizers, and management 
of forests for resilience to climate variability 
and disturbance.  

2) Engaged and literate public with the 
capacity to make informed, practical 
decisions related to climate, forest 
ecosystems, and forest management. In a 
democratic society, rational public policy 
and decision making depend to a large 
extent on public understanding of and 
engagement with societal problems. 
PINEMAP’s education programs are 
designed to help nonscientists better 
understand and grapple with the complex 
issues surrounding climate and forest 
management.  

3) Public policy that supports sustainable 
management of planted pine under future 
climate scenarios. The biophysical and 
human dimensions research produced by 
PINEMAP provides information critical for 
guiding the development of rational natural 
resource policy.  

4) Enhanced capacity for regional, 
interdisciplinary collaboration among 
climate and forest scientists and Extension 
and education professionals. PINEMAP’s 
unprecedented coalition of more than 120 
forestry researchers, educators, Extension 

professionals, and students is building new 
networks and new infrastructure for cutting-
edge, collaborative, and outcome-based 
science.  

5) Enhanced connections between corporate 
and noncorporate forest landowners and 
forestry and climate researchers and 
education and outreach professionals. 
Research performed in isolation has little 
impact on society. PINEMAP strives to 
strengthen existing and build new 
connections to on-theground forest 
management so that the science can be 
quickly translated to outcomes that benefit 
society.  

6) A more robust and resilient forest-based 
economy in the Southeast U.S. PINEMAP 
research enables pine landowners in the 
Southeast U.S. to continue producing 
economic and ecological services that 
benefit society. 

Project Objectives 
1) Apply a multi-scaled modeling program 

incorporating monitoring network data with 
spatially-explicit historical and predicted 
future climate data to assess alternative 
forest management approaches and the 
impacts on carbon sequestration and 
resilience to disturbance.  

2) Develop guidelines to help growers 
understand where to plant specific southern 
pine seed sources given future climate 
scenarios and identify genes controlling traits 
such as growth, nitrogen responsiveness, 
cold hardiness, water usage, and resistance 
to southern pine beetle and fungal diseases.  

3) Analyze life-cycle carbon balance of 
regional forest management systems and 
conduct multi-scale analyses of market and 
non-market forest benefits and services 
under future management and climatic 
conditions.                                                                                       

4) Create resources and programs to educate 
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high school students and teachers as well as 
university students about the relevance of 
forests, forest management, and climate 
impacts. The education program also 
engages university students in collaborative, 
interdisciplinary research aimed at solving 
complex societal problems.  

5) Disseminate emerging knowledge, practices, 
and decision support tools to enable 
corporate and non-corporate landowners to 
increase forest carbon sequestration, 
nitrogen fertilizer efficiency, and forest 
resilience under changing climate.   

  

Chapter Titles from the Fourth Year 
Annual Report 

1) PINEMAP Monitoring Network   
2) The Tier II Network: Estimating the Response 

of Regional Loblolly Pine Carbon Dynamics 
to Management  

3) Tier III Sap Flux Network: New Efforts to 
Facilitate Region-wide Integration  

4) Regional Soil Respiration: Measurement, 
Validation, and Modeling  

5) PINEMAP’s Integrated  Modeling Program  
6) Full-Scale Regionalization  of 3-PG  
7) WaSSI Model Examines Drought Impacts on 

National Forests  
8) Regional Carbon Cycle  Predictions Using the 

Community Land Model  
9) Assisted Migration: Matching Genetics to 

Sites  
10) What Are Genes Good for? Molecular 

Genetics in Applied Forest Tree Breeding 
Programs  

11)  Trends in Deployment of Advanced Loblolly 
Pine Germplasm  

12) The PINEMAP Decision  Support System 
Seedling Deployment Tool  

13) Impact of Climate Change on the  Efficiency 
of Ecosystem Services Provision in Loblolly 
Pine Forests  

14) Insurance as an Adaptation to Wildfire Risk 
under Climate Change: Evidence from 
Southeastern Family Forestland Owners  

15) Who Lives Near the Carbon? Socio-
Ecological Considerations in Forest Carbon 
Sequestration  

16) PINEMAP’s Outreach Efforts Producing On-
the-Ground Results  

17) Training the Trainer: Southern Region 

Extension Climate Academy  
18) Extending PINEMAP Benefits into a Post-

PINEMAP Future  
19) Three Years and Three Tiers: Education and 

outreach in the PINEMAP Undergraduate 
Fellowship Program  

20) New Secondary Module Increases 
Knowledge, Builds Skills, and Nurtures Hope  

21) Building Hope among High School Students 
about Climate Change  

22) Engaging Educators in Climate Change 
Curriculum  

23) PINEMAP Decision Support System: 
Connecting PINEMAP Research to 
Stakeholder Decisions  

24) Training the Next Generation of Scientists: 
Student Alumni Spotlight Establish a region-
wide monitoring network to develop carbon, 
water, and nutrient storage and flux 
baselines and responses to climate and 
management.  

The link below will take you to the full Annual 
Report: http://www.pinemap.org/reports/annual
-reports/PINEMAP_AnnualReport_press4v2.pdf 

Future Outputs 
1) Regional model outputs 

2) Use of regional model outputs to drive Bob 
Abt’s Sub-Regional Timber Supply model 

3) Consolidation of monitoring network data 
into a range of research and applications 

4) Production of useful DSS products and tools 

5) Development of guidance documents 
regarding use of PINEMAP resources to meet 
SFI requirements 

6) Roll out meeting planning for 2016 

Acknowledgement 
The Pine Integrated Network: Education, 
Mitigation, and Adaptation project (PINEMAP) is a 
Coordinated Agricultural Project funded by the 
USDA National Institute of Food and Agriculture, 
Award #2011-68002-30185.  
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PINEMAP Throughfall Exclusion by Fertilization Experiment in Virginia 
 

Objectives 
1) Determine loblolly pine plantation carbon 

balance under  reduced water availability. 
2) Determine the interactions of water and 

nutrient availability on loblolly plantation 
productivity. 

3)  Evaluate  water use efficiency and leaf area 
efficiency of loblolly pine plantation. 

4) Investigate and model ecophysiology of 
loblolly pine response to water and nutrient 
availability. 

Treatments and Experimental Design 
The experiment was a randomized complete 
block design. There were four replications of a 
two by two factorial combination of treatments.  
Treatments included an untreated control, 30% 
throughfall exclusion, fertilization, and 
combination of throughfall exclusion and 
fertilization. The throughfall exclusion covered 
30% of the plot area with raised plastic covered 
channels (Figure 1). The fertilization treatment 
was 200, 25 and 50 lbs ac-1 of elemental nitrogen 
(N), phosphorous (P), and potassium (K), 
respectively, plus micronutrients (boron (B), 
copper (Cu), sulfur (S), magnesium (Mn), zinc 
(Zn)). The single dose fertilization was designed 
to ameliorate any anticipated nutrient 
deficiencies (Figure 2). Treatment plots were  
0.28 acres with a minimum 40 ft untreated buffer.   

Current Trial Status - Completed 
The study was installed  during the 2011-2012 
dormant season when the stand was 9 years old.  
Treatments were imposed in the Spring of 2012 
(Figure 1 and Figure 2). Annual stand  growth 
measures included: diameter, height, crown 
width, crown length, and LAI.  Other 
measurements included: sap flux, litterfall,  soil 
moisture, throughfall, foliar nutrition, soil CO2 
efflux, root biomass, and solar radiation.  Rainfall, 
air temperature, relative humidity, and solar 
radiation were recorded continuously at a 
central tower.  The study was terminated 
following the 2016 growing season.  

In January-February of 2014-2016, there were 
several snow and ice storms in central Virginia.  
Although the site did not have significant tree 
damage, numerous throughfall exclusion 
structures required repair (Figure 3). 

Figure 1.  Completed throughfall exclusion treatment. 

Figure 2.  Fertilizer being applied. 



 

 136 

Results  
Five Year Response   
There were no significant interactions between 
fertilizer and throughfall exclusion treatments in 
any measured parameters at the treatment 
level (α =0.05).  

Five year mean height growth averaged 16.6  ft 
with no significant differences.  However, 
fertilized stands grew significantly larger in 
diameter  increment (3.06 in) compared to non-
fertilized trees (2.65 in).    

Additionally, fertilized stands had increased 
basal area by 75.0 square feet per acre 
compared to 62.8 square feet per acre in non-
fertilized stands.  When the study was 
established, mean basal area was 57.6 square 

feet per acre (Figure 4).  Fertilizer treatments did 
not show a significant difference in mean basal 
area until Year 3 (Figure 4).    

Volume growth was driven by basal area 
growth over the five years of treatment.  
Fertilized treatments grew an additional  7.6 
green tons per acre with significant differences 

after the third growing season (Figure 5). 

Five years of 30% throughfall exclusion did not 
have a significant effect on stand level growth. 

Conclusions 
1) Fertilization increased growth. 
2) Similar growth occurred in fertilized stands 

even when throughfall was reduced by 30%. 
3) The level of throughfall exclusion in this study 

was not sufficient to alter loblolly pine 
physiological processes.  

Continuing Work 
1) Publish results. 
2) Dismantle site.  

Acknowledgement 

The Pine Integrated Network: Education, 
Mitigation, and Adaptation project (PINEMAP) is 
a Coordinated Agricultural Project funded by 
the USDA National Institute of Food and 
Agriculture, Award #2011-68002-30185. 

Figure 3. Snow and ice damage from storm in 
February 2014. 

Figure 5. Mean treatment trends of five year standing 
volume. Asterisk denotes significant differences  
between fertilized (blue line) and non-fertilized (red line) 
stands (a = 0.05, n=8).    

Figure 4. Mean treatment trends of five year basal 
area. Asterisk denotes significant differences  between 
fertilized (blue line) and non-fertilized (red line) stands 
(a = 0.05, n=8).    
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PINEMAP: Modeling the Impacts of Climate Change on Loblolly Pine 
Plantations in the Southeast United States   

Rationale 
The Pine Integrated Network: Education, 
Mitigation, Adaptation Project (PINEMAP) is a 
USDA NIFA Coordinated Agricultural Project 
working to reduce the use of nitrogen fertilizer by 
10% and increase carbon sequestration by 15% 
through resilient forest production systems under 
changing climate by 2030.   
The specific goals of PINEMAP are to create, 
synthesize, and disseminate the necessary 
knowledge to enable southern forest 
landowners 
 to harness pine forest productivity to mitigate 

atmospheric CO2, 
 to more efficiently utilize nitrogen and other 

fertilizer inputs, 
 and to adapt their forest management 

approaches to increase resilience in the 
face of changing climate. 

 

Experimental Approach & Methods 
Modeling the impact of climate change on 
loblolly pine forests of the southeastern United 
States is a major focus of the PINEMAP project.  
PINEMAP is using the 3-PG model to estimate the 
impact of climate change on future productivity 
of loblolly pine. 
 
Results  
Based on predictions of future climate in the 
southeast US that suggest a warmer and wetter 
environment with higher levels of CO2, the results 
from 3-PG are show in Table 1 and Figure 1. 
These model results predict  1) substantial 
increases to loblolly pine productivity across the 
region; 2) combined with an empirical model of 
soil respiration, there will be an increases in 
ecosystem carbon storage (NEP); and 3)growth 
response to climate change alone is neutral to 
negative but response to CO2 is strongly positive.  

RCP 8.5 
(business as usual) 

1970-1994 1995-2019 2020-2044 2045-2069 2070-2094 

Stem Biomass 
     (Mg/ha) 

155.3±35.2 
(+0.0%) 

175.9±35.9 
(+13.3%) 

204.1±35.8 
(+31.4%) 

223.1±33.3 
(+43.7%) 

235.3±31.7 
(+51.5%) 

NEP 

     (Mg C/ha) 
3.2±1.7 (+0.0) 5.0±2.0 (+2.5) 5.7±2.0 (+2.5) 6.8±2.2 (+3.6) 7.9±2.4 (+4.7) 

RCP 4.5 
(peak emissions 2040) 

         

Stem Biomass 
     (Mg/ha) 

155.3±35.2 
(+0.0%) 

177.4±36.0 
(+14.3%) 

195.9±36.0 
(+26.1%) 

209.9±35.5 
(+35.2%) 

213.8±35.0 
(+37.7%) 

NEP 
     (Mg C/ha) 

3.2±1.7 (+0.0) 4.7±1.9 (+1.5) 5.6±2.1 (+2.4) 6.0±2.1 (+2.8) 6.0±2.1 (+2.8) 

Table 1.  Predicted changes in stem biomass and NEP in loblolly pine forests1970 to 2094 using 3-PG based on two 
levels of atmospheric carbon dioxide (RCP   8.5 and RCP 4.5). 
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Figure 1 . Predicted changes in productivity of loblolly pine in the southeastern United States based on changes in 
rainfall, temperature, and atmospheric carbon dioxide levels  between 1995 and 2094.  Results from  simulations 
using the 3-PG model and climate data from the PINEMAP Project. Results are the percent change from the baseline 
productivity between 1970 and 1994.  

3PG Estimates of Stem Biomass between 2045 and 2069 

3PG Estimates of Stem Biomass between 2070 and 2094 

3PG Estimates of Stem Biomass between 1995 and 2019 
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PINEMAP Tier III: Quantifying Throughfall in Loblolly Pine 

Project Objectives 
1) Quantify the amount of throughfall that 

passes through the forest canopy in the 
Virginia Fertilization by Throughfall Exclusion 
Experiment. 

2) Estimate potential water deficit due to the 
30% throughfall exclusion treatment. 

 
Treatments and Experimental Design 
The design is a randomized complete block  with 
four replications of a two by two factorial 
combination of treatments.  Treatments include 
an untreated control, 30% throughfall exclusion, 
fertilization and combination of throughfall 
exclusion and fertilization. The throughfall 
exclosure is achieved by installing raised plastic 
covered channels that cover 30% of the plot 
area (Figure 1). The fertilization treatment 
includes 200N, 25 P, 50K plus micronutrients (B , 
Cu, S, MN, Zn).  This single dose was designed to 
ameliorate any anticipated nutrient 
deficiencies. Treatment plots are  0.28 acres  
with an untreated buffer of at least 40 feet 
between each plot. 
 
Throughfall Sampling 
Twelve eight inch diameter tipping bucket rain 
gages (Figure 2) have been placed under the 
canopy in each treatment plot in one block (48 
gages).  These gages have digital counters that 

record the number of tips that occur between 
manual readings.  One gage has also been 
placed in three canopy openings around the 
study site to estimate above canopy rainfall.  We 
also have two tipping bucket rain gages that 
are continuously recorded for estimating rainfall 
intensity and number of rainfall events between 
manual readings of the throughfall gages.  
Throughfall sampling has been ongoing since 
June 2012. 
 

Figure 1.  Completed Throughfall Exclosure Treatment. 

Figure 2.  Throughfall gages in a throufall exclusion plot 
in the Virginia Fertilization by Throughfall Exclusion Ex-
periment.  Arrows highlight throughfall gages. 
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Results 
Soil moisture in the upper 4 inches has been 
monitored to quantify the effect of the exclusion 
treatment.  Ward et.al (in press) has summarized 
these data for the period from June 1012 to 
March 2014 (Figure 3) showing a marked 
decrease in volumetric water content in the 
exclusion treatments.  
Throughfall, on average, is 82% of rainfall which if 
we assume that water entering the soil via stem 
flow is minimal then 18% of rainfall is lost to 

canopy interception.  Over the 27 months of 
data presented, cumulative rainfall is 6.2 inches 
below the long term average (Figure 4).   
Currently, estimates of transpiration indicate 
that, even with 30% throughfall reductions, large 
water deficits are not occurring.  Cumulative 
transpiration is approximately 50% of the 
incoming precipitation in the throughfall 
exclusion treatments and 27% of total 
throughfall.   

Acknowledgement 
The Pine Integrated Network: Education, Mitigation, and 
Adaptation project (PINEMAP) is a Coordinated 
Agricultural Project funded by the USDA National Institute 
of Food and Agriculture, Award #2011-68002-30185.  

Figure 3.  Mean Volumetric water content in the control (no throughfall exclusion) and displacement (with throughfall 
exclusion) treatments.   

Figure 4. Cumulative precipitation inputs, and transpiration estimates. 
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PINEMAP Tier III: Litter Decomposition Study 

Project Objectives 
1) Determine decomposition rates of litter and 

green foliage as affected by fertilization and 
30% throughfall exclusion. 

2) Determine nitrogen and other nutrient 
release or immobilization  in litter across these 
treatments. 

Treatments and Experimental Design 
The design is a split-plot superimposed over the 
preexisting randomized complete block with four 
replications of a two by two factorial 
combination of treatments. Whole-plot 
treatments include an untreated control, 30% 
throughfall exclusion, fertilization and 
combination of throughfall exclusion and 
fertilization. The split-plot treatment factor 
consists of litter bags filled with either 14 grams of 
green foliage taken from cut branches 
(simulates foliage that may be lost from 
harvesting or storm damage) or litter collected 
from litter traps. The throughfall exclusion is 
achieved by installing raised channels created 
from 4” PVC pipe split in half.  The PVC channels 
are spaced uniformly to cover 30% of the plot 
area (Figure 1). The fertilization treatment 
includes 200N, 25 P, 50K plus micronutrients (B , 
Cu, S, MN, Zn) applied in March 2012. This single 
dose was designed to ameliorate any 
anticipated nutrient deficiencies. Ten foot by ten 
foot sub plots were installed in the treated buffer 
of existing fertilized and control plots. 

Measurements and Sampling 
Three replicate litterbags (10” by 6”) from each 
sub-plot were collected at 0, 2, 4, 6, 10, 14 and 
18 months starting in April 2014.  Mass loss is 
determined on each bag. Litter from the three 
replicate bags is combined and ground for 
analysis of: loss on ignition, carbon and nutrient 
concentrations (N, P, K, Ca, Mg, B)  Temperature 
and light levels are recorded hourly in each plot 
to be used as potential covariates. 

Results 
Over the first six months of the study, green 
foliage lost mass at a much higher rate than litter 
(Figure 3.) Mass loss  over the following eight 
months (Oct 2014 to June 2015) show a similar 
slope for both litter types (Figure 3.)  After 
fourteen months, the average proportion of ash 

Figure 1. Completed Throughfall exclosure Treatment for 
litter decomposition study. 

Figure 2.  Litter bags installed without throughfall 
exclustion (upper) and with throughfall exclusion 
(lower). Arrow in upper image points to the HOBO 
temperature and light sensor. 
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free mass remaining for green foliage is 64.5% 
verses 81.9% for litter. 

Nitrogen content in the litter has continued to 
increase over  fourteen months indicating that 
immobilization is occurring (Figure 4).   Twenty 
one percent more nitrogen is found in the litter 
after 14 months than was present when the 
litterbags were first installed.  Nitrogen content in 
green foliage has varied over the sampling 
period but has remained close to the same 
amount as when the study was initiated (Figure 

4).  The green foliage in fertilized treatments is 
starting to show a slight trend toward releasing 
nitrogen. 

One potential driver for the results presented 
above is the C:N ratio of the litter.  The green 
foliage began with a much lower C:N ratio than 
the litter and within each litter type fertilized 
treatments had lower C:N ratios that non 
fertilized treatments (Figure 5).  The C:N ratio in 
the green foliage is much more favorable for 
decomposition to occur than that in the litter.   

 Continuing Work 
1) Collect and analyze the final set of litterbags 

to compete 18 months of incubation.   

2) Analyze archived samples to determine 
soluble sugar content in each foliage type to 
use as an additional covariate in the final 
analysis 

3) Build a model of litter decomposition as a 
function of environmental factors and 
parameters of the litter. 

4) Conduct similar analyses for other nutrients 
(P, K, Ca, Mg, B).  

5) Compare the results of this study with a 
companion study that was incubated  
simultaneously in RW195501. 

Acknowledgement 
The Pine Integrated Network: Education, Mitigation, and 
Adaptation project (PINEMAP) is a Coordinated 
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Figure 3. Proportion of ash free mass remaining after 14 
months in each of the four main effect treatments and 
litter types. Error bars are only shown for the control 
treatment. 

Figure 4. Proportion of Nitrogen relative to initial 
Nitrogen content remaining after 14 months in each of 
the four main effect treatments and litter types. Error 
bars are only shown for the control treatment. 

Figure 5. Ratio of Carbon to Nitrogen for each  
collection over 14 months in each of the four main 
effect treatments and litter types. Error bars are only 
shown for the control treatment. 
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PINEMAP Tier II Carbon and Nitrogen Assessment 

Project Objectives 
1) Determine Carbon (C) and Nitrogen (N) 

pools across the range of loblolly pine.  

2) Build a dataset that will allow analysis of 
climate, geography, and management 
effects on C and N pools. 

3) Prov ide data for  val idat ion of 
ecophysiological models.  

Experimental Approach 
One hundred twenty three sites were chosen 
from existing replicated trials that have been 
installed by the University – Industry Cooperatives 
that are collaborating within PINEMAP (Figure 1, 

Table 1).  At each site, one replicate of stand 
management treatments  were chosen for 
sampling.  These treatments included fertilizer, 
thinning, planting density and mid-rotation 
competition control.  All sites also included an 
“operational” control treatment. 

The  sites were divided among the University 
teams that are conducting this work by proximity 
for field sampling to minimize travel.  Sites were 
assigned as follows: VA, NC and SC to Virginia 
Tech and NCSU; West of the Mississippi to Texas 
A&M and OSU; FL, South GA, South AL to UF; and 
North GA, North AL, MS to UGA and Auburn 
(Figure 1).    

Figure 1. Map of Tier II Sites identified by the University doing the sampling (color) and the Cooperative that installed 
the study (shapes). 
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Sampling is designed to 
supplement the stand inventory 
that is already being measured 
by the Coops.  The inventory 
data will be used to estimate 
tree C and N.  We are assessing 
C and N in the coarse woody 
debris, competing vegetation, 
forest floor, and soil to one meter 
depth.  Soil bulk density is also 
being measured to one meter 
depth for scaling purposes. 

Sampling Scheme 
In each plot, eight points are 
randomly selected.  Four points 
are designated to one of two 
groups.  Samples from each 
group are composited together.  
At each point, competing 
vegetation with in 0.5 * 0.5m 
quadrat with a dbh greater than 
2.5 cm is measured and all 
smaller vegetation is cut, 
b a g g e d  a n d  b i o m a s s 
determined in the lab.  Any 
coarse woody debris within this 
quadrat is also assessed.  Litter 
and duff are collected and 
bagged separately from a 0.35 * 
0.35m quadrat centered within 
the larger quadrat.  Soil is then 
sampled  in the following depth 
increments  0-15cm, 15-30cm 30-
50cm and 50-100cm.  Soil bulk 
density samples are collected 
from each depth increment from 
one point in each group.    

Once in the lab samples are dried, weighed and  
C and N concentration determined using a CNS 
analyzer.  Soil is sieved to remove rocks and roots 
prior to analysis.    

Current Status 
Field sampling and processing has been 
completed on 321 trial plots across the 
Southeast (Figure 1).  The data from the four 
University Teams are being combined and 
analyzed.  We now have a soil database 
representing a total of 2562 soil samples with 
values computed for bulk density, C and N 
concentration, pH, CEC and Mehlic I extractions 
for P, K, Ca, Mg, Cu, Fe and B.   We also have 
measured and computed the C and N content 
of the planted pine, understory vegetation, 
forest floor and coarse woody debris in each of 
the 321 plots.   

Table 1.  Research Cooperatives, study names, number of sites and plots 
sampled for  Tier II carbon and nitrogen assessment.   

Coop Name Study Names Sites  

FPC 
Forest    

Productivity 
Cooperative 

RW18 18 36 
RW19 7 38 
RW20 2 4 

FMRC 
Forest Modeling 

Research      
Cooperative 

IMP 37 74 

PMRC 

Plantation 
Management 

Research      
Cooperative 

Mid Rotation Treatment 11 54 

Western Gulf Culture Density 6 24 
Coastal Plain Density 3 12 

SAGS Density 5 20 
SAGS Site Prep 3 9 

FBRC 
Forest Biology 

Research      
Cooperative 

WG PPINES 3 18 
LCP PPINES 5 18 

IMPAC II 1 4 
SSPS 1 3 

VARIETIES I 1 2 
VARIETIES II 1 2 
AmeriFlux 2 2 

    Total 105 321 
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Estimating the Contribution to Total Leaf Area Index of the Dominant 
Canopy in Intensively Managed Loblolly Pine Plantations from Airborne 

LiDAR in the Southeast USA 

Introduction 
High correlations between Leaf Area Index (LAI) 
and pine productivity have been reported in 
loblolly pine plantations in the southeastern  
United States. Projected LAI is defined as half the 
total leaf surface area per ground surface area. 
LAI has been linked to several important 
ecosystem processes, such as the exchange of 
energy and gases between terrestrial 
ecosystems and the atmosphere, and the 
interception of rainfall.  

The vertical distribution of total leaf area within a 
forest stand will vary in forest environments due 
to differences in age and physical structure, 
such as planting density, which will impact the 
amount of light available to each tree. The sum 
total leaf area within a plot will include all 
dominant canopy and understory layer 
components, where the contribution of each 
layer can vary. In particular the presence of 
understory components can alter the 
productivity of a site through competition. 

Objectives 
The overall goal of this study was to utilize an 
established method for the estimation of the 
total LAI for a field plot area. The LAI was then 
estimated for the dominant canopy only in an 
intensively managed loblolly pine plantation with 
a broadleaved understory competition in the 
southeastern US from airborne LiDAR data. More 
specific objectives were to: (1) implement a 
LiDAR analysis to characterize the vertical layer 
components of a field-plot extent; and (2) 
investigate methods of estimating LAI and 
methods of determining layer height to estimate 
the LAI of the dominant canopy layer. 

Study Design 
Three study sites of loblolly pine were visited in 
Virginia between August 20th and September 
2nd, 2014. In each location, 25×25m (626m2) 
plots were established to sample variations in 
tree heights, planting densities, ages, and 
understory densities. A total of 85 plots were 

established in the study sites, with 40 plots 
established in locations with understory 
vegetation. LAI data were assessed using a LiCor 
LAI-2200 Plant Canopy Analyzer on each plot on 
two occasions. The first was during peak-leaf 
area (August) in 2014. The plots were visited 
again in 2015 to coincide with minimum leaf 
area (February).  
To remove the influence of the sub-dominant 
vegetation on plot estimates of plot LAI, a 
statistical analysis was used on the maximum 
and minimum LAI values recorded for the 45 
plots containing no understory. Dominant 
canopy only LAI was modeled by calculating 
the difference between peak-LAI and minimum-
LAI model (R2 = 0.95) for field plots with no 
competing vegetation.  

The LiDAR data was acquired for the 3 sites in 
mid-August 2014 (peak-leaf area) using a Leica 
ALS50 Phase-II scanning laser system. An 
average of 5 laser pulses was achieved per 
square meter. Two LiDAR indices determined to 
be accurate predictors of LAI, the Above and 
Below Ratio Index (ABRI) and Light Penetration 
Index (LPI), were calculated (Table 1). Each 
LiDAR derived index attempts to emulate Beer–
Lambert law, which is based the attenuation of 
light to the properties of the material through 
which the light is traveling. Initial estimates of LAI 
were computed where the height threshold 
value (T) was set to the same as field 
measurement height, 1m above ground. 

Vertical layers were delineated by stratifying the 
number of LiDAR returns at defined vertical 
intervals at the plot scales (Figure 1). The 
presence of layers were predicted by the 
presence of local maxima and minima. The 
dominant canopy was classified, and the 
heights identified as the lowest extremity of this 
layer were then used as the height threshold (T) 
input into the LiDAR derived indices to estimate 
LAI.   
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Results 
The results for the estimation of plot LAI (at peak-
LAI) produced high correlations for both the ABRI 
(R2 0.87, RMSE 0.40) and LPI (R2 0.86, RMSE 0.37) 
methods.  

LiDAR estimates of the lowest height of the 
dominant canopy produced a high correlation 
with field estimates for all plots (R2 0.89, RMSE 
2.02m) and those plots with understory only (R2 
0.85, RMSE 2.54m).  

The heights for the lowest extremity of the 
dominant canopy, as identified by the LiDAR 
based approach for automated fitting of layers, 
was used to compute new values of LAI by 
altering the height threshold value (T). This  
resulted in high correlations between LiDAR and 
field estimates of canopy only LAI in plots with 
understory for both ABRI (R2 0.76, RMSE 0.51) and 
LPI (R2 0.75, RMSE 0.51). As evident in the 
scatterplot presented in Figure 2, LiDAR 
estimates, for either ABRI or LPI, slightly 
underestimate the estimated values of canopy 
only LAI by approximately -0.5. 

Conclusion 
The method in this paper demonstrates the 
potential for airborne LiDAR to estimate the 
characteristics of vertical canopy layers and the 
prediction of LAI above height thresholds 
defined by those layers. The application of this 
approach could assist site management and 
augment existing estimates of stand LAI to assess 
the productivity of a single vegetation layer. A 
number of issues remain to be addressed, 
however, such as the potential error sources in 
relating angular passive optical measurements 
to discrete vertical metrics and the influence of 
overlapping layers.  

 

Figure 1. An example of LiDAR return points (20×20×30m) 2-D profile (left) which contained understory components, 
and the vertical profile generated from the height bins (right).  

 Table 1. Index summary. Where Rall denotes the number 
of returns. Rgrd and Rveg is the number of returns below 
and above the height threshold, respectively. 

 

Figure 2. Canopy LAI estimates for plots with understory.  



  

 147 

Maximum Response of Loblolly Pine Plantations to Silvicultural 
Management in the Southeastern United States 

D. Zhao, M. Kane, R. Teskey, T.R. Fox, T.J. Albaugh, H.L. Allen, R.A. Rubilar 

Objectives 
Pine plantations in the southeastern United 
States are among the most intensively managed 
plantations in the world. Intensive silvicultural 
practices have increased pine plantation 
productivity three fold over natural pine.  
However, maximum pine productivity  has not 
been determined. This information is necessary 
to better understand management opportunities 
for increasing growth and, consequently, carbon 
sequestration. Our interest was to examine three 
hypotheses:  1) there is a maximum loblolly pine 
productivity in the southeastern US, 2) there is a 
maximum response to silvicultural treatment, and 
this response is inversely related to initial site 
quality, and 3) there are significant interactions 
among silvicultural intensity, planting density and 
site quality.    

Treatment and Experimental Design 
We examined data from six experiments where 
silvicultural inputs were applied at different 
levels. Three studies were from the Pine 
Management Research Cooperative (Coastal 
Plain Culture Density, Upper Coastal Plain/

Peidmont Culture Density, and Western Gulf 
Culture Density), one was from the Consortium 
for Accelerated Pine Production (CAPPS) and 
two were from the Forest Productivity 
Cooperative (Regionwide 18 (RW18) and 
Southeast Research and Education Site (SETRES)) 
(Table 1). Sites in these studies spanned the 
native range of loblolly pine.  The culture density 
studies had a range of planting densities and 
two levels of silvicultural input (operational (to 
represent current operational stands) and 
intensive (to reduce or eliminate any resource 
limitation). The CAPPS studies applied 
combinations of fertilization and vegetation 
control treatments. The RW18 applied a range of 
nutrient dose and application frequencies. The 
SETRES site applied combinations of fertilization 
and irrigation. Site index, defined as average 
height of the tallest 80% of trees at age 25, was 
used as the metric to test the first two 
hypotheses because it is little affected by 
density, and is estimated at a fixed age.  
 

Results  
There was a negative relationship between 
change in site index (SI) and base SI indicating 

Table 1. Studies included in this analysis are the CPCD (Plantation Management Research Cooperative (PMRC) 
Coastal Plain Culture Density study), UPCD (PMRC Upper Coastal Plain/Peidmont Culture Density Study), WGCD 
(PMRC Western Gulf Culture Density Study), CAPPS (Consortium for Accelerated Pine Production Study), RW18 (Forest 
Productivity Cooperative’s Regionwide 18 Study), and SETRES (Southeast Research and Education Site). Presented for 
each site are the experimental design, treatment description, site location, age at last measurement and reference 
where the study data were initially reported.   
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that as base SI increased there was less response 
to silvicultural inputs and that maximum site 
index was about 105 ft for native range loblolly 
pine (Figure 1). With the application of 
silvicultural inputs, expressed maximum SI was 
less than the maximum possible SI, and this 
effect was most noticeable on sites with a low 
base SI (Figure 2). Site quality, cultural intensity, 
planting density and site quality by cultural 
intensity were significant factors explaining age 
15  aboveground biomass (Figure 3).  Low quality 
sites had much greater response to more 
intensive silvicultural inputs than did high quality 
sites.   

Conclusions 
The results support the first two hypotheses and 
partially support the third. Identifying the 
maximum site index means that potential 
productivity, and consequently, carbon 
sequestration can be defined. Site specific 
silviculture can be employed to apply the 
appropriate silvicultural inputs to the range in 
sites with a different site quality. It would be 
possible to reduce production costs by reducing 
rotation age on high quality sites.   

Additional Resources 
Zhao et al.  2016.  For. Ecol. Manage. 375:105-
111. 

Figure 1. Change in site index versus base site index with 
0.99 (Maximum), 0.9 and 0.5 (Mean) regression quantile 
estimates. The negative slopes indicate a large potential 
site index response to silviculture on poor quality sites and 
a small response on high quality sites. 

Figure 2. Expressed site index for plots with increased 
silvicultural inputs and the base site index for the 
corresponding control or operational plots.  The 
Realized max line is the 0.99 quantile regression 
estimate from Figure 1. 

Figure 3. Aboveground biomass at age 15 for low (L, site index (SI)<80 ft), medium (M, 80<SI<90 ft) and high (H,SI>90) 
quality sites where operational and intensive silvicultural treatments were applied. 
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Estimating Aboveground and Harvest Residues Biomass for Pinus radiata 
and N Stand Accumulations in Central-Southern Chile 

E. Cartes R. and R. Rubilar P. 

Introduction 
Studies of Pinus radiata D. Don biomass started in 
the 1960's mainly in Australia, New Zealand and 
South Africa (Baker & Attiwill, 1985; Madgwick et 
al., 1977; Madgwick, 1994; Will, 1964). In Chile 
there are also various studies relating 
aboveground biomass for this species (Gerding 
& Schlatter, 1999; Muñoz et al., 2005; Rodríguez 
et al., 2003; Rubilar et al., 2010). However most of 
these studies have not focused on obtaining 
estimates of aboveground biomass portions for 
energy purposes. The use of biomass from 
harvesting residues for energy purposes is today 
a common practice in Chile. An urgent need 
exist to improve estimates  of biomass 
production and to evaluate the sustainability of 
nutrients removals in Chile. 
 
Objectives 
To model the potential biomass of harvesting 
forest residues from Pinus radiata plantations on 
major contrasting soil-site conditions of central-
southern Chile.  
 
Methods 
Study area: The study considered 26 stands of P. 
radiata on harvesting age grown in the major 
contrasting soil types of the central-southern 
Chile (volcanic sands, recent volcanic ashes 
and marine sediments). Stands were located 
mainly in Biobío Region (Figure 1) and 
considered different forest management 
schemes. Age ranged from 15 to 31 years-old 
and stand density from 285 to 1620 tree*ha-1to P. 
radiata and.  
 
Biomass estimate: Aboveground biomass 
estimates were obtained by destructively 
sampling 10 selected trees at each stand, 
considering the diameter distribution of each 
stand. Stem biomass (wood and bark) for each 
tree  was estimated by sections, calculating 
stem volume by Smalian with and without bark 

of each section and multiplying by stem basic 
density from samples obtained at 2,44 m interval 
along the bole. Five branches and its foliage 
were sampled from each tree considering the 
range of the insertion branch diameters and 
dried at 65°C until constant weight. Individual 
tree live crown biomass was estimated by 
adjusting a model to estimate branch biomass 
(branch wood & bark, live and dead foliage, 
and cones) with branch diameter and then 
summing all branch estimates per tree. Stand 
biomass estimates were obtained by applying 
individual tree biomass regression equations 
using inventory data. Crown dead biomass was 
estimated at tree level by weighing all dead 
crown components (branch bark & wood and 
cones) in the field and then aliquots were dried 
at 65 ° C to constant weight and scaled. 
Harvesting residues were estimated considering 
the remaining biomass from non-commercial 
stand volume (wood and bark, diameter > 8cm) 
and live and dead crown. Tissue nutrient 
analyses were obtained for aliquots of each 
biomass samples and scalled. 
We estimated for individual trees aboveground 
biomass considering: commercial stem,   stem 
harvest residues,   living and dead crown. 
Harvest residues considered: stem harvest 
residues and  live and dead crown. 
 
Biomass models: Allometric models adjusted to 
aboveground and harvest residues biomass for 
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individual trees were evaluated using variables 
such as diameter at breast height (DBH or D) 
and total height (H). Models of the type [1] and 
site specific effects were tested using dummy 
variables (Hardy, 1993). 
                                                          [1]  
Where,  
Y: Aboveground and harvest residues biomass. 
X: Independent variables DBH, H or D2H. 
a, b: parameters. 
The evaluated model obtained was expanded 
to hectare using the preharvest projected stand 
table. Estimations were compared with local 
published models for aboveground and harvest 
residues biomass (INFOR, 1985; Corvalán & 
Hernández, 2011). 
 
Results 
Individual tree aboveground biomass model: 
Individual tree aboveground biomass model was  
dependent on soil type (p<0,0001) (Table1). 
Table 1.– Adjusted model parameters to 
aboveground biomass and harvest residues biomass. 

Aboveground and harvesting residues biomass: 
The aboveground biomass model was 
dependent of soil type. When scaling to stand 
level and comparing with published estimates in 
Chile differences for aboveground biomass were 
±4% off in comparison with the adjusted model 
(Figure 2). However modeling harvest residues 
biomass with previously published equations 
overestimated residues biomass in average by 
43 to 50% .  
 
The main difference found in the methodology 
of previous studies in Chile was biomass 
partitioning assumptions. Our results suggest that 
stem commercial biomass corresponds in 
average to 82,2±6,4% of the total aboveground 
b i o m a s s .  O t h e r  l o c a l  s t u d i e s 
(Corvalán&Hernández, 2011 and INFOR, 1985), 
propose an average stem commercial biomass 
of 76,3±2,5%. Local models considered the use of 
databases published by Madgwick (1994) where 
ages ranged from 1 to 42 years-old and stand 
densities from 156 to 2496 tree/ha on plantations 

growing on Australia and New Zealand. Our 
results suggest that these estimates may not 
apply to adult P. radiata plantations growing in 
Chile given changes in forest management 
activities, sites and genetic materials. 
Estimates for N accumulated in stand biomass  
ranged from 100 to 500 kg ha-1 yr-1 and were 
directly related to biomass removals (Figure 3) 
 
Future Steps 
Nutrient and soil analyses will allow to estimate 
complete nutrient pools and removals to understand 
potential effects on future sustainability at these sites. 
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Figure 2. Aboveground biomass estimates of stand and 
residues remaining from P. radiate harvest at rotation 
age.  

Figure 3. Nitrogen accumulated on  stand biomass at 
harvesting age for P. radiate stands across sites. 
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Nelder Spacing Trial to Evaluate the Effect of Spacing on Growth of Pinus 
caribaea in Venezuela 

StudyObjective  
To assess the effect of planting density on 
survival and growth of Pinus caribaea 
introduced in sites with low fertility and low 
water availability in the Llanos Area of 
northeast Venezuela. 
 
Treatment and Experimental Design 
The study was established as a square Nelder 
trial in June 2014.  the genetic material 
consisted of cuttings. The site is in the Llanos 
Orientales province.  Soil texture is sandy loam, 
classified as well-drained.  Study site is 97 mosl, 
and present mean annual temperature and 
precipitation of 27 C and 1100 mm, 
respectively. The site index for the site is 18 m 
at age 18.  Site preparation included slash 
burning.  Fertilizers application was 200 gr per 
plant of a blend fertilizers (12-24-12).  This was 
applied one month after plantation.  Weed 
control was mechanical (weeding machine).  
The planting density ranged from 625-10000 
trees /ha as can be seen in Table 1. 
Heights were measured in April 2015 and April 
2016.  A general lineal model (SAS Proc GLM) 
analysis was used to test for treatment effects 
on growth two years after study initiation.   
 
Results 
After  two years since establishment we found 
an effect of the planting density on height 
growth (H,m). Overall, there are two groups of 
responses to treatments, to low and height 

density. The best height growth is reached at 
higher densities of 2500, 1600, 10000 and 4444 
tree/ha , with average of 1 m, in contrast to 
lower densities with H differences of 82% 
(Figure 1). 
This response is due to limiting conditions of 
these soils.  More measurements are needed to 
evaluate if the performance is retained over 
time.   
 
Overall, the trial presented high mortality at all 
densities. The best survival was found for 2500 
tree/ha with 61%, this value differ in a 144% 
from the 25% value reached at 816 tree/ha 
(Figure 2).   Currently, this density is the best, 
due to  height values of height growth (Figure 
1). These results suggest to improve in the 
future aspect of silvicultural management as 
kind of plants, fertilization, or soil tillage. 
 
 
 

 
 
 
 

Table 1.  Planting densities assessed in the Nelder trial.  

Figure 1. Average height growth for the Nelder trial on 
Pinus caribaea in Venezuela, two years after 
establishment. The line show the height increment with 
standard error bars. 
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Future Direction 
Periodic measurements will be obtained 
annually to assess the effect of planting density 
on tree growth, which is expected to be 
modelled for this promising species. 
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Figure 2. Survival percent for the Nelder trial on Pinus caribaea in 
Venezuela, two years after establishment.  

Figure 3. View of the Nelder trial on Pinus caribaea in Venezuela. August 
2016. 
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Fertilization Response at Mid-Rotation Pinus radiata Stands at Three 
Contrasting Soil Conditions—RW 13 

M. V. Ramírez Alzate and R. Rubilar Pons  

Introduction 
Mid-rotation responses to fertilization of Pinus 
radiata D. Don plantations have been observed 
in research experiments in many regions of the 
world. The practice is not common in 
commercial plantations, probably because the 
effects of soil-site conditions on the magnitude 
and duration of tree and stand growth responses 
are not well understood. Effects of nitrogen and 
phosphorus were evaluated at three mid-
rotation P. radiata plantations after thinning. All 
treatments except the control included a base 
fertilization of B and K. Nitrogen and phosphorus 
were limiting at both granitic and sandy sites, 
and high fertilization doses considering 300 kg N 
ha–1 +40 kg P ha–1 reflected a growth response 
relative to the control of 57 m3 ha–1 (16%) at the 
granitic and 24 m3 ha–1 (14%) at the sandy site 
after 8 years. No response to fertilization was 
observed at the red-clay site. Nitrogen and 
phosphorus would ameliorate nutrient resource 
limitations and yield a cost-effective increment 
in stand volume. 

Objective 
To evaluate the magnitude and duration of 
the response of P. radiata to mid-rotation 
application of nitrogen and phosphorus at 
three sites with contrasting fertility and water 
availability in order to understand how 
resource availability affects duration and 
response type across sites.  
 
Methodology 
Three P. radiata stands that were thinned at mid-
rotation to an average stocking of 400 trees per 
hectare were chosen for the study. These 
plantations were on granitic, sandy and red-clay 
sites that represented contrasting soil textures 
and parent materials in south-central Chile. At 
each site a factorial experimental design with 4 
blocks was used. The plots were 0.36 ha (60 × 60 
m) with internal measurement plots of 0.09 ha 
centred within the treatment plots. Treatments 
included a control (no fertilization), and a 
factorial combination of 2 levels of N (150 and 
300 kg N ha–1) and 3 levels of P (0, 20 and 40 kg P 

ha–1), plus a basal application of 8 kg B and 65 
kg K ha–1 (Table 1). 
Diameter (diameter at breast height) and total 
height were taken of all trees in measurement 
plots, and stand volume were estimated before 
fertilization to have a baseline. After treatment 
application, stand measurements were done 
annually in all treatments to calculate the stand 
growth over time. 
 
Results 

Magnitude and duration of growth response was 
site specific. The 300 kg N and 40 kg P ha–1 
treatment (T-221) had a sustained response and 
significantly increased the stand volume at the 
granitic site of 57 m3 ha–1 (16%) (Fig. 1A) relative 
to T-000 at 21 yr. (22 yr. is considered as the 
harvesting age), with a mean annual increment 
(MAI) of 6.4 m3 ha–1 yr–1 over 9 yr. The same 
treatment significantly increased the stand 
volume at the sandy site with a volume 
increment of 24 m3 ha–1 (14%) (Fig. 1B) at 21 yr., 
with a MAI of 3 m3 ha–1 yr–1 over 8 years. 
Fertilization had no effect on volume at red-clay 
site at 21 years of age (Fig. 1C). There was a 
significant effect of fertilizer application on CAI 
at the granitic and sandy sites. CAI volume 
response of T-221 above the control treatment (T
-000) was 24 and 19.8% for 4 and 8 years after 
fertilizer application, respectively, at the granitic 
site, and reached increments of 19.4, 27.9 and 
18.6% at 2, 4 and 6 years after fertilizer 
application, respectively, at the sandy site (Table 

Table 1. Description of treatments used to examine the 
effect of N and P fertilization in Pinus radiata D. Don at 
mid-rotation on stand growth. 
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2). These temporal patterns of CAI responses 
longer than 5 yr. suggest a type A volume 
response of T-221 at granitic and sandy sites.  
Major changes in cumulative growth response at 
the granitic and sandy sites were due to fertilizer 
effects when N was applied at the highest dose 
(300 kg N ha–1), but including phosphorus too.  
The observed growth response at mid-rotation of 
P. radiata stands after thinning for our sites 
supports the synergistic effect of N and P 
fertilization described by Turner et al (1996). They 
reported a 21% volume increment in a study with 
21 trials of fertilizer application after thinning in P. 
radiata stands on sites with contrasting soil-site 
characteristics in New South Wales, Australia.  
Inclusion of P in the fertilizer may stimulate N 
cycling (Bennett et al. 2003) and increase rates 
of N mineralization (Nambiar 2001).  For future 
studies, climate and periodical soil assessments 
may provide a better understanding of the 
processes related with stand growth responses 
over time and differences between sites. 
 

Conclusions 
Type A volume responses occurred when N was 
applied at higher doses in combination with P 
(300 kg N ha–1 + 40 kg P ha–1). The addition of 
both nutrients, N and P, promoted a much larger 
and long-term response at these sites and may 
provide opportunities for large increases in 
productivity, and to obtain a type A response. 

Conversely, red-clay sites apparently with higher 
soil nutrient availability at mid-rotation showed 
no growth responses to fertilizer application. 
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Table 2. Volume response (treatment means), percent-
age of response and summary of statistical significance 
(P-value) of mid-rotation fertilizer application (N and P) 
relative to the control (T-000) for Pinus radiata at 21 
years of age at the granitic, sandy and red-clay sites. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Volume response in mid-rotation Pinus radiata 
stand fertilized with N and P at (A) granitic, (B) sandy 
and (C) red-clay sites. 

Table 3. Repeated measures longitudinal analysis of 
contrasts, evaluating fertilizer application against con-
trol treatment by sampling date on current annual vol-
ume increment response (T-000  and T221 significant 
differences) for mid-rotation fertilization in Pinus radiata 
D. Don at the granitic, sandy and red-clay sites. 
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Fine Root Distribution and Growth in Clonal Loblolly Pine Plantations 
 C. Kiser, J. Zerpa and T. Fox 

Introduction 
The effects of silvicultural treatments on fine root 
production is poorly understood, especially in 
clonal stands.  Carbon allocation to roots may 
help explain differences in above ground growth 
of clones that differ little in their rates of leaf level 
photosynthesis.  These effects  are particularly 
interesting to explore during the first few years of 
stand development when the  differences in 
allocation of fixed carbon to foliage and roots in 
different crown ideotypes are  most dramatic.  At 
the RW20, there were no significant differences in 
height growth of clones with different crown 
ideotypes, although there were differences in 
crown size, suggesting differences in above 
ground vs below ground allocation.   Thus, the 
current state of the fine root system across 
treatments and its development through the 
growing season might provide some insight into 
the carbon allocation pattern of the different 
clones and their future growth aboveground. 

Objectives 
To determine the effects of crown ideotype and 
clone on the production and horizontal 
distribution of fine roots, and to determine the 
effects of clone and silviculture treatments on fine 
root growth and phenology. 

Intact Root Cores  
During the second 
growing season in 2010 
clones in the high 
silviculture - 250 TPA 
t r e a t m e n t   w e r e 
selected on both RW-20 
sites (Reynolds - VA 
Piedmont site, and 
Bladen Lakes - NC 
Coastal Plain site). Two 
trees of average height 
were selected per clone 
and two cylindrical cores 
(5 cm diameter x 20 cm 
deep) were collected 
from each tree at 40, 80, 
and 120 cm from its base 

(fig. 1). Fine roots were separated from the soil 
(fig. 2) using a hydro-pneumatic elutriation 
system and scanned to obtain root length and 
root diameter distribution using the WinRhizo® 
Software. Trees  were also measured when the 
final root samples were collected in October 
2010.   

Results—Intact Root Cores  
Fine root production decreased with increasing 
distance from the tree at both sites (fig. 3). Clones 
C4 and C2 had the highest fine root production 
across sampling distance for the Reynolds and 
Bladen Lakes sites, respectively. Fine root growth 
increased as crown sized increased (fig. 4).  

  

Figure 1. Intact root cores 

Figure 2. Washed pine fine 
roots 

Figure 3. Fine root length by clone and distance from 
the tree. collected at Reynolds (VA Piedmont site) and 
Bladen Lakes (NC Coastal Plain site). 
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Figure 4. Relationship between fine root length and 
crown diameter at Reynolds (VA Piedmont site). 

In-growth Root Cores  
A second study of fine root growth was conduct-
ed at  the two sites in both the low and the high 
silviculture intensities during the 3rd growing sea-
son in 2011. Six in-growth root cores were installed 
at 80 cm from the base of selected trees (fig. 5).  
Cores were sampled in April, July and November 
2011.  

Figure 5. Installation of In-growth root cores. Sieved soil from the 
site was used to replicate as close as possible the soil profile 
through the core depth (20 cm). 

Results—In-growth Root Cores  
Fine root growth was significantly affected by the 
silvicultural treatments  with greater fine root 
growth in the high intensity silviculture in all clones 
at both sites (fig. 6). There were no differences 
among the clones at either site, however, clones 
3 and 4 produced more fine roots at Reynolds 
than clones 1 and 2.  At Bladen Lakes, clone 3 
produced fewer fine roots than the other clones.  

Fine root growth was related to tree growth at 
both Bladen Lakes and Reynolds (fig. 7).   This indi-
cates that silvicultural treatment increased both 
above and below ground growth.  At Bladen 
Lakes, clones showed a different patter of root 
growth  relative to height growth. Clones 1 and 2 
followed similar patterns but clones 3 and 4 had 
more fine roots  at a given tree size,  suggesting 
greater below ground allocation in these clones 
at this poorly drained site. At Reynolds with well 
drained soils,  all four clones followed a similar 
pattern with fine root  mass increased at nearly 
the same rate as tree size increased.   

Figure 7. Fine root growth vs. tree growth for four clones 
at Bladen Lakes (top) and Reynolds (bottom) 

Figure 6. Effect of silvicultural intensity (low= open 
bars; high=filled bars) on fine root mass of four clones 
at Reynolds (top) and Bladen Lakes (bottom).  
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Effect of Silvicultural Intensity on the Leaf-level Physiological Processes of 
Loblolly Pine Varieties 

M. Yanez, T. Fox, J. Seiler, and J. Stape 

Rationale 
Clonal forestry seems to be the next step to 
increase forest productivity.  However, little is 
known about how to deploy elite genotypes 
and the magnitude of genetic by environment 
interactions. Although there is  evidence of some 
genotype by site interaction, there  is 
controversy about the responses of different 
genotypes to silvicultural systems.  There is a 
need to understand how these interactions 
affect forest productivity, in order to improve the 
site-specific prescriptions. One approach to 
address these questions is through the study of 
the major physiological processes.  In this 
context, we characterize the photosynthetic 
rate of different varieties planted in two 
contrasting sites and two silvicultural intensities. 
 
Treatments and Experimental Design 
A study of varietal silviculture of loblolly pine was 
established in 2009 at two sites in the southern 
U.S. One site was located in the Virginia 
Piedmont (Reynolds Site) and the other in the 
North Carolina Coastal Plain (Bladen Site).  
Furthermore, in 2011 another replication of the 
study was established in the State of Santa 
Catarina, Brazil.  The study was a split-split plot 
design with two levels of silviculture (operational 
and intensive) as the main plots,  six genotypes 
entries (1OP, 1CMP, 4 clones) as sub-plots, and 
three different planting densities (250, 500, and 
750 trees per acre) as sub-sub-plot.  In the site in 
Brazil a local CMP family was additionally 
included.  At the site at Reynolds and Brazil, the 
experimental unit consisted of block-plots of 81 
trees (in an arrangement of 9 by 9 trees) with 4 
replicates. At the Bladen site the experimental 
unit was a block-plot of 63 trees (in an 
arrangement of 9 by 7 trees) with 3 replicates.  
The genetic entries consisted of 1 open 
pollinated family (OP), 1 mass control pollinated 
family (CMP), and four varieties designated CC1, 
CC2, CC3 and CC4.  The varieties CC1 and CC2 
were selected as having a moderately broad 
crown and CC3 and CC4 were selected as 

having a wide crown ideotype. From June 2011 
to November 2012, measurements of growth 
and photosynthetic rates of three trees  from 
each plot within the spacing treatment of 500 
trees per acre were collected bi-monthly.  At 
each experimental unit, one tree from the lowest 
third, one medium height, and a tree from the 
tallest third were selected. Leaf level gas 
exchange was measured by combining 
fascicles collected from the bottom, middle and 
upper crown.  Measurement were taken with an 
IRGA Licor 6400. In the site of Brazil measurement 
were taken once on August 2013 at the end of 
the winter season.  Measurement were taken 
between 9 am to 4 pm.  All the trees of one 
block were measured before passing to the next 
one, in order to reduce the effect of the change 
of water pressure deficit during the day with the 
block effect. 
 

 

 

 

 

 

 

 

 

 

 

Figure 1. Average photosynthetic rate  per site and date.  
Temperatures in the chamber are shown in the right axis.  
We tried to keep temperatures close to the maximum 
ambient for an specific date. 
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Preliminary Results 
Figure 1 shows the photosynthetic rates measured 
at the sites at Unites States.  Due to the latitude we 
used slightly higher temperatures at Bladen than at 
Reynolds; however, the photosynthetic rate did not 
follow the patterns set up for temperature. In 
September-October the photosynthesis was 
consistently higher at Reynolds in both years. 

 On the other hand, we found a significant 
interaction among the genotypes and time for  
photosynthesis (Figure 2).  In most of the dates, 
there were not significant differences in 
photosynthetic rates among the genetic entries, 
although C4 tended to peak higher relative to C1. 
It is not expected that the rank of the varieties 
based in photosynthetic rates will be constant.  
Photosynthetic rates is a process that could 
change in the scale of minutes, and due to  
complexities in the crown of different ideotypes, 
the genotypes may exploit micro-environmental 
variations or acclimate differently.  We hypothesize 
that intensive silviculture will alleviate some 
nitrogen (N) deficiency, which should boost the 
photosynthetic machinery.  However, we have not 
seen the effect at Reynolds, and there are higher 
photosynthetic rates in the operational treatment 
at Bladen (Figure 3).  Based on the foliar N analysis, 
most of the trees are over the critical N 
concentration of 1.2%, indicating that the N 
deficiency may not exist yet in the trees.  

Figure 2. Average photosynthetic rate and stomatal 
conductance per genotype.  Arrows shows the date were 
significant differences (p<0.05) were found. 

Figure 3.  Average photosynthetic rate per site, silvicultural intensity and date.  Arrows shows the date were significant 
differences (p<0.05) were found. 
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Effect of Silvicultural Intensity on the Intra-crown Variation of Leaf-level 
Physiological Processes of Loblolly Pine Varieties 

M. Yanez, T. Fox, J. Seiler, and J. Stape 

Rationale  
Clonal plantations may improve the productivity 
of loblolly pine plantations in the southern United 
States. However, little is known about the growth 
of specific clones and  how it is influenced by 
silvicultural practices. Clonal plantations  provide 
an opportunity to precisely evaluate climatic, 
edaphic and management impacts on growth 
and stand development. Because the annual net 
primary production of a stand is a function of the 
cumulative effect of the photosynthesis  of 
individual trees, the study of physiological 
processes can be used  to understand  growth 
patterns. 
 
Study Objective  
To determine the effect of silvicultural treatments 
on leaf-level photosynthesis and intrinsic water use 
efficiency on loblolly pine varieties.  
 
Treatments and Experimental Design 
A study of varietal silviculture of loblolly pine was 
established in 2009 at two sites in the southern 
U.S.. One site was located in the Virginia Piedmont 
(Reynolds Site) and the other in the North Carolina 
Coastal Plain (Bladen Site).  The study was a split-
split plot design with two levels of silviculture 
(operational and intensive) as the main plots,  six 
genotypes entries (1OP, 1CMP, 4 clones) as sub-
plots, and three different planting densities (250, 
500, and 750 trees per acre) as sub-sub-plot.  At 
the Reynolds site, the experimental unit consisted 
of block-plots of 81 trees (in an arrangement of 9 
by 9 trees) with 4 replicates.  At the Bladen site the 
experimental unit was a block-plot of 63 trees (in 
an arrangement of 9 by 7 trees) with 3 replicates.  
The genetic entries consisted of 1 open pollinated 
family (OP), 1 mass control pollinated family 
(CMP), and four varieties designated C1, C2, C3 
and C4. The varieties C1 and C2 were selected as 
having a moderately broad crown and C3 and 
C4 were selected as having a wide crown 
ideotype. During the growing season 2012, leaf-
level photosynthesis (Amax), intrinsic water use 
efficiency (WUE) and foliar  nitrogen content were 

measured every 7 weeks on three  trees of 
average height in the 500 tpa plots in each 
genotype and silviculture level. Leaf level gas 
exchange was measured in the upper and lower 
crown using  a Licor 6400. 
 
Preliminary Results  
The ground line diameter growth  of the clones 
from March to June 2012  was different at the two 
sites, and there was a significant genotype by 
silvicultural treatment interaction at the Bladen 
site (Figure 1). Ground line diameter growth  was 
not related to leaf level photosynthesis at either 
the Reynolds site or the Bladen site. The average 
photosynthetic rate was slightly greater in 
operational than intensive silviculture  at both sites
( Figure 1). We hypothesize that nitrogen (N) 
deficiency will be expressed first in the lower 
portions of the crown because  N-deficient trees 
will mobilize the N from the lower to the upper 
crown. This could decrease photosynthesis rates in 
the lower portion of the crown. We therefore 

Figure 1. Average ground-level diameter growth (Black 
bars) and average photosynthetic rate  (Gray bars) in 
response to silvicultural intensity, and genotype at 
Reynolds and Bladen Sites. .  Data were recorded from 
March to June 2012. 
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measured photosynthesis in the upper and lower 
portions of the crown at each site.  
During the measurement period, the 
photosynthetic rate was generally higher in the 
lower crown (Figure 2). In addition, there was no 
differences in the water use efficiency in the 
crown. Conversely, N content was  lower in the 
lower crown, indicating a higher photosynthetic 
nitrogen use efficiency at that position in the 
crown. However, based on the observed N 
concentration in the foliage, N deficiency has not 

yet occurred at this point in stand development. 
Further measurements are being collected. 
 

Figure 2. Photosynthetic rate (Amax) (A), and foliar nitrogen content (B) per site, date, Silvicultural intensity 
(operational and intensive), and Lower (L) and Upper (U) crown. 

A 

B 
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Potential Productivity of Pine in Brazil (PPPIB): Influence of Water and 
Nutrients on Pinus taeda and Pinus caribaea var. hondurensis Yield 

Jose Stape, Juliana Munhoz, Rafaela Carneiro, Isabel Deliberali 

Justification  
The Potential Productivity of Pine in Brazil (PPPIB) 
project started in 2006 to investigate the 
processes that control subtropical and tropical 
Pine growth at the leaf, tree and stand levels 
through the manipulation of nutrition, water 
regime and intra-competition. 
The Pinus genus, which has a planted area of 
approximately 1.6 million hectares in Brazil 
(ABRAF, 2013), has a wide range of forest 
productivity (15-40 m³ha-1yr-1) according to the 
species, soil limitations , climate (Munhoz, 2011) 
and the occurrence of pests and diseases. 
Pine is adapted to different edapho and 
climatic  conditions, leading to none or low 
fertilization in pine plantations in Brazil. But, it’s 
known that fertilization and irrigation may 
substantially increase productivity of forests by 
increasing stand leaf area index and the 
efficiency of converting intercepted light into 
wood biomass (Campoe, 2013).  
 
Study Objective 
The overall goal of PPPIB  project is to 
understand  and quantify the processes that 
control the productivity of Pinus and their 
interactions with the environment. 
The main objectives are to estimate the 
potential productivity in subtropical (P. taeda) 
and tropical species (P. caribaea var. 
hondurensis) under diferents water and nutrient 
manipulations.  
 
Treatments and Experimental Design 
The P. caribaea var. hondurensis (PCH) sites was 
planted in Itatinga/SP (USP), in 2007, and in Nova 
Ponte/MG (CAX), in 2006. The P. taeda (PTA) 
sites was installed in Itatinga/SP (USP) and in 
Telemâco Borba/PR (KLP), both in 2007. 
The experimental design was a 2x2x2 factorial 
combination of nutrition, water and thinning 
additions (control (C) with no additions, irrigated 
(I), fertilized (F), and irrigated and fertilized (I + F)) 
replicated four times, the thinning will be 
implemented in 2014. Fertilization and Irrigation 
regimes were designed to eliminate any 

limitation on growth.  Irrigation started in 2008 at 
USP and CAX, but not yet at KLP.  
Trees were planted using a 3 m x 2 m spacing, 
with 96 sample trees in the measurement plot. 

Methodology 
Measurements are taken annually (in April) since 
age 2 in all sites. These inventories included 
diameter at breast height (DBH), total height (H) 
and live crown length of all living trees in each 
measurement plot. To estimate the volume (m³ 
ha-1) an allometric equation was developed at 
age 4 based on destructive harvesting. Stem 
wood volume correlated with tree diameter and 
height for all sites and treatments (r2 greater 
than 0.98): 
PCH: Vol = 0.000120 DBH1.803612 H0.735925 
PTA: Vol = 0.000135 DBH 2.025363 H0.327535 

where Vol is stem wood volume (m³), DBH 
diameter (cm) at 1.3 m height, H (m) total tree 
height. 
 

Figure 1. Location of the 3 PPPIB sites. (Red 
dots). 
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Partial Results  
Survival was very high across all treatments and 
sites (higher than 98%). At USP, PCH is more 
productive than PTA (Figure 1). In the control 
treatment the mean volume was 310 m³ha-1 for 
PCH and 140 m³ha-1 for PTA. In the I+F  
treatments, mean volume was 360 m³ha-1 for 
PCH and 180 m³ha-1 for PTA (Figure 3).  
At the KLP site (Figure 2.b) the only real effect is 
the nutrition, because the irrigation system is not 
implemented yet. The difference between the 
fertilized and the unfertilized treatments is 24% 
(173 m³ ha-1 versus 132 m³ ha-1, respectively). At 
USP site (Figure 2.a) the I+F treatments had a 
volume 17% higher than the control, and almost 
the same growth than the Irrigated, pointing to a 
water limitation situation. 
 

The CAX site (Figure 2.c) is located in a region 
with dry seasons and, therefore, showed big 
response to irrigation (363 m³ha-1 in I+F and I 
treatments versus 300 m³ha-1withouth irrigation). 
And at USP site, PCH showed 13% higher yield in 
F+I and F treatments than in control treatment. 

So, the study has shown the positive effect of 
irrigation on the productivity of Pinus in Minas 
Gerais, and the response to fertilization of Pinus 
at São Paulo and Paraná states sites.  
 
Next Steps 
The PPPIB is a long term project. The next step will 
be a carbon budget study to better understand 
why PCH has a bigger (twice) yield than PTA, 
since, photosynthesis at the leaf level does not 
explain this huge difference (Carneiro, 2013). 
 

Figure 2.a. P. taeda (PTA) and  P. caribaea var. 
hondurensis (PCH) at USP site in April 2014 (7 years old). 
1.b. KLP site with 7 years old PTA specie. 1.c. PCH at CAX 
site with 5 years old. 

Figure 3. Volume (m³ ha-1) for PCH and PTA in all sites. 
USP: Itatinga/SP; CAX: Nova Ponte/MG; KLP: Telêmaco 
Borba/PR. Columns with the same letter do not differ at 
P=0.05.  

 a 

b  c 

Additional Resources 
Munhoz, J.S.B. 2011. M.S. Thesis, USP, 117 p.   
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Producers. Statistical year book 2013 base year 2012. 
Campoe et al. 2013. For. Ecol. & Manage, 288, 43-48. 
Carneiro, R.L. 2013. M.S. Thesis, USP, 85 p.
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Phenological Studies of Pinus taeda and Pinus caribaea var. hondurensis 
Under the Effect of Irrigation and Nutrition in São Paulo - Brazil 

Rafaela Carneiro, Jose Stape, Rildo Moreira 

Study Objective 
Forest productivity depends on the 
photosynthetic capacity, respiration rates, and  
carbon allocation patterns of the trees in the 
forest. More specifically, the photosynthetic 
capacity is related with the amount of leaf 
available to capture light and the conversion 
efficiency. So, the main goal of this study is to 
characterize and compare the crown 
development and wood increment for 5 year-
old Pinus taeda and Pinus caribaea var. 
hondurensis. 
 
Experiment Design 
The study were conducted in the Potential 
Productivity of Pinus in Brazil project, located at 
the Experimental Station of ESALQ/USP in São 
Paulo, Brazil (Figure 1A).  
The campaigns were performed in trees of Pinus 
caribaea var. hondurensis and Pinus taeda in 
control plots (no fertilization and no irrigation) 
and fertilized and irrigated plots (Table1). The 
evaluations occur monthly in March to August  
2012 and biweekly from September 2012 to 
March 2013. 
Four dominant trees were selected for each 
species/treatment. A healthy branch of the 
upper third of the canopy were selected and 12 
to 16m scaffoldings were installed to reach them 
(Figure 1B).  
We measured the diameter of the branch, the 
total length of the branch, number of secondary 
branches and numbers of shoots and flushes.  
 
 
 
 

After that, the flushes were studied until they 
drop the fascicles. For each studied flush we 
measured its length, the number of existing 
fascicles and the average length of the 
fascicles. The measurements were taken in 10 
randomized fascicles located in the center of 
each flush. 
The diameter growth was evaluated biweekly 
using dendrometric bands (Figure 2) installed in 
the same species/treatments of the phenology. 
A total of 6 bands were used: two dominant 
trees, two medium trees and two suppressed 
trees in the four blocks of the experiment. 
 
Results 
Figures 3 and 4 show that Pinus caribaea var. 
hondurensis has an average higher amounts of 
fascicles and greater lengths of their fascicles 
when compared with Pinus taeda.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Treatments of the study 

 CODE TREATMENT 

PCH-SN Pinus caribaea var. hondurensis                    
no fertilization and no irrigation 

PCH-FI Pinus caribaea var. hondurensis                           
fertilized and irrigated 

PTA-SN Pinus taeda                                                      
no fertilization and no irrigation 

PTA-FI Pinus taeda                                                      
fertilized and irrigated 

Figure 2. Dendrometer band in P.caribaea var. hon-
Figure 1. A: Experimental area with five years old. B. 
Picture of the  scaffolding. 
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Figure 7: Maximum rate of rubisco carboxilização to 25 º C 
(Vcmax (25) for Pinus taeda during the summer and winter.  

While Pinus caribaea var. hondurensis has more 
fascicles for each sapling (Figure 3), this species 
has a more pronounced fascicle loss, especially 
during the winter (dry and cold season) as seem 
in Figure 5. 
Figure 6 evidences the low temperatures from 
May to August and also the decrease in rainfall. 
Nevertheless, there were diameter growth for 
both species (Figure 7). 
 
Next Steps 
This is a on-going project and we intend to fully 
understand the phenology patterns and tree 
growth and their relation with the climatic 
conditions, and how they vary between tropical 
and subtropical pines. 
 
Acknowledgments 
We would like to thank Esalq/USP and all the 
companies associated  with  the  PPPIB  project 
and the  IPEF. www.ipef.br/pppib/ 

Figure 3. Maximun fascicle number of the last flush 
formed during the growth period of 2011 and 2012, 
and first flush formed during the growth period of 2012 
and 2013. 

Figure 5. Drop fascicle (propotion of loss) of the last 
flush formed during the growth period of 2011 and 
2012.  

Figure 4. Maximun fascicle  length (cm) of the last flush 
formed during the growth period of 2011 and 2012, and 
first flush formed during the growth period of 2012 and 
2013. 

Figure 6. Precipitation (PPT), Maximum temperature 
(Tmax) and Minimum temperature (Tmin) in Itatinga, 

Figure 7. Diameter increment from  March 2012 to May 
2013.  
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Justification 
In Brazil, the genus Pinus is planted in both 
subtropical and tropical regions. Pinus caribaea 
var. hondurensis is used in tropical areas while 
Pinus taeda is used in subtropical ones. The 
tropical species tend to be more productive 
than the subtropical, but are more sensitive to 
frost, which prevents their use in colder areas. In 
South of Sao Paulo State, both species are 
planted, which allows investigating the 
ecophysiological differences between them in 
order to explain their distinct productivity. 
 
Study Objective 
The study was design to compare both species 
and characterize the following physiological 
variables: i) maximum photosynthetic capacity 
(Amax), ii) Photosynthesis throughout the day 
(A); iii) Changes in stomatal conductance (gs) in 
relation to the increase in vapor pressure deficit 
(VPD), and iv) Maximum rates of carboxilization 
(Vcmax) and maximum rates of electron 
transport (Jmax) based on A/Ci curves.  
 
Experiment Design 
The study was conducted in the Potential 
Productivity of Pinus in Brazil project, located at 
the Experimental Station of ESALQ/USP in São 
Paulo, Brazil (Figure 1). The campaigns were 
conducted in trees with five years old of Pinus 
caribaea var. hondurensis and Pinus taeda in 
control plots (no fertilization and no irrigation) 
and fertilized and irrigated plots during summer 
and winter of 2012 (Table1). 

The fertilization of the fertilized plots used 2,000 
kg ha-1 (Lime), 400 kg ha-1 (SSP), 80 kg ha-1 
(urea), 80 kg ha-1 (KCl), 80 kg ha-1 (Micro). 
Manual weeding and herbicide applications 
were done to eliminate weed competition. The 
drip irrigation system was started at year 3 
applying approximately 40 mm/week to 
eliminate water deficit of the irrigated plots. 
From the 2011 inventory data three average 
trees were selected per plot for physiological 
evaluations, performed with the LiCor 6400XT. 
Amax measurement was performed in the 
middle third of the crown, in two branches per 
tree and two positions per branch, taken from 8 
to 10am. To get the response of A and gs with 
increasing VPD, the measurements continued 
every hour, from 11 am to 3 pm. The A/Ci curves 
were performed in three trees, one branch per 
tree and two positions per branch were taken 
from 8 am to 12 pm. At the end of the 
measurements, the needles were collected for  
determination of  specific leaf area (SLA) and 
leaf nitrogen (N). 

 

Table 1: Treatments of the study. 

 CODE TREATMENT 

PCH-SN Pinus caribaea var. hondurensis       
without fertilization and irrigation 

PCH-FI Pinus caribaea var. hondurensis                           
fertilized and irrigated 

PTA-SN Pinus taeda                                                      
without fertilization and irrigation 

PTA-FI Pinus taeda                                                      
fertilized and irrigated 

Figure 2: Accumulated volume at 5 years-old. Figure 1: Experimental area with five years old. 

Photosynthetic Capacity of Pinus taeda and P. caribaea var. hondurensis 
in São Paulo 

Rafaela Carneiro, Jose Stape, Rildo Moreira 
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Results  
At year five, Pinus caribaea var. hondurensis was 
two times more productive than Pinus taeda 
(Figure 2) and both species responded to 
management (fertilization and irrigation).  
Both physiological measurements showed similar 
results  between treatments for each species. 
Amax values were higher during summer, and 
Pinus caribaea var. hondurensis showed greater 
sensitivity when compared to Pinus taeda in 
both seasons (Figure 3).  
A and gs throughout the day showed higher 
variation in P.caribaea var. hondurensis. There 
was a reduction of gs with the increasing in VPD, 
for both campaigns for the Pinus caribaea var. 
hondurensis and only in winter campaign for 
Pinus taeda (Figure 4 and 5).  

Photosynthetic parameters in Pinus taeda were 
higher than in Pinus caribaea var. hondurensis  in 
both campaigns (Figures 6 and 7). 
These parameters relate directly to the contents 
of foliar nitrogen and Pinus taeda has the 
highest concentrations of nitrogen (Table 2). 
 
Conclusion 
The two pine species have different behaviors in 
response to climatic changes.  
There was no relationship between tree biomass 
growth and leaf-level measurements of 
photosynthesis, indicating that other processes 
at crown level, C use and C allocation should be 
investigated to explain the difference in growth. 

            

Specie Treatment N SLA superf SLA proj Narea 

# # g kg-1 m2 kg-1 m2 kg-1 g m2 

PCH SN 10.1 9.2 4.0 1.1 
FI 10.1 10.1 4.3 1.1 

PTA 
SN 13.9 9.4 4.5 1.6 

FI 13.0 10.8 4.0 1.4 

Figure 3: Maximun photosynthesis (Amax) and photo-
synthesis throughout the day  (A) during summer and 
winter. 

Figure 4: Relationship between gs and VPD for Pinus 
caribaea var. hondurensis during the summer and win-
ter.  

Figure 5: Relationship between gs and VPD for Pinus 
taeda   during the summer and winter.  

Figure 6: Maximum rate of rubisco carboxilização to 25 
º C (Vcmax (25) for Pinus caribaea var. hondurensis 
during the summer and winter.  

Figure 7: Maximum rate of rubisco carboxilização to 25 
º C (Vcmax (25) for Pinus taeda during the summer and 
winter.  

Table 2: Leaf nitrogen content (N), specific leaf area 
surface (SLAsuperf), specific leaf area projected 
(SLAproj) and nitrogen content per leaf area (Narea), 
for Pinus caribaea var. hondurensis and Pinus taeda  
during summer and winter 
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PPPIB Carbon Budget: Patterns of Carbon Allocation in Pinus taeda and 
Pinus caribaea var. hondurensis Under Water and Nutrients Regimes 

I. Deliberali, J. Stape, J. Munhoz, R. Carneiro 

Justification  
Pine plantations cover an area of approximately 
1.6 million hectares in Brazil, mostly concentrated 
in the South region (83%) and with an average 
yield of 35 m³ ha-1 yr-1, close to the average yield 
of Eucalyptus in the country (45 m³ ha-1 yr-1) 
(ABRAF, 2013). This high growth rates are related 
with adequate soils and climate, but also due to 
silviculture and genetic improvements obtained 
via  research efforts. Nevertheless, it is known 
that the actual Pine productivity in Brazil is 
probably below the potential limit that the 
plantations can reach. 
Natural resource manipulations (particularly 
water and nutrients) strongly influence wood 
production, but the understanding of the 
processes that control wood growth requires a 
complete carbon (C)  budget study (Litton et al. 
2007).   
However, it is a challenge to predict how forest 
growth and how ecosystem carbon storage 
respond to changes in resource supplies, 
particularly because the controls over carbon 
allocation are poorly understood (Landsberg, 
2003).  
 
Study Objective 
The overall goal of PPPIB Carbon Budget project 
is determine the effect of water, nutrient and 
management manipulations  in the carbon 
budget, allocation and storage in tropical and 
subtropical Pinus species. 
Our current objectives are to characterize the 
patterns in carbon allocation in two Pinus 
species and the effect of resource availability 
(water and nutrient) in these patterns, in order to 
gain insight into the processes driving gross 
primary productivity and stem production. 
 
Treatments and Experimental Design 
The study site is located in Southeastern Brazil, in 
Itatinga, SP and was planted in February 2007 
with Pinus taeda (PTA) and Pinus caribaea  var. 
hondurensis (PCH) (Figure 1) genotypes.  The  
experiment is a completely randomized block 
factorial design with four treatments (2 
fertilization regimes x 2 water supply regimes) 

and four replicates. Fertilization and irrigation 
regimes were designed to minimize any 
limitation on growth. For the C budget study, two 
treatments in both species were selected: i) the 
control (rainfed and no  fertilization); and ii) the 
intensive (rainfed plus irrigation and fertilization 
application).   

 
Methodology 
We use a similar approach to estimating carbon 
fluxes and pools as outlined in Stape et al. 
(2008). We will estimate the biomass and 
aboveground net primary production (ANPP: 
stem, leaf, and branch production, eq. 1) using 
semiannual  diameter and high measurements 
and site-specific allometric equations; total 
belowground carbon flux (TBCF: sum of root 
production and respiration and mycorrhizal 
production and respiration, eq. 2) using a 
carbon balance approach (Giardina and Ryan, 
2002); and GPP (computed as the sum of ANPP, 
TBCF and estimated aboveground respiration, 
eq. 3). 

ANPP = FA + Δ (CW + CF)  [eq. 1] 
FA: literfall; ΔCW: change in carbon content on 
aboveground wood biomass; ΔCF: change in 
carbon content on foliage in the canopy. 

TBCF = FS– FA + Δ(CR+CL+CT)  [eq. 2] 

Figure 1. 7 years-old Pinus taeda (PTA) and Pinus 
caribaea var. hondurensis (PCH). 

PTA   PCH 
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FS: soil respiration; FA: literfall; Δ(CR+CL+CT): 
change of carbon content in coarse roots, litter 
layers and stumps.  

GPP = ANPP + TBCF + RP  [eq. 3] 
RP: aboveground autotrophic respiration was 
estimates as a fraction of ANPP. 
 
Partial Results  
Figure 1 shows that total biomass in PCH varied 
from 166 and 192 Mg ha-1 (control and total 
treatments), higher than observed for PTA (120 
and 147 Mg ha-1). The PCH had 65% of the total 
biomass in stem, while PTA had only 50%. The 
fraction of biomass in the roots in PCH and PTA 
was 21 and 24%, respectively. In contrast, 
biomass allocated in leaves and branches 
represented together, approximately, 14% for 
PCH and 28% in PTA.   
Figure 2.a shows that soil respiration had 
approximately 35% higher rates in PTA than in 
PCH . This difference was significant between  
the species, but no significant between 
treatments. The values varied in PCH from 1.0 to 
4.3 µmol CO2 m-2 s-1 and in PTA from 1.6 to 5.6 
µmol CO2 m-2 s-1. This results point to a expected 
larger C allocation to roots in PTA when 

compared to PCH.   
Figure 2.b shows that litterfall is higher in PCH 
than in PTA (since June 2013 to July 2014, litterfall 
accumulated was 9.4 and 7.2 Mg ha-1, 
respectively), probably related with the higher 
growth rates and canopy development. It’s 
possible to observe that the litterfall peaks 
occurred after dry seasons. 
 
Next Steps 
This study will be conduced during two full years 
(until June 2015). All data will be combined to 

provide good estimates of complete carbon 
budget of this two Pinus species under 
contrasting natural resources availabilities. The 
results will allow a general view related with the 
Pine processes to produce more wood, under 
genetic or environmental effects.  
 
Additional Resources 
ABRAF - 2013 base year 2012. 
Giardina, C.P., Ryan, M.G., 2002. Ecossystems 5, 

487-499. 
Landsberg, J., 2003. Forest Res. 33, 385-397. 
Litton,  C.M., et al. 2007. Global Change Biol. 13, 

2089-2109. 
Stape, J.L., et al. 2008. Forest Ecol. Manage. 255, 

920-930.  

Figure 2. Biomass allocation in the stem, leaf, branch 
and root (Mg ha-1) in PCH and PTA under different 
treatments.  

Figure 3. Soil respiration (FR) in PTA and PCH species 
under the  total and control treatments .  

 2.a 

 2.b 
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Abstract 
Productivity of southern pine plantations have 
increased substantially due to improved 
silvicultural practices, including genetic 
improvement. Greater productivity increases 
aboveground carbon (C) sequestration, but 
effects on belowground C are poorly 
understood. How sensitive belowground C 
storage is to differences in genotypes is less 
clear. To address these issues, our objective is to 
quantify total belowground C flux (TBCF) of four 
loblolly pine genotypes (three clones and one 
open pollinated family) in a one-year 
observation period, by measuring the soil CO2 
efflux (Fs), soil temperature, moisture, and litterfall 
once per month. We do expect the clone with 
the broad crown ideotype to have a higher Fs, 
due to the positive correlation between root 
area and projected canopy area.  
 

Study Objective 
1. Compare Fs, TBCF at stand levels of 4 

contrasting genotypes of loblolly pine (7 
years old) when managed under intensive 
silvicultural management located on the 
coast plain, North Carolina. 

2. Examine the effects of soil temperature, soil 
moisture, measurement position (within-row 
and inter-row), and genotype on Fs 

3. Validate a Fs model developed by (Templeton 
et al.,2015) using the measurement data. 

Where Ta-soil temperature, N-nitrogen percent (5-10 
cm), SM-soil moisture, BD-Bulk density (5-10 cm). The 
estimation of parameters are: a= 0.483, b= 0.852, c= -
0.045, d= 0.576, e= 0.089, f= -0.336. 
 
Methods 
We are measuring TBCF as surface carbon 
dioxide efflux minus C inputs from above ground 
litter, plus the change in C stored in roots, litter, 
and soil.  
 
 

 

 
 
 
 
 
 
 
 
 

 
1. Soil respiration. Measurements are being 

taken at the two positions (inter-row and 
within-row) shown in Figure 1, with four 
replications, for a total of 8 samples per plot 
(Figure 3). Measurements are carried out 
with the LI-8100 Automated Soil Gas Flux 
System (Li-Cor Inc., Lincoln, Nebraska), with a 
20 cm diameter chamber (Figure 2). The 
measurement will be conducted once a 
month for one year. 

2. Soil carbon. The samples for determining soil 
C are being collected with an auger. 
Samples of 100 g are being collected in 2 
positions, repeated 2 times (before and after 
Fs study to quantify the changes in C stock), 

Total Belowground Carbon Flux of 4 Contrasting Genotypes of a Loblolly 
Pine (Pinus taeda L.) Plantation Located on the North Carolina Coastal 

Plain 

Figure1. Two sampling positions are located inter-row& 
within row . 

 

 

 

 

 

 

 

 

Figure 2. a. The Licor 8100 used to measure soil carbon 
flux. b. the 20cm diameter collar installed on the ground. 
c. measure soil moisture, temperature and soil CO2 
efflux.  

a b 

c 
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at depths of 0-15 cm, 15-30 cm,  and 30-45 
cm. 

3. Soil density. Samples for the determination of 
soil density are collected with a steel-
cylinder ,with 1 samples per plot at 3 depths. 

4. Litter fall. Quantification of litter production  is 
conducted once per month. To quantify the 
deposition of needles, cones, branches and 
bark, 3 crater baskets covered with plastic 
cloth are placed randomly in each plot.  

5. Forest floor (FF). Quantification of the litter 
accumulated on the ground conducted 
before and after Fs measurement, in order to 
quantify the changes of C stocks of FF. The 
accumulated litter on the soil is sampled at 2 
locations with 2 replications, for a total of 4 
points per plot using a wood frame of 0.25 
m*0.25 m=0.0625 m2 . 

 
Experimental Sites  
This study has been established at the RW20 site 
in Bladen Lakes, North Carolina (Figure 4). The 
site is located at the coastal plain and the soils 
are poorly drained Utisols mapped to the Rain 
series (Fine-loamy, siliceous, semiactive, thermic 
Typic Paleaquults). In the past year, Average 
monthly temperature ranged from 4 °C (Feb 
2015) to 25.8 °C (July 2014) with a monthly 
average of daily maximum temperature of 32.5 °
C (June 2014) and daily minimum temperature 
of -3.2 °C (Feb 2015). Total precipitation was 
1254 mm in 2014.  The block study was installed 
as a split-split plot design with 3 replications. 
There are 4 different genotypes (1 OP, 3 clones
(C1, C2-moderate crown, C4-broad crown)  

Preliminary Results 
1. Soil temperature, and soil moisture are 

critical factors related with Fs, Fs was 
negatively correlated with soil moisture, at –
0.51, and positively correlated with soil 
temperature at 0.72. 

2. Fs of C4 is greater than the other genotypes 
due to the positive correlation between root 
areas and projected canopy area. The 
measurement position also affected Fs, with 
Fs being greater near the tree due to the 
presence of taproot and large lateral roots. 
(Figures 5,6) 

3. Soil CN, no significant differences have been 
found between genotypes and sampling 
location. C4 has a relative lower FF N%. 

 
Next Steps 
Will continue measurements of Fs in the following 
half year. I expect Fs of C4 would still greater, 
and I also expect greater TBCF of C4 would be 
found, due to greater photosynthetic rate and 
less DBH and height growth. Regarding C 
sequestration,  I expect little change in mineral 
soil C in 1 year period.  
I will study fine root mortality to validate the 
hypothesis, by using the ratio of heterotrophic 
respiration and detritus input, to study the soil C 
balance.  
 

Figure 3. Locations of soil CO2 efflux sampling in the 
layout of individual 9 tree x 9 tree plots for one genetic 
at 750 trees/acre planting space . 

Figure 5. Fs of C4(broad crown) is significantly different 
from other genotype. 

Figure 6. Fs within row is higher than the one inter-row.  

Figure 4. The location of RW20 Bladen Lakes. 
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Characterization and Assessment of Competing Vegetation in Midrotation 
Loblolly Pine Stands at Hofmann Forest, NC 

A. Meeks, J. Stape, T. Albaugh, T. Fox 

Grades Codes Description 
Level of 
 C o m p e t i n g 
Vegetation 
(Ground Cover) 

H 
M 
L 
N 

High (> 2/3) 
Medium(1/3 -2/3) 
Low (1/20 -1/3) 
None (< 1/20) 

Type of the 
Dominant Weed 

G 
B 
W 
A 

Grass 
Broadleaves 
Woody 
Absent 

Type of the  
C o - D o m i n a n t 
Weed 

G 
B 
W 
A 

Grass 
Broadleaves 
Woody 
Absent 

Study Objective 
Competing vegetation is commonly present in 
mid-rotation pine stands in the southeastern 
United States (Figure 1) and can become a 
major constraint to forest growth after thinning, 
when additional light, nutrients and water is 
made available for both the retained pine trees 
and the understory vegetation. The combination 
of vegetation control and fertilization (nitrogen 
and phosphorus) have been shown to increase 
productivity of pine stands and can have an 
additive effect which indicates that other 
nutrients or water are being made available for 
the forest. Predicting competing vegetation 
responses on forest growth is critical for foresters 
and landowners because this drives the 
economic decision as to whether or not to 
implement vegetation control. This project is part 
of the PINEMAP effort. 

The current objectives are to evaluate the 
competing vegetation during mid-rotation at 
Hofmann Forest using: 
1.A visual assessment of the level of competing 

vegetation, including the identification of 
the dominant and co-dominant species. 

2.A quantitative assessment to estimate the 
aboveground biomass and nutrient content 
present in the living foliage and woody parts. 

3.A survey for FPC members across the SE US to 
verify the dominant mid-rotation competing 
vegetation species and regional distributions. 

Study Design and Site Description 
A twin plot study was established in 2011, at 40 
sites within the Hofmann Forest NC, across 
varying  ages, geology and site index. Each 
control plot received operational fertilization 
and vegetation control.  The treatment received 
optimum fertilization and complete and 
sustained vegetation control.  At the time of 
establishment, the stands ranged from 2 to 22 
years old.  Soils ranged from mineral to organic.     
      
Visual Assessment 
The level of competition is determined by using a 
quick and simple classification system (Table 1). 
At each of the 40 sites, the control and 
treatment plots were analyzed in the spring and 
summer of 2013.  Each plot received a three 
letter visual assessment code;  
1) level of competing vegetation  
2) dominant vegetation type 
3) co-dominant vegetation type 
Examples are found in Figures 2 and 3. 

Figure 1. Loblolly pine stand with competing vegetation 
at Hofmann Forest, September 2013.  

Table 1.  Classification system for visual assessment of the 
competing vegetation found in the understory of 
pine stands at Hofmann Forest, NC. 
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Current Biomass Sampling 
Using a sampling approach, the relationship 
between competing vegetation and loblolly 
pine productivity  can be investigated. In the 
control plots, a 6m x 0.5m (3m2) sample (Figure 
4) was harvested from the pine understory and 
weighed. The sample areas were chosen after 
careful investigation of the entire control plot. 
The area harvested included the dominant and 
co-dominant competing vegetation species 
and was reflective of the average level (percent 
ground cover) of competition.  
Sampling was conducted at the end of the 

growing season in September 2013, when the 
biomass of the competing vegetation is at it’s 
maximum growth. The green weight of the 
biomass sample was weighed in the field. A 1 kg 
composite sub-sample was transported back to 
the lab at NC State University and placed into 
driers. The sample dry weight will be measured 
and  nutrient analysis will be conducted to 
determine nutrient content. 
 
Preliminary Results and Next Steps 
Visual assessment of the control plots (Figure 5) 
showed the level of competition to be high at 
the majority of the sites. Confronting the 
differential growth rates of the twin-plots in 
relation with the control plots across the 
competing vegetation levels will allow some 
insights regarding the importance of this 
practice on wood production.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Results from the visual assessment of competing 
vegetation at Hofmann forest, NC. Shown here are the 
average conditions  from assessments conducted in 
May, July and September of 2013. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Visual assessment code for Site 24 at the 
Hofmann Forest.  MBW was the code assigned here for a 
medium level of vegetation cover with broadleaves as 
the dominant species and woody as the co-dominant 
species.   

MBW HWB 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Visual  assessment code for Site 5 at the 
Hofmann Forest. HWB represents  a site with  a high level 
vegetation cover with woody species, trees and shrubs, 
as the dominant species and broadleaves as the co-
dominant species.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Control plot where biomass was harvested and 
removed. (Not to Scale). 
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Soil Organic Matter Fractions in Loblolly Pine Forests of Coastal           
North Carolina 

K. Minick, T. Fox, B. Strahm, E. Sucre, and Z. Leggett 

Introduction 
Dependence on foreign oil continues to 
increase and concern over rising atmospheric 
CO2 and other green house gases, due to fossil 
fuel combustion, has intensified research into 
sustainable biofuel production.  Intercropping of 
loblolly pine (Pinus taeda L.) with switchgrass 
(Panicum virgatum L.) or loblolly pine offers an 
opportunity to utilize interbed space on southern 
US pine plantations for the production of a 
biomass feedstock.  Our overall objective is to 
investigate the influence of biomass production 
in loblolly pine plantations on the 
biogeochemical cycling of soil carbon and 
nutrients.  In this study, we aimed to determine if 
switchgrass production in a southern loblolly pine 
forest alters soil organic matter (SOM) stability.   

Site Description and Treatments 
The Lenoir I research site is located in the Lower 
Coastal Plain physiographic province near 
Dover, NC.  Soils are mapped as Pantego (fine-
loamy, siliceous, semiactive, thermic Umbric 
Paleaquults) or Rains (fine-loamy, siliceous, 
semiactive, thermic Typic Paleaquults) soil series.   
Soils at this site are very poorly drained with a 
seasonal water table at or near the surface.  
Ditching is maintained to lower the water table 
and reduce soil water saturation.  Bedding is 
implemented to raise root systems of young 
loblolly pines above the water table, increase 
soil aeration, and reduce competition.  
Switchgrass planted at this research site is the 
Alamo lowland variety.  This variety of 
switchgrass has been identified as the most 
promising for biomass production across the 
southeastern United States. 

In summer 2008, four blocks of seven plots (0.8 
ha treatment plots with 0.4 ha measurement 
plots with a minimum 15 m outer buffer) were 
established on a recently harvested 25-year-old 
loblolly pine plantation.  Treatments included: 1) 
traditional pine establishment with biomass left in 
place; 2) traditional pine establishment with 
biomass removed; 3) pine intercropped with 

switchgrass between bed rows with biomass left 
in place; 4) pine intercropped with switchgrass 
between bed rows with biomass removed; 5) 
pine establishment with “extra” row of trees flat-
planted in between crop tree beds with biomass 
left in place; 6) pine establishment with “extra” 
row of trees flat-planted in between crop tree 
beds with biomass removed; and 7) switchgrass 
only.  One of 4 replicate plots per treatment was 
randomly located in each block.  Treatments 
with biomass left in place reflect standard site 
preparation following harvest.  A 28 ha 

Figure 1.  Hydrolyzable and non-hydrolysable (A) soil 
organic carbon and (B) soil organic nitrogen fractions in 
soils collected from the bed of each treatment plot from 
the 0-5 cm depth.  Error bars are standard errors of  the 
means (n=4).   Significant differences are indicated by 
different letters (p < 0.1).  
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reference stand located adjacent to the 
treatment plots was divided into 3 plots.  All plots 
were equipped with a weather station which 
collect hourly data on soil temperature and soil 
moisture at 10 cm and 30 cm depths, as well as 
air temperature and precipitation. 

Methods 
Of the seven treatments, three were included in 
this research study: 1) pine with biomass left in 
place (P+); 2) pine with biomass removed (P-); 
and 3) pine intercropped with switchgrass with 
biomass removed (PS-).  Soil samples were 
collected from the 0-5, 5-15, 15-30, and 30-45cm 
depths in May 2011, two years following 
switchgrass establ ishment. Chemical, 
biochemical, and physical protection of SOM 
were tested using acid hydrolysis, density 
fractionation, and aggregate fractionation 
methods, respectively.    

Results to Date 
We found evidence for changes in SOM 
fractions in the bed and interbed in association 
with switchgrass. The proportion of the 
hydrolyzble soil organic carbon (SOC) increased 
by 13% in the 0-5cm depth in bedded rows of 
pine trees when intercropped with switchgrass. 
Soil organic nitrogen (SON) followed a similar 
pattern as SOC with a 7% increase in the 
hydrolyzable fraction (Figure 1A).  Differences in 
total C pools from the 0-5 cm soil depth 
between the pine with residuals removed and 
the pine-switchgrass intercropped treatments 
was 45.9 g C kg soil-1 and 37.1 g C kg soil-1, 
respectively (p=0.26) and total N pools 1.8 g N 
kg soil-1 and 1.4 g N kg soil-1, respectively 
(p=0.28).  Although there were some similar 
trends in SOC and SON at deeper soil depths in 
the bed, no significant differences were found.  
No differences in aggregate distribution for 
found for any depths in the bed.  In the interbed 
reg ion ,  a  s ign i f icant  increase  in 
macroaggregates in the 250 um - 2 mm size 
class at the 15-30 cm depth was found for the 
switchgrass intercropped treatment (Figure 2). 

Summary 
Together these results suggest possible direct 
and indirect effects of switchgrass on 
mechanisms that influence SOM stability in these 
forest soils.  Intercropping of switchgrass may 
indirectly influence SOM dynamics in adjacent 
beds.  Two explanations seem plausible both 
related to rooting characteristics of pines; 1)
increased rooting density by  pines in response 
to switchgrass rooting dynamics has increased 
labile SOM inputs via fine root turnover and root 

exudation; and 2) intense N competition 
between pine and switchgrass in the interbed 
cause pines to overly exploit beds, through 
increased root growth, in search for N.  Indeed, 
data from soil extractable inorganic nitrogen (N) 
show that switchgrass significantly reduces the 
available soil inorganic N pool in the interbed 
region.  Ultimately, changes in the biochemical 
nature of SOM could have important effects on 
decomposition dynamics and therefore long-
term soil C storage.  Direct effects of switchgrass 
on macroaggregate formation in the subsoil 
may be due the positive effects of fine root 
production and associated mycorrhizal fungi on 
aggregate formation.  How changes in soil C 
cycling such as those shown here develop into 
the future may have important impacts on total 
ecosystem C storage in these forests.  These 
results highlight the importance of using SOM 
fractionation techniques to detect early 
changes in SOM stability compared to bulk SOC/
SON measurements. 
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Figure 2.  Aggregate distribution (%) of soils collected 
from the interbed region and at the 15-30 cm depth.  
Error bars are standard errors of  the means (n=4).   
Significant differences are indicated by different letters 
(p < 0.1).  
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Soil Inorganic Nitrogen Concentrations in a Loblolly Pine Forest Managed 
for Bioenergy Production 

K. Minick, T. Fox, B. Strahm, E. Sucre, Z. Leggett, and J. Zerpa1 

Introduction 
Dependence on foreign oil continues to 
increase and concern over rising atmospheric 
CO2 and other green house gases, due to fossil 
fuel combustion, has intensified research into 
sustainable biofuel production.  Intercropping of 
loblolly pine (Pinus taeda L.) with switchgrass 
(Panicum virgatum L.) or loblolly pine offers an 
opportunity to utilize interbed space on southern 
US pine plantations for the production of a 
biomass feedstock.  Our overall objective is to 
investigate the influence of biomass production 
in loblolly pine plantations on the 
biogeochemical cycling of soil carbon and 
nutrients. 
 
Site Description and Treatments 
The Lenoir I research site is located in the Lower 
Coastal Plain physiographic province near 
Dover, NC.  Soils are mapped as Pantego (fine-
loamy, siliceous, semiactive, thermic Umbric 
Paleaquults) or Rains (fine-loamy, siliceous, 
semiactive, thermic Typic Paleaquults) soil series.   
Soils at this site are very poorly drained with a 
seasonal water table at or near the surface.  
Ditching is maintained to lower the water table 
and reduce soil water saturation.  Bedding is 
implemented to raise root systems of young 
loblolly pines above the water table, increase 
soil aeration, and reduce competition.  
Switchgrass planted at this research site is the 
Alamo lowland variety.   
In summer 2008, four blocks of seven plots (0.8 
ha treatment plots with 0.4 ha measurement 
plots with a minimum 15 m outer buffer) were 
established on a recently harvested 25-year-old 
loblolly pine plantation.  Treatments included: 1) 
traditional pine establishment with biomass left in 
place; 2) traditional pine establishment with 
biomass removed (Pine Only); 3) pine 
intercropped with switchgrass between bed 
rows with biomass left in place; 4) pine 
intercropped with switchgrass between bed 
rows with biomass removed (Pine + Switchgrass); 
5) pine establishment with “extra” row of trees 

flat-planted in between crop tree beds with 
biomass left in place; 6) pine establishment with 
“extra” row of trees flat-planted in between crop 
tree beds with biomass removed (Pine + Pine); 
and 7) switchgrass only (Switchgrass Only).  One 
of 4 replicate plots per treatment was randomly 
located in each block.  Treatments with biomass 
left in place reflect standard site preparation 
following harvest.   
 
Methods 
Ion exchange membranes (IEM) (GE Power and 
Water, Trevose, PA, USA) were used to collect 
macro- and micronutrients and provide an index 
of nutrient availability.  Ion exchangeable 
nutrients were continuously measured from June 
2009 through December 2011 in the bed and 
interbed region of each treatment plot.  Upon 
removal from the field, IEM were extracted in 1M 
KCl and extracts were analyzed for NH4-N, and 
NO3-N concentrations using a TRAACS 2000 

Figure 1.  Soil NH4+ concentration in the interbed of 
treatments with complete biomass removal.  Treatment 
effects were tested using repeated-measures ANOVA (p 
< 0.05) and means were compared using LS means with 
significant differences indicated by different asterisks (*p 
< 0.05; **p<0.01; ***p<0.001).   
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analytical console (Bran & Luebbe, Norderstedt, 
Germany) and phosphorus (P), calcium (Ca), 
magnesium (Mg), manganese (Mn), potassium 
(K), zinc (Zn), boron (B), aluminum (Al), and iron 
(Fe) on an ICP-OES (Varian Vista MPX, Varian, 
Palo Alto, CA, USA).  
Results to Date 
Results presented here are only for treatments in 
which harvest residuals (e.g. biomass) were 
removed due to similar trends in soil inorganic N 
concentrations found in treatments with biomass 
left in place.  Presence of switchgrass reduced 
NH4+ concentrations at numerous sampling 
dates during early to late fall of 2009 (Figure 1).  
Switchgrass also reduced soil NO3– 

concentrations over the first 6 months and during 
spring 2010 and 2011(Figure 2). Overall, total 
NH4+  and NO3- availability measured over 2.5 
years was reduced by 39% and 60% respectively 
when switchgrass was present.  A significant time 
effect was found for NH4+and NO3– in the bed 
and interbed and a significant time by 
treatment effect for bed NO3-. This was 
supported by a clear pattern of increased N 
availability in the first 12 and 6 months for 
NH4+and NO3-, respectively, followed by a drop 
down and leveling out of soil N concentrations 
(Figures 1-3). Interestingly, switchgrass 
intercropping increased NO3–  availability in 
adjacent beds during late fall-early winter 2011
(Figure 3). Differences in bed or interbed 
micronutrients were somewhat sporadic but 
indicated that switchgrass presence decreased 
availability and presence of harvest residual 

increased availability of key soil cations (e.g. Ca, 
Mg, Mn, and Zn) (data not shown).       
 
Summary 
Switchgrass growth in the interbed clearly 
reduces inorganic N availability compared to 
non-switchgrass treatments. Inorganic N 
seasonal variation in switchgrass treatments has 
important implications for N availability and 
cycling. Switchgrass intercropping may also 
reduce availability of essential soil micronutrients 
and play an important role in long-term 
sustainability of this system.  Temporal changes in 
N availability were influenced by an assart effect 

as well as seasonal changes in precipitation, 
temperature, and physiological demands by 
pine and switchgrass.   
These results suggest that switchgrass 
intercropping efficiently utilize available Nin the 
interbed when pine trees are not accessing this 
nutrient pool. Therefore, inorganic N is utilized to 
produce a bioenergy crop rather than being lost 
from the system due to uptake by competing 
vegetation.  
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effects were tested using repeated-measures ANOVA (p 
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Figure 3.  Soil NO3– concentrations in the bed of 
treatments with complete biomass removal.  Inset 
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treatments.  Treatment effects were tested using 
repeated-measures ANOVA (p < 0.05) and means were 
compared using LS means with significant differences 
indicated by different asterisks (*p < 0.05; **p<0.01; 
***p<0.001).   
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Gross and Net Nitrogen Transformations in Loblolly Pine Forests of Coastal 
North Carolina  

K. Minick, T. Fox, B. Strahm, E. Sucre, and Z. Leggett2 

Introduction 
Millions of acres of pine plantations exist across 
southeastern United States, representing a vast 
land area advantageous for bioenergy 
production without significant land-use change 
or diversion of agricultural resources from food 
production. Furthermore, intercropping of 
loblolly pine (Pinus taeda L.) with switchgrass 
(Panicum virgatum L.) could provide annually 
harvestable, lignocellulosic biomass feedstocks 
along with production of traditional wood 
products.  Our objective was to investigate the 
influence of pine-switchgrass intercropping on 
the nitrogen (N) cycling. 

Site Description and Treatments 
The Lenoir I Intercropping Sustainability Study is 
located in the Lower Coastal Plain 
physiographic province near Dover, NC. Soils are 
mapped as Pantego (fine-loamy, siliceous, 
semiactive, thermic Umbric Paleaquults) or Rains 
(fine-loamy, siliceous, semiactive, thermic Typic 
Paleaquults) soil series. Soils at this site are very 
poorly drained with a seasonal water table at or 
near the surface. Ditching was maintained to 
lower the water table and reduce soil water 
saturation.  Bedding was implemented to raise 
root systems of young loblolly pines above the 
water table, increase soil aeration, and reduce 
competition. Switchgrass planted at this 
research site was the Alamo lowland variety.   

In summer 2008, four blocks of seven plots (0.8 
ha treatment plots with 0.4 ha measurement 
plots with a minimum 15 m outer buffer) were 
established on a recently harvested 34-year-old 
loblolly pine plantation.  Treatments included: 1) 
traditional pine establishment with harvest 
residue left in place; 2) traditional pine 
establishment with harvest residue  removed; 3) 
pine intercropped with switchgrass between 
bed rows with harvest residue  left in place; 4) 
pine intercropped with switchgrass between 
bed rows with harvest residue removed; 5) pine 
establishment with “extra” row of trees flat-
planted in between crop tree beds with harvest 

residue  left in place; 6) pine establishment with 
“extra” row of trees flat-planted in between crop 
tree beds with harvest residue  removed; and 7) 
switchgrass only.  One of 4 replicate plots per 
treatment was randomly located in each block.  
Treatments with biomass left in place reflect 
standard site preparation following harvest.   

Methods 
Of the seven treatments, two were included in 
this research study: 1) pine with harvest residues 
removed and interbeds comprised of either 
volunteer native woody and herbaceous 
vegetation in the interbed (Pine-Native); and 2) 
pine intercropped with switchgrass with harvest 
residue removed (PS-).  Soil samples were 
collected from the 0-5 and 5-15 cm depths. An 
in vitro 15N pool-dilution technique was 
employed to quantify gross and net N 
transformations at two soil depths (0-5 cm and 5-
15 cm) and four dates in 2012-2013.  These 
microbial processes and N pools and fluxes are 
diagramed in Figure 1.  

Figure 1.  Diagram of  major soil N pools and fluxes, 
including potential gaseous and leaching losses of N.  
Gross N mineralization, gross nitrification, and NH4+ and 
NO3– immobilization are all microbial processes that 
influence the size of the net N pools and amount of plant
-available N. 
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Results  
At the 0-5 cm depth in beds of the Pine-
Switchgrass treatment, gross N mineralization 
was 2-3 times higher in November and February 
(Figure 2), resulting in increased NH4+ availability.  
In interbeds of the Pine-Switchgrass treatment, 
gross N mineralization was reduced from April to 
November, but increased in February (Figure 3).  
Net N mineralization and nitrification were not 
impacted as heavily as gross N transformations, 
but were generally elevated in pine-switchgrass 
beds and reduced in pine-switchgrass interbeds 
(data not shown).  we used site bulk density 
data from beds and interbeds to estimate yearly 
gross N mineralization rate of ~182 - 365 kg N ha-1 

yr-1 (~164 - 324 lbs ac-1 yr -1).  In comparison to 
estimated atmospheric N deposition rates of ~3 - 
15 kg N ha-1 yr-1 (Galloway et al. 2008) and 

periodic fertilization rates in southern pine forests 
of ~168 - 224 kg N ha-1 (150 - 200 lbs ac-1, Fox et 
al. 2007a), gross N mineralization rates exceed all 
natural and anthropogenic yearly N inputs to 
these forests.  This is important to understand as 
long-term sustainability of intensified land-use will 
rely on proper management and utilization of 
existing N stocks and not on externally derived 
inputs alone.     

 

 

 

 

 

Summary 

These findings indicate soil N cycling and 
availability has increased under pine in the Pine-
Switchgrass treatment, potentially alleviating any 
negative effects of N competition between pine 
and switchgrass.  We expect that reduced soil C 
in the Pine-Switchgrass treatment, effects of pine 
and switchgrass rooting dynamics on soil C 
availability, and plant N demand are major 
factors influencing soil N transformations.  Future 
research should examine rooting dynamics in 
intercropped systems and the effects on soil 
microbial communities and function.  
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Figure 2.  Gross N mineralization for samples collected 
from pine beds at the 0-5 cm depth.  Bars represent 
means (n=4) with standard error.  Symbols above bars 
indicate significant differences between B/Pine-Native 
and B/Pine-Switchgrass treatments at each sampling 
date (+ P < 0.1; * P < 0.05, ** P < 0.01). 

Figure 3.  Gross N mineralization for samples collected 
from interbeds at the 0-5 cm depth.  Bars represent 
means (n=4) with standard error.  Symbols above bars 
indicate significant differences between B/Pine-Native 
and B/Pine-Switchgrass treatments at each sampling 
date (+ P < 0.1; * P < 0.05, ** P < 0.01). 



  

 179 

Effect of Uniformity and Fertilization on the Productivity of Loblolly Pine in 
Parana State, Brazil 

Jose Stape, James Stahl, Juliana Munhoz 

Justification  
Ecophysiological research has identified that 
stand uniformity in clonal Eucalyptus plantations 
is crucial to guarantee high productivities (Stape 
et al. 2010). However, the effects of uniformity on 
Pine stands is poorly understood, mainly 
because Pine clones are still rare, even for 
research purposes. 

Munhoz (2011), studying seedling-origin loblolly 
pine plantations in Brazil, identified that the more 
uniform sites were the more productive. 

To better understand how uniformity affects Pine 
productivity, PPPIB program (www.ipef.br/pppib/
en) developed a design to evaluate the effects 
of uniformity and fertilization on the productivity 
of clonal loblolly pine in Brazil. 

 
Study Design 
A completely randomized factorial 2 x 2 design 
trial was installed in 2007 in Telêmaco Borba, 
Parana State, using a clonal Pinus taeda variety 
from ArborGen, in a clayey Oxisol.  

The trial has two uniformity levels (homogeneous 
- Ho and heterogeneous - He) and two nutrition 
levels (unfertilized - U and fertilized - F), and three 
reps. 

Each plot has 96 trees in a 3 x 2 meters spacing. 
Tree measurements have been taken annually 
since 2009 (DBH, Height and crown height). 

The trees in the homogeneous plots were all 
planted in the same day, together with 1/3 of 
the trees of the heterogeneous plots. After 150 
days, another 1/3 of the seedlings were planted 
in the heterogeneous plots, and the final 1/3 
after another 150 days, creating a staggered 
stand. The trial was always kept weed-free 
(Fig.1). Plots HoF and HeF were fertilized in July of 
2008. 

 

 

Results 
Table 1 contains the stand development at year 
6 for the four treatments indicating a positive 
fertilization and uniformity effects. 

Figure 2 presents the loblolly pine development 
over the years.  

 The positive effect of fertilization and uniformity 
is evident. At year 6 both uniformity and 
fertilization had a significant impact on stand 
growth (Fig. 3). The stem stock increased from 72 
m³ ha-1 to 114 m³ ha-1 for the treatment HeU and 
HoF, respectively (58 % gain).  

Comparing the fertilization effects, there was 31 
m³ ha-1 (37 %) increase in volume for the 
homogeneous plots and 25 m³ ha-1 (35 %) of 
heterogeneous treatments. 

 

Figure 1. Heterogeneous plot (Jan, 2008) 

Table 1. Loblolly pine development at 6 years-old per treatment. 

Treatment Survival DBH Avg. H BA ICA IMA 

- % cm m m2ha-1 m3ha-1yr-1 m3ha-1yr-1 

HeF 96.2 13.7 9.3 24.9 15.6 28.6 
HeU 91.0 12.4 7.9 19.4 11.6 21.1 
HoF 98.3 14.7 10.0 28.6 18.4 31.6 
HoU 98.6 12.8 8.1 22.2 13.4 24.3 
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On the other hand, heterogeneity dropped the 
volume by 15% and 14% in fertilized and 
unfertilized treatments, respectively. 

To quantify the stand uniformity, we calculated 
a index that represent the volume percentage 
of 50 % of the smallest trees (PV50). 

The PV50 clearly shows that clonal uniformity 
depends on good silviculture (fertilization). 

Conclusions 
This study shows that loblolly pine nutrient supply 
affects both stand uniformity and productivity, 
and contributed to reduce the heterogeneity 
effect. Results from PV50 show that this index 
can be used to monitor the silviculture quality of 
varietal pine stands in Brazil. 
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Figure 3. Treatments difference on 6 years-old. Columns with 
the same letter do not differ at P=0.05. 
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Figure 4. Uniformity Index (PV50). 

Figure 2. Stem volume stock over the years for Homogeneous, 

Figure 5. Uniform plot (left) and heterogeneous plot (right) with 5 years old 
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Characterization of Forest Productivity of Loblolly Pine in South of Brazil 
Juliana Munhoz and José Stape 

Introduction 
The aim of this study is to characterize the loblolly 
pine productivity and identify the major edaphic 
and climatic factors that influence its growth. 

 

Sites Description 
We selected 24 plots of loblolly pine (without 
fertilization and thinning) with low, medium and 
high productivity (13 to 30 m³ ha-1 year-1), 
between 8 to 10 years-old, distributed in four 
cities: JR - Jaguariaíva (PR), PG - Ponta Grossa 
(PR), TB - Três Barras (SC) and RN - Rio Negrinho 
(SC), which are part of the project Potential 
Productivity of Pine in Brazil - PPPIB. The area of 
each plot is approximately 700 m² and tree 
spacing is 3 m x 2 m. 

Through the bole analysis, it was possible to 
calculate the site index in the base age of 10 
years for all plots and determine an equation of 
no bark volume. It was also determined the stem 
biomass without bark through the specific 
gravity for each age. 

The monthly rainfall and temperature from 
planting until the age studied were obtained 
from weather stations near to the experiments. 
And the annual water balance was calculated 
by the method of Thornthwaite and Mather. 

Composite samples of soil were collected in the 
row and inter-row plots at a depth of 0 to 20 cm 
and taken to chemical and physical analysis. In 
addition to that, the depth of the soil was 
measured, performing the borehole in the 
center of each plot until the rock layer of the soil 
or maximum depth of the auger to 1.4 meters. 
Based on soil depth and clay content, it was 
calculated the available water capacity in the 
field. 

 

Results 
With data from bole analysis, it was possible to 
determine the average height of each plot by 
calculating the average growth in height of 
each region, where we can observe in Figure 1 
the reversion in the pattern of growth in height, 
where, initially, the growth in the region of Ponta 
Grossa (PG) stood out among the others, 
reaching a height above 2 meters a year, 
however, at 5 years-old occurred a decreased 
in the regions of Ponta Grossa (PG) Jaguariaíva 
(JR) and Rio Negrinho (RN), while in Três Barras 
(TB) the increment in height is increased until 
age 6 and remains practically constant up to 
age 9, growing about 1.8 meters per year. 

The high growth in Três Barras can also be seen 
in Figure 2, where productivity was 36% higher 
than the less productive region (Ponta Grossa) 
at age 9. 

 

 

Figure 1 – Average height annual increment of each region. 
JR - Jaguariaíva, PG - Ponta Grossa, RN - Rio Vermelho and 
TB - Três Barras. 
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The stem biomass stock without bark of the plots 
studied at age 9  ranged from 63 to 100 Mg ha-1, 
50 to 100 Mg ha-1, 65 to 100 Mg ha-1, 92 to 120 
Mg ha-1 to the plots of Jaguariaíva, Ponta 
Grossa, Três Barras, Rio Negrinho, respectively. 
The mean annual increment of stem biomass of 
each region is represented in Figure 3. 

Given the production superiority (statistically 
significative) in the region of Três Barras 
comparing to others, not statistically different, it 
was confronted all the studied variables (stand, 
soil and climate) of Três Barras and the others by 
the T test, where the significant variables are 
shown in Table 1. 

 

 

Table 1 - Comparison of soil and climatic variables among 
the region of Três Barras (TB) and the others  (JR -
 Jaguariaíva, PG - Ponta Grossa and RN - Rio Negrinho). OM - 
Organic matter, CEC - Cation Exchange Capacity; QN – 
Quantity of Nitrogen; ANP – Amount of Nitrogen 
and Phosphorus; AWC – Available Water Capacity in the 
Field; CVV – Coefficient of Variation of Volume, MINT –
 Minimum Temperature. T test (P <0.05) 

 

Discussion 
The growth patterns showed that up to year 5 
was not possible to differentiate the sites for 
productivity obtained at age 9. The region of 
Três Barras had the higher productivity, the 
highest levels of organic matter in the soil, 
nitrogen and phosphorus, and milder minimum 
temperatures compared to the others, showing 
that there is probable potential for productivity 
increase of loblolly pine in the south of the 
country, by nutrit ional management  
(fertilization), choosing the most suitable sites 
(water and thermal regime), and genetic 
improvement, but specific experimental tests are 
needed. 
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Figure 2 – Stem biomass production (without bark) of the 
four studied regions. JR - Jaguariaíva, PG - Ponta Grossa, RN 
- Rio Negrinho and TB - Três Barras 

Figure 3 – Mean annual increment of stem biomass without 
bark (Mg ha-1) from age 2 to age 9 by region. JR - 
Jaguariaíva PG - Ponta Grossa, TB – Três Barras and RN - Rio 
Negrinho 

Variable TB JR, PG, RN Delta p-value 
 - n=9 n=15  - -  

  

OM (g dm-3) 53,7 36,1 +17,6 <0,0001 
CEC(mmolc dm-3) 200 143 +57 0,017 

     
QN (kg ha-1) 4358 2735 +1623 <0,0001 
QN*P (kg ha-1) 197424 116711 +80713 0,01 

     
Clay (%) 64 41 +23 0,003 
AWC (mm) 140 116 +24 0,026 

     
Altitude (m) 806 916 -110 0,003 
Latitude (°) 26,1 25,1 +1 0,002 
CVV 42 49 -7 0,05 

     
Tmin (°C) 11,7 13,3 -1,6 <0,0001 

_____________________________________________________________________________________________________ 

More information about this research can be found on the Forest Research Institute (Instituto de Pesquisas e Estudos 
Florestais - IPEF) website www.ipef.br/pppib 
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Introduction 
The pine has been consolidated as the second 
main forest genre planted in Brazil, covering an 
area of approximately 1.6 million hectares 
throughout the country, where the south and 
southeast are the main areas with plantings, 
representing respectively 83% and 14.3% of the 
total area planted with tropical and subtropical 
pine  

Due to the intensification of silvicultural practices 
(tillage, fertilization and weed control) and 
breeding for selection of more productive 
genotypes, the pine in Brazil reached an 
average yield of 36.9 m³ ha-1 yr-1, being close to 
the average productivity of eucalyptus in the 
country with 40.1 m³ ha-1 yr-1, where both are 
recognized as the highest yields in the world 
(ABRAF, 2012). However, despite the rapid 
increase in the mean annual increment (MAI) in 
a few decades, it is known that such productivity 
is below the potential that the pine plantation 
can achieve. 

Objective 
To evaluate the stem production and the light 
use efficiency of Pinus taeda and Pinus caribaea 
var. hondurensis from fertilization and thinning 
treatments across a geographic gradient and to 
quantify the stand sustainability under the 
different treatments. 

Methodology 
From the database of the Potential Productivity 
of Pinus in Brazil project – PPPIB, this study used 80 
plots of Pinus caribaea var. hondurensis and 290 
plots of loblolly pine, summarizing 370 plots. 
These plots were between 8 to 19 years-old and 
are located across the south and southeast of 
Brazil with a wide climatic and edaphic variation 
(Figure 1). The plots ranged from flat, infertile and 
sandy soils to deep, fertile and clayey soils. 
Precipitation averages and means annual 
temperature were different from each site, 
ranging respectively from 1500 mm year-1 (with 

dry season) to 1700 mm year-1 and 23.8 °C to 
16.9 °C. 

The area of each plot was approximately 700 m² 
and tree spacing was 3 x 2 meters. The 
experimental design was a 2 x 2 factorial 
combination of nutrition and thinning: control 
(C), fertilized (F), thinned (T) and thinned and 
fertilized (T+F). In 2008, were applied in the 
nutritional treatments: 2000 kg ha-1 of dolomitic 
lime, 300 kg ha-1 of urea, 400 kg ha-1 of simple 
super phosphate, 250 kg ha-1 of potassium 
chloride and 200 kg ha-1 of micronutrients 
FTEBr12. The thinning was in the same year, 
where were removed 20 to 30 % of the total 
volume from each plot. Weed was controlled in 
all plots, since the planting, utilizing a 

 

Figure 1 – Field sites of 380 plots from PPPIB project. 

Fertilization and Thinning Response in Pinus taeda and Pinus caribaea 
var. hondurensis Across a Wide Geographic Transect in Brazil 

Juliana Munhoz; José Stape 
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combination of mechanical and chemical 
methods. 

Early Results 
In the first year of the project (2007), all the plots 
weren’t received the treatments and the mean 
annual increment (IMA) ranged from 4.0 m³ ha-1  

yr-1 to 40.7 m³ ha-1  yr-1. After the fertilization and 
the thinning that were occurred in 2008, we 
could observe the difference comparing the 
treatments. 

Fertilization alone raised the current mean 
productivity from  33.9 m³ ha-1  yr-1 (control plots) 
to 34.8 m³ ha-1  yr-1. The stem stock from F 
treatment were greater than the control, 
representing a average increase of  37 m³ ha-1 in 
59% of the F plots in 2011 (Figure 2-A). In T+F 
treatment, 20% of the plots growth more than 
the control, representing a increase of 27.8 m³ 
ha-1 (Figure 2-B). 

Thinning permitted a higher increase of growth 
when more nutrients are available, which 89% of 
the T+F plots had their volume stock greater than 
the T treatment (Figure 2-C). 

Pinus caribaea var. hondurensis were more 
responsive from fertilization than the loblolly pine 
when we reduce the competition in the site by 
thinning, whereas the growth of both species 
had similar response when compared with the 
control and fertilized treatment. 

These preliminary results showed that it is possible 
to increase the pine productivity from the 
adequate management and silvicultural 
practices, and the pine species could have 
different responses from different treatments. 

Next Steps 
To undestand why the tropical and subtropical 
pine have different responses from different 
treatments. And evaluate how many of the 
productivity has relationship with the intercepted 
radiation and the light use efficiency. 
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More information about this research can be found on the Forest Research Institute (Instituto de Pesquisas e Estudos 
Florestais - IPEF) website www.ipef.br/pppib 

Figure 2 - Stem stock in volume comparing the control 
treatment  with fertilized (A) and thinned + fertilized (B) 
treatment, and thinned + fertilized comparing with thinned 
treatment (C). 
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Loblolly Pine Growth Response to Fertilization in Brazil 
Juliana Munhoz and Jose Stape 

 
Justification  
The majority of the Brazilian loblolly pine 
plantations are not fertilized due to the lack of 
fertilization response or minor response with no 
economical return. 

The high productivity, and no fertilization 
requirement, of loblolly pine in the South of Brazil 
has been associated the well drained, clayey, 
high organic matter soil types together with an 
adequate climate  with uniform rainfall and no 
water deficit.  

However, pine plantations were established in 
the 1960s and 1970s, and after two or three 
rotations the potential response to fertilization 
must be revisited.  

The Potential Productivity of Pine in Brazil - PPPIB  
project (www.ipef.br/pppib/en) has established 
a network of plots across the States of Sao Paulo, 
Parana and Santa Catarina to address the 
nutritional demands of loblolly pine plantations. 
In each region sites ranging from low to high 
productivity were selected.  

 
Study Design 
A total of 61 stands of Pinus taeda planted 
between 1999 and 2003 were selected from the 
PPPIB network and the permanent plots were 
installed in 2007/2008. The selected plots contain 
a control (C) and a fertilized (F) treatment, 
totalizing 122 plots, located across seven regions 
in a wide geographic gradient (Figures 1 and 4). 

The 700 m² plots have approximately 96 trees  in 
a 3 x 2 meters spacing and since 2007 the plots 
are being measured annually in October.  

The plots range from flat, infertile and sandy soils 
to deep, fertile and clayey soils. Precipitation 
averages and means annual temperature range 
respectively from 1420 mm yr-1 to 1740 mm yr-1 
and 15.0 °C to 18.9 °C (Table 1).  

 

 

 

 

The fertilized plots received the following amount 
of nutrients in 2008 (kg ha-1): N (135), P2O5 (80), 
K2O (150), Ca (414), Mg (190), B (3.6), Cu (1.6), 
Mn (4.0), Mo (0.2), S (11.4), Zn (18.0). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Loblolly pine fertilization study. Sites location . 

 

Table 1. Climatic characterization of the sites. 

n = number of plots; Temp = annual average temperature; PPT = annual 
rainfall. 

Site Code Region n Altitude Temp PPT 
# - - # (m) (ºC) (mm) 

1 AR Arapoti (PR) 22 764.5 18.4 1450 

2 CD Caçador (SC) 18 1166.2 15.0 1740 

3 TL Telêmaco Borba (PR) 18 830.0 18.9 1470 

4 OC Otacílio Costa (SC) 18 905.1 15.9 1780 

5 TB Três Barras (SC) 12 787.5 17.4 1530 

6 RN Rio Negrinho (SC) 18 878.2 17.0 1510 

7 JG Jaguariaíva (PR) 16 964.6 17.2 1420 
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Results 
Figure 2 shows no significant difference of the 
initial volume stock between the control and the 
fertilized plots in the beginning of the project 
(2008).  

After approximately 4 years, a positive effect of 
fertilization in the growth rates start being 
observed (Figure 2).  

Based on the control treatment (C) productivity, 
the plots were stratified in three productivity 
class: Class I (low productivity) with Mean Annual 
Increment ranging from 22 to 32 m³ha-1yr-1; Class 
II (medium productivity) with MAI ranging from 
32 to 42 m³ha-1yr-1; and Class III (high 
productivity) with MAI greater than 42 m³ha-1yr-1.  

So far, only Class I (low productivity) has shown a 
significant fertilization response (Figure 3).  

 

Next Steps 
The study will be evaluating the soil and canopy 
attributes related with the fertilization responses. 
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Figure 2. Stem stock in volume (2008) and stem increment (CAI; 
2012) comparing the control  (C) and fertilized (F) treatment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Stock, increment and productivity by class. I = low 
productivity; II = medium productivity; III = high productivity. 

 

 

 

 

 

 

Figure 4. Control plot in Telêmaco Borba (PR). 
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Early Rotation Yields and Soil Sustainability Issues when Managing a 
Loblolly Pine Stand with Intercropped Miscanthus × giganteus 

R. Heiderman, J. Stape, Z. Leggett, R. Gehl and E. Sucre 

Study Background 
There is a growing interest in the production of 
dedicated biomass crops to be utilized as 
feedstock for bioenergy production.  Perennial 
grasses have been identified as attractive 
feedstock. Giant miscanthus (Miscanthus × 
giganteus), a perennial, warm season grass 
related to the sugarcane family is one potential 
high yielding, bioenergy crop (Fig. 1).  Loblolly 
pine planted on wide row spacing (e.g. for 
sawtimber products) allows dedicated energy 
crops to be planted between trees rows through 
a practice known as intercropping.  Utilizing this 
between row growing space may increase 
economic and biomass output from the land 
early in the rotation while still maintaining the 
long term production of traditional forest 
products. 

Study Objectives 
This study evaluated the potential biomass 
output and effects of managing a loblolly pine 
plantation when intercropping giant miscanthus.  
The extent of these potential effects was 
determined throughout this study and will 
facilitate development of sustainable forest 
management strategies for intercropping.  The 
study evaluated the intercropping system in 
three areas: productivity of pine and miscanthus, 
above– and below-ground carbon (C) 
dynamics and storage and soil nitrogen (N) 
dynamics. 

Study Design 
In May 2010, three rows of miscanthus plugs 
were planted in between tree rows of a one-
year-old loblolly pine plantation in Lenoir Co., 
NC. Three treatments were studied—Pine only 
(P), miscanthus only (M) and intercropped (PM).  
Individual tree height, ground-line diameter and 
crown width were recorded annually.  
Miscanthus biomass yield was determined by 
harvesting all material in 1 m2 clip plots.  Soil 
samples were collected at 15 cm incremental 
depths.  Soil was prepared in the NCSU Forest 
Soils Lab and analyzed for available nitrogen 
(NH4+ and NO3-) and total carbon and nitrogen.  
Samples of soil and below– and above-ground 
plant material (pine and miscanthus) were sent 
to the Stable Isotope Facility (UC Davis, CA) for 
carbon-13 (C-13) analysis. 

Results 
Productivity: To date pine tree growth rates have 
not been affected by intercropping.  Two years 
after tree planting, average height and ground 
line diameter do not vary between P and PM 
treatments (Fig. 3). Miscanthus biomass 
harvested eight months after planting resulted in 

 

 

 

 

 

  

 

 

 

 

 

Figure 2.  (left) Harvesting of miscanthus from clip plots, 
November 2011. (right) Soil samples prepared for C and 
N analysis. 

 

 

 

 

 

 

  

Figure 1.  Giant miscanthus intercropped between 3 
year old loblolly pine planted on 6.1 m spacing. 
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average yields of 0.5 (0.1) Mg ha-1 and 0.9 Mg ha
-1 for PM and M respectively.  Second year 
harvest averaged 4.2 (0.7) Mg ha-1 and 9.4 (1.8) 

Mg ha-1 for the PM and M treatments 
respectively (Fig. 4).   
Soil Sustainability: Initial soil carbon content did 
not vary among treatments. Analysis of soil 
sampled on year after intercropping  has shown 
no change in total soil carbon (Fig. 5).  Initial 
analysis of plant materials revealed distinct C-13 
signatures of –12.7 ‰ and –12.1 ‰ for the C4 

miscanthus above- and below-ground material 
respectively and –29.6 ‰ and –23.3 ‰ for the C3 
pine needles and roots respectively.   The C-13 
signature of the soil, as expected,  revealed 
historic C inputs from C3 vegetation and was 
approximately –27 ‰.  Nitrogen amounts were 
greater in the beds than in the intercropped 
area.  However, nitrogen was greater in the 
beds of intercropped plots.  Ammonium (NH4+)  
was found in greater amounts than nitrate (NO3-

).  In the interbed area nitrogen amounts did not 
vary from year to year. 

Summary 
Review of published literature and results from 
other perennial grass productivity trials show that 
potential productivity for biomass is usually not 
realized until the third growing season.  Data 
from these establishment years may not say 
much about overall potential productivity.  
However, early rotation data has shown that 
weedy competition control is critical for the 
successful establishment of a high yielding, 
homogeneous stand of miscanthus biomass.  
Tree growth has not been affected by 
intercropping of miscanthus, nor have any 
obvious negative effects been seen on soil 
nutrient and carbon through the first two years.  
Continued monitoring of pine and grass biomass 
productivity and soil nutrient dynamics will be 
critical to the long term sustainability of 
managing a pine plantation with intercropping. 
 
This research was conducted with funds provided by 
Catchlight Energy LLC, the Forest Productivity 
Cooperative and the Biofuels Center of North 
Carolina.  ZH Leggett and EB Sucre worked as Service 
Providers for CLE under a Statement of Work. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 3.  (top) First and second season tree heights, 
(bottom) First and second season baseline diameters of 
loblolly pine. Error bars represent standard error of the 
mean. 

 

 

 

 

 

 

 

 

Figure 4.  First and second season biomass yields for 
Giant miscanthus harvested from miscanthus only (M) 
and intercropped (PM) plots.  Error bars represent 
standard error of the mean. 

 

 

 

 

 

 

 

Figure 5.  (top) First and second season tree heights, 
(bottom) First and second season baseline diameters of 
loblolly pine. Error bars represent standard error of the 
mean. 
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Labile Carbon Dynamics in Loblolly Pine-Switchgrass Intercropped System 

Lara Nichols, Brian Strahm and Thomas Fox 

Introduction 

Soil C is important factor in maintaining soil 
quality, nutrient cycling and soil biological 
activity (Raich and Schlesinger 1992; Murphy 
1998). Carbon allocation belowground by a 
plant in the form of root exudates can release 5 
to 21% of all photosynthetically fixed C in the soil-
root interface (Marschner 1995; Walker 2003). 
These increases in readily available labile C 
sources may regulate soil microbial communities, 
create symbiotic relationships and change the 
chemical and physical properties of the soil in 
the rhizosphere (Nardi 2000; Walker 2003; Phillips 
2011). Root exudates have traditionally been 
grouped into low and high molecular weight 
compounds and make up roughly 10% of 
dissolved organic carbon (DOC) in soil solution. 
LMWOAs are water-soluble, hydrogen and 
oxygen containing compounds, which are 
characterized as having of one or more 
carboxyl groups.  

Research Objectives 

To quantify changes in LMWOAs and DOC in soil 
solution due to intercropping switchgrass in 
traditional loblolly pine plantations. 

Experimental Design 

The study site was located in coastal North 
Carolina and had a randomized complete 
block with four replicates and five treatments 
per block.  Treatments included traditional pine 
monoculture, switchgrass monoculture, and pine
-switchgrass intercropped treatments. Samples 
were taken in the bed on pine monoculture (P-
B), switchgrass monoculture (SG-I) and the bed 
(PSG-B), interbed (PSG-I), and edge (PSG-E) of 
pine-switchgrass intercropped treatments. 
Sampling locations displayed in Figure 1 below.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Sampling locations indicated by white arrow.  

Centrifuge Drainage Technique 

LMWOAs and DOC were analyzed using the 
centrifuge drainage technique based on the 
procedure by Giesler and Lundstrom (1993) 
where intact soil cores were taken in 
constructed pipes made from PVC. Cores were 
centrifuged for 30 min at 1,340 g within 36 h of 
sampling to collect entrained soil solution. Once 
drained the soil solution was passed through a 
0.45 μm membrane filter and stored at -4°C until 
analysis.   

DOC was analyzed using Apollo 200 combustion 
TOC analyzer. LMWOAs were analyzed on a 
Dionex Ion Chromatography System using an 
anion exclusion conductivity detector and 
Dionex IonPac AS17 guard and AS17 analytical 
columns.  



 

 190 

Results 

Of the nine LMWOAs analyzed only seven were 
found, including: acetic, citric, formic, lactic, 
malic, oxalic, and succinic acids. Fumarate, 
malonate and tartrate were not detected in this 
study.  

Only malic and acetic acids showed significant 
treatment effects. Treatments with switchgrass 
present (PSG-I, SG-I) showed significantly higher 
concentrations of malic acid in June and July. 
Acetic acid only showed significant differences 
in March 2012 and January 2013 where bedded 
treatments (PSG-B and P-B) were significantly 
higher than treatments with switchgrass (PSG-I 
and SG-I).  

The individual acids showed consistent patterns. 
Concentrations were lowest during the growing 
season and highest during the winter months for 
acetic, lactic, and formic acids.  Malic and 
oxalic acids were the reverse with the highest 

values occurring in the summer months and 
lowest in the winter. Citric and succinic acids 
remained relatively low starting in the March 
2012 and peaked in January of 2013 for most of 
the treatments. The total percent of all of the 
LMWOAs that contributed to measured DOC 
ranged from 5.8% to 12.5% calculated from 
adding the concentrations for all of the acids 
from DOC concentrations.  

Mean DOC in soil solution had significant 
treatment effects (P = 0.0015) and highly 
significant differences in concentration with time 
(P<0.0001) (Figure 2). PSG-E treatments generally 
had the highest DOC and P-B had the lowest 
DOC. This difference was significant on the June 
16th and July 10th sampling dates.   

Discussion 

This research shows the temporal variations in 
concentrations of LMWOAs in soil solution. 
(Figure 2). LMWOAs, as a component of DOC, 
are sustained at low levels in soil solution 
because they are being directly consumed by 
microorganisms as an energy source (Marscher 
and Kalbitz 2003; Smolander et al. 2001; van 
Hees 2005). LMWOAs may contribute other vital 
uses and elevated levels (oxalate and malate) of 
these acids desorbed P from surface complexes 
by the dissolution of amorphous coatings or by 
substituting for it in ligand exchange reactions 
(Fox and Comerford1990a; Fox and Comerford 
1990b; Fox 1995; Jones and Darrah 1994).  

Figure 3. Mean DOC (mg C/kg soil) in soil solution. P-
values in upper right corner indicate the test effects for 
treatment and time for the Proc Mixed analysis done in 
SAS. Values represent the average of three subsamples 
and four blocks and error bars represent ± one standard 
error from the mean. A star on the graph indicates 
significant treatment differences. 

 

             Mar30  May10   Jun16   Jul10      Sep15    Oct26    Dec09   
Sampling Dates 

Trt P = 0.0015 

Figure 2.  Time series analysis of Acetic, Lactic, Formic, 
Oxalic, Citric, Succinic, and Malic acids as influenced by 
time and management treatments. Error bars represent ± 
one standard error from the mean.  P-values in upper left 
corner indicate the test effects for treatment and time. A 
star on the graph indicates significant treatment 
differences. 
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The Impact of Low Molecular Weight Organic Acid and Dissolved Organic 
Carbon on Microbial Biomass in a Loblolly Pine and Switchgrass 

Intercropped System 
Lara Nichols, Thomas Fox, Brian Strahm, John Seiler, Eric Surce, and Zakiya Leggett 

Rationale 
Low molecular weight organic acids (LMWOAs) 
perform several  important roles in the 
rhizosphere from being consumed as a energy 
source by microbial communities to directly 
influencing phosphorus uptake by the plant. 
LMWOAs are also a component of dissolved 
organic carbon (DOC) which has a direct 
relationship forest nutrient cycling.  Little research 
has been conducted on how LMWOAs and 
DOC influence microbial biomass  and whether 
intercropping different species has a direct role 
in the types and concentration of LMWOAs are 
exuded by the individual plants.  

 
Objectives  
To determine the effects of intercropping 
switchgrass in an intensively managed loblolly 
pine plantation on low molecular weight organic 
acid production, microbial community dynamics 
and their contribution to dissolved organic 
matter pool (both DON and DOC). 

Experimental Approach: Greenhouse 
Study 

Seedling and switchgrass plugs provided by 
Weyerhaeuser Company were established in 
pots using acid washed sand grains with nitex 
placed at the bottom of each pot to keep the 
sand in place. After a five month establishment 
period the loblolly pine seedlings and 
switchgrass plugs will be removed from the pots 
and the roots will be analyzed for LMWOAs on 
an ion chromatograph.  

 
Experimental Approach: Field 

Component 
Samples will be collected every 6 weeks from 
March 2012 to February 2013.  Three replicates 
will be taken from the pine (bed only), 
switchgrass, and intercropped treatments (bed, 
interbed and boundary) in four blocks totaling 
60 samples. During each sampling trip two sets of 
resin bags (XAD 7 HP and 4) used to collect soil 
solution will be placed and left for the 6 week 
period before being removed during the 
following sampling period. In situ cores will be 
extracted for centrifuge drainage and large 
bags filled with surface soil will be processed for 
chloroform fumigation and substrate induced 
respiration.  Only the A horizon will be sampled (0
-15 cm) for this study and all samples will be  
transported to back to the laboratory on ice for 
analysis and placed in a cooler at 4°C until 
processed. 

Figure 1. Lenoir 1 Research Plots  for Loblolly Pine and 
Switchgrass Intercropping (November 2011). 

Figure 2. Greenhouse experiment with switchgrass and 
loblolly pine. 
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Laboratory Analysis 
Chloroform fumigation will be processed every 6 
weeks on all 60 samples using the method 
developed (Vance, 1987). Substrate induced 
respiration will also be processed every 6 weeks 
on all 60 samples based on the method 
developed by (Fierer, 2003). Total Carbon and 
Nitrogen will analyzed only four times over the 
course of the study on a C/N analyzer because 
we assume these pools will not change 
drastically over the course of a year.   

Nine species of LMWOA will be analyzed 
including: acetate, citrate, formate, fumarate, 
lactate, malate, malonate, oxalate, and 
succinate. Phosphate will also be analyzed. 
These will be extracted using Amberlite XAD 
resins (7 HP and 4) and the centrifuge drainage 
technique. The centrifuge drainage technique is 
a snap shot analysis for my sampling date and 
the resins that are in place for 6 weeks will give a 
better idea of their flux through the rhizosphere.  

DOC will also be analyzed from the centrifuge 
drainage technique and the Amberlite resins. 
The goal of selecting two resins is to try and 
capture the hydrophilic and hydrophobic 
components of DOC using a polar and nonpolar 
resin. For the hydrophilic resin (XAD 7 HP) 
Trifluoroacetic anhydride (TFAA)  will be used  to 
extract the resin and the nonpolar hydrophobic 
resin will be extracted using 0.1 M sodium 
hydroxide (NaOH). Using both methods a total of 
180 samples will be analyzed every 6 weeks for 
DOC and LMWOAs. DOC samples will be 
analyzed on a TOC analyzer and the LMWOAs 
will be analyzed on a ion chromatograph using 
a AS-11HC analytical column specialized for 
anion analysis.  

Total Nitrogen will be run on a TOC analyzer only 
on the centrifuge drainage samples totaling 60 
samples every 6 weeks. Ammonium and nitrate 
will be run on TRAACS so dissolved organic 
nitrogen (DON) can be calculated from total 
nitrogen.  

 

Project Timeline  
 

Progress to Date 
Chloroform fumigation, substrate induced respi-
ration, dissolved organic carbon and nitrogen 
samples have been processed from March, 
May, June and July sampling periods. Current-
ly, the ion chromatograph is being recalibrated 
and all of the LMWOA samples (both resin and 
centrifuge drainage) are in cold storage. Bare 
root loblolly pine seedlings and switchgrass 
plugs were transplanted into clean washed 
sand filled containers in May of 2012 and will be 
processed in October 2012.  

Figure 3. Sample collection in constructed pipes for the 
centrifuge drainage technique in the bed of pine only 
treatments (May 2012). 

Figure 4. Lenoir 1 research site with large spaced rows and 
switchgrass planted in the interbed (March 2012). 
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Effect of Light Environment on Giant Miscanthus Biomass Yield 
R. Heiderman, J. Albaugh, J. Stape, Z. Leggett 

Background 
Giant miscanthus (Miscanthus × giganteus), a 
perennial, C4 grass related to the sugarcane 
family is one potential high yielding, bioenergy 
crop (Fig. 1). There is an effort to develop a 
management strategy  which integrates forest 
production and perennial grasses through a 
practice known as intercropping. The growing 
conditions in the inter-row area between trees 
may be favorable for grass growth early in the 
rotation, prior to canopy closure. However, 
managing a pine plantation with intercropping 
of energy crops potentially introduces 
competition for nutrients, water and light energy 
which drives photosynthesis.  As the stand ages, 
the trees will grow taller and crowns will become 
fuller, resulting in higher levels of shading which 
may reduce the growth of the grasses 
intercropped between trees. It will be necessary 
to understand the interspecific competition of 
light captured between the trees and 
miscanthus and the possible negative effect on 
miscanthus biomass yields due to an overstory 
tree canopy. 

Study Objective 
This study will facilitate development of forest 
management strategies for intercropping.  The 
objective of this study was to understand how 
varying degrees of shading affects miscanthus 
biomass yield and light use efficiency. The extent 
of these potential effects were determined 
through a greenhouse study and a detailed 
investigation into how decreased amounts of 
incident photosynthetically active radiation 
affects feedstock production.   

Study Design 
The study was conducted at the Method Road 
Greenhouse facility in Raleigh, NC beginning 
March, 2011. Miscanthus plugs were planted into 
0.02 m3 pots filled with an artificial potting mix 
(Fafard 3B) and treated with a balanced 
Osmocote Plus greenhouse fertilizer containing 
macro- and micronutrients. Plants were 
monitored daily for irrigation needs. Light levels 
inside the greenhouse were varied with shade 
cloth (Fig. 2), allowing transmission of varying 
amounts of photosynthetically active radiation, 
resulting in four treatments inside of greenhouse: 
no cloth, low, med and heavy shade. For 
comparison, 10 potted plants were grown 
outdoors nearby, resulting in a total of 5 
treatments – Outdoor, Full, Low, Medium and 
Heavy. Each plot contained six pots of 
miscanthus that were subjected to each light 
level, in a randomized complete block design 
with each treatment replicated three times. 
Hourly measurements of PAR were recorded by 

 

 

 

             

           

 

 

 

 

 

 

 

Figure 1. Potted miscanthus and Method Road 
greenhouse, Raleigh, NC. 

 

 

 

             

           

 

 

Figure 2. Shade cloth  on frames utilized to control light 
environment. 
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PAR sensors (one per plot) suspended above 
plant canopy. 

Before the study began, all plant biomass was 
cut at a height of 10 cm dried and weighed to 
assure local control of plant selection in plot 
layout. Two harvests occurred  over a 6 month 
period (June and September).  All biomass from 
each pot was cut at a height of 10 cm, dried at 
62 °C until a constant mass. Prior to second 
harvest, specific leaf area (SLA) from one leaf 
per plot was calculated.  One plant per plot was 
randomly selected at the second harvest, and 
leaf blade and tiller material separated.  
Maximum leaf area index (LAIm) was determined 
and used to calculated absorbed radiation 
(APAR).  Below-ground biomass was separated 
from potting mixture by hand, cleaned, dried 
and weighed. 

Results 
Table 1 summarizes leaf characteristics used 
when calculating APAR.  Biomass from harvest 
after 3 and again at 6 months showed no 
significant difference between full sun outdoors 
and full sun inside the greenhouse (Fig. 4).  The 
greenhouse roof caused a decrease in incident 
PAR. This shows that miscanthus has some shade 

tolerance. However, yields decreased 
significantly with increased shading. The increase 
in shade lead to lower LAI (and lower APAR) and 
lower LUE (Fig. 5).  Below-ground biomass  was 
found to be highly correlated with above-
ground growth (Fig.6). 

Summary 
Although greenhouse roof caused a significant 
decline in incident energy, (~50% less incident 
energy over both rotations) there was no 
significant difference in above-ground biomass 
between the “outdoor” and the “full sun” indoor 
treatments.  This has implications for the ability of 
Giant miscanthus to endure shading from trees 
as the stand ages.  However, Giant miscanthus is 
extremely sensitive to radiation availability in 
order to fully express its growth potential. 

 Figure 3. Daily incident energy (MJ m-2 day-1) over the 
measurement period March 2011 to September 2011.  

Table 1. Summary of leaf area, partitioning and 
development. Maximum leaf area index for the first and 
second rotation was calculated for the two harvests 
with the full sun treatments having the highest LAI, with 
LAI dropping as shade increases. Standard error of the 
mean shown in parenthesis.  

Treatment Specific 
Leaf Area 

Leaf:Total 
Biomass LAIm LAIm 

 
m2 kg-1 ratio First Rotation Second 

Rotation 

Outdoor - 
Full 15.1 (0.2) 0.60 

(0.00) 15.6 (1.5) 15.3 (0.1) 

Greenhouse 
- Full 15.5 (1.1) 0.61 

(0.02) 14.2 (1.4) 13.0 (2.7) 

Greenhouse 
- Low 16.5 (2.0) 0.62 

(0.03) 7.2 (1.6) 5.0 (1.3) 

Greenhouse 
- Med 17.2 (2.2) 0.63 

(0.03) 4.3 (1.0) 2.8 (1.2) 

Greenhouse 
- Heavy 25.3 (2.6) 0.69 

(0.01) 2.7 (0.7) 0.4 (0.2) 

 

 

 

 

 

  

Figure 4.  Miscanthus biomass harvested June and 
September of 2011.  Outdoor and four greenhouse light 
levels.  Error bars represent standard error of the mean.   

 

 

 

 

 

 

Figure 5.  LUE for above-ground biomass (g biomass MJ-

1). Error bars represent standard error of the mean.  

 

 

 

 

 

 

Figure 6.  Correlation between below-ground rhizome 
biomass  and total above-ground biomass.  
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Growth and Wood Quality of Pinus taeda L. Plantations in Argentina 
Raul Pezzutti, Frederico Fleig  

Introduction  
Loblolly pine plantations In South America have 
increased considerably during the last decades. 
The stands have been generally managed for 
timber production to produce pulp, boards, solid 
wood  (plywood, appearance or structural prod-
ucts). Pruning and thinning generate differences 
in tree growth and affect the quantity and quality 
of timber.  The main objective of thinning is to in-
crease individual tree diameter growth rate by 
promoting crown expansion (Larson, 2001). Prun-
ing may reduce growth by removing leaf area, 
but will improve wood quality. Interaction of prun-
ing and thinning is key to understand how to opti-
mize timber value.  

Objectives  
The aim of this thesis was to study the effect of pre
-commercial thinning and pruning on growth, 
yield, wood quality and economic results, on a 
15th year old loblolly pine stand in the northeast of 
Argentina.  

Methods  
The study was established in a deep red clay soil, 
with design of blocks with thinning intensity as ma-
jor plots and pruning intensity minor plots. The thin-
ning treatments, applied at year 3 considered: 
1666 (without thinning); 833; 416 and 208 trees   
ha-1 (Figure 1). Pruning was applied annually, start-
ing at 3 years old, and considered 2, 3 and 4 con-
secutive years removing 30, 50 and 70 % of the 
living crown respectively. Several models were 
evaluated to describe the responses for quadrat-
ic mean diameter, DBH standard deviation, total 
height, crown length, number of trees per hec-
tare, basal area and tree shape. Total volume 
and volume by products were estimated using 
the adjusted models.  Eight treatments were se-
lected to analyze the effect of thinning intensity 
and pruning on wood density, % of late wood 
and number of rings per inch. The samples were 
processed at NCSU laboratory by  X-ray. Using 
timber volumes and regional costs of these treat-
ments, economical analyses were applied to 
compare NPV, IRR, AEV and B/C relationship. 

  

 

 

Figure 1:  Pinus taeda thinning and pruning trial,  
control without thinning: 1666 trees ha-1 (1), treat-
ments with pre-commercial thinning with: 833 trees 
ha-1 (2), 416 trees ha-1 (3) and 208 trees ha-1 (4).  

  

Results 
A general model obtained by linear regression al-
lowed to estimate, with good precision (E%=5,9), 
the quadratic mean diameter (Dg) in function of 
age. Remaining trees, live crown, and number of 
prunings were considered to estimate the general 
function coefficients. At 15 years old Dg varied 
from 25,6 to 41,5 cm for  1666 and 208 trees ha-1 
respectively, without pruning. Dg was negatively 
affected by pruning and positively affected by 
thinning. (Figures 2 and 3). Average height of the 
stand was 23,8 m and was not affected by pruning 
and thinning. Similar results were showed by Crechi 
(2005) and Keller (2004). The normal distribution 
represented Dg appropriately. For the 1666 trees 
ha-1 stocking treatment, the number of living trees 
began to decline at age 6. The SDI was 1181 trees 
ha-1 and trees showed more taper when thinning 
was more intensive.   
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Figure 2 - QMD growth for several densities (N°
trees ha-1) originated from a pre-comercial 
thinning at 3 years in a loblolly pine stand. 

  

 

Figure 3 - QMD growth for 208 trees ha-1 in a 
Loblolly Pine stand with pre-comercial thinning (3 
years) and 3 number of pruning with  70, 50 and 
30 of remaining live crown.  

Basal area varied from 56,3 and 27 m2 trees ha-1 
for 1666 and 208 trees ha-1 respectively, without 
pruning. Volumes were higher for the larger 
stockings and ranged from 679,9 to 327,4 m3 ha-1 
for 833 and 208 trees ha-1 respectively. When 
trees were pruned, volume per ha decreased 
between 1,6 and 10,4 % depending on stand 
density. The largest value was attained by the 
416 trees ha-1 stocking treatment. Crown ratio 
(CR) was negatively affected by pruning and 
positively affected by thinning. CR values of 59,1 
and 22,7 % were obtained for the 208 and 1666 
trees per há, respectively. Wood density was 
affected by thinning showing the highest values 
at lower stockings and ranging  from 404 to 342,8 
Kg m-3 for 208 and 1100 trees ha-1 respectively. 
The latewood % showed the same behavior than 
wood density and ranged from 40,2 to 29,3% for 
the 208 and 1200 trees ha-1 respectively. In 

general terms, the n° of rings by inch near the 
pith was lower than 2 and higher than 4 near the 
bark. The maximum values of NPV; IRR; B/C and 
AEV were 1055,6 US$ ha-1; 11,9 %; 1,43; e 123,3 
US$ ha-1 planting 833 trees ha-1  thinning to 416 
trees ha-1 and pruning, in a 15 years rotation. 
Similar results were showed by Cubagge (2007) 
for the  same species in the region. 

 

Conclusions 
Pre-commercial thinning affected positively QMD 
growth and basal area but pruning affected them 
negatively. The QMD growth decreased when the 
percentage of removed crown and pruning inten-
sity increased. Total height was not affected by 
thinning and/or pruning. Length of the live crown 
was higher at lower stockings. Highest value was 
obtained for the 416 trees ha-1 stocking treatment. 

Pre-commercial thinning intensity affected posi-
tively wood density and % of late wood. Pruning 
did not show a significant effect on these varia-
bles. Wood density increase linearly from the cen-
ter to external rings.  

Treatments with pre-commercial thinning and 
pruning showed the best profit result.  
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*Losses of Fertilizer Nitrogen After a Winter Fertilization in Three Managed 
Pine Plantations of the Southeastern United States 

J.E. Raymond, T.R. Fox, R.L. Cook, T.J. Albaugh, R.A. Rubilar 

Introduction 

Loblolly pine plantations in the southeastern 
United States are often nitrogen limited.  
Considerable research has demonstrated the 
growth benefits to nitrogen fertilization in these 
stands.  Typical nitrogen applications are in the 
form of urea fertilizer because it has a high 
nitrogen content, a low processing cost and is 
water soluble.  At an operational scale, 
managers need to determine which stands are 
most likely to respond and then apply the 
nitrogen in a manner that will most effectively 
provide the limiting resource to the trees.  
However, urea is susceptible to urea 
volatilization which causes gaseous loss of the 
applied nitrogen.  This loss is influenced by  
edaphic variables like soil pH, soil moisture, soil 
temperature, amount of exposed mineral soil 
relative to developed forest floor and climatic 
variables including relative humidity, surficial 
wind speed, precipitation timing and amount, 
and air temperature.  Given these conditions, 
urea was often applied in the winter months 
because the cooler, wetter conditions typical of 
the season were thought to reduce the 
likelihood of urea volatilization.  However, urea 
volatilization may still occur in the winter.  
Research has shown that urea volatilization can 
be reduced by adding products like N-(n-butyl) 
thiophosphoric triamide (NBPT) which binds with 
urease enzymes to slow the volatilization 
process.   

Study Objectives 

The primary objectives of this study was to 
quantify nitrogen loss after winter application of 
urea on multiple sites and on bed and interbed 
areas, with and without the addition of NBPT to 
the urea.  We tested two hypotheses:  1) there 
was no difference in the fertilizer nitrogen loss 
between urea and urea+NBPT after winter 
fertilization; and 2) there was no difference in 
the amount of fertilizer nitrogen loss on beds 
and interbeds after a winter fertilization 

Treatments and Experimental Design 

We installed six microcosms at a flat planted site 
in Virginia (VA) and twelve microcosms (six on 
beds and six interbed) each on two bedded 
sites (Florida (FL) and South Carolina (SC).  
Microcosms were made from Schedule 40 PVC 
with an inside diameter of 6 inches and a length 
of 13 inches (Figure 1).  The microcosms were 
inserted 12 inches in to the soil.  There were two 
treatments: 15N enriched urea and 15N enriched 
urea treated with NBPT (urea+NBPT).  Urea 
applied to the microcosms at a rate of 200 lbs 
elemental nitrogen per acre.  Treatments were 

Figure 1. Microcosm used to measure fertilizer nitrogen 
loss.  Each microcosm extended to 30 cm in the soil. 

Figure 2. Mean fertilizer nitrogen loss (as a percent of 
applied) from microcosms after winter application of 
15N enriched urea and urea+NBPT averaged across 
thee thinned mid-rotation loblolly pine stands in the 
southeastern United States.   
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added by hand to the soil surface into three 
(flat planted site) or six (bedded sites) 
replications of microcosms.  Fifteen days after 
treatment the microcosms were removed and 
stored with soil inside the microcosm intact.  
Each sample was separated into two depths, 0-
6 and 6-12 inches for processing by sieving, 
drying, pulverizing and then analyzed on a 
coupled elemental analysis isotope ratio mass 
spectrometer to determine the amount of 
remaining 15N in the samples. 

Results 

Across all sites, fertilizer nitrogen loss from the 
urea+NBPT microcosms was significantly less 
(about one half) than the loss in the urea 
treatment (Figure 2).  Similar patterns were 

observed at each site where urea+NBPT losses 
were significantly less than urea losses (Figure 3).  
The general order of fertilizer nitrogen loss across 
sites was FL>SC>VA.  When comparing bed and 
interbed at the FL and SC sites, urea+NBPT 
resulted in significantly less fertilizer nitrogen loss 
compared to urea on beds and interbeds 
(Figure 4).  Fertilizer nitrogen losses were greater 
on the interbeds for both urea and urea+NBPT. 

Conclusions 

Across a wide range of sites, fertilizer nitrogen 
losses can be large even with winter 
applications.  The losses observed here with 
winter applications were similar to the losses 
observed in a similar study examining spring and 
summer applications.  Fortunately, the use of 
urea+NBPT reduced the losses by more than half 
on all sites.  Other studies showed similar 
reduction in losses when using urea+NBPT or 
other urease inhibitors when applications were 
made in spring and summer.  Clearly, urea 
should be treated with a urease inhibitor 
whenever it is applied to reduce nitrogen losses.  
Similarly, interbed areas have greater fertilizer 
nitrogen losses than beds, however the loss 
mechanisms may be different in each area.  
Most operational fertilization  is broadcast 
across an entire site covering both bed and 
interbed areas.  Consequently, it is not clear if 
the differential losses on beds and interbeds 
could be managed effectively at this time at an 
operational scale.   

Additional Resources 

Raymond et al. 2016. For. Ecol. Manage. 376:247
-255. 

Raymond et al.  202x. In review.   Soil Sci. Soc. 
Am. J. 

 

Figure 3. Mean fertilizer nitrogen loss (as a percent of 
applied) from microcosms after winter application of 
15N enriched urea and urea+NBPT in thee thinned mid-
rotation loblolly pine stands in Florida (FL), South Caroli-
na (SC), and Virginia.   

Figure 4. Mean fertilizer nitrogen loss (as a percent of 
applied) from microcosms after winter application of 
15N enriched urea and urea+NBPT on bedded and in-
terbed areas in Florida and South Carolina and aver-
aged across site.   



  

 199 

Ammonia Volatilization Following Nitrogen Fertilization with Enhanced 
Efficiency Fertilizers and Urea in Loblolly Pine (Pinus taeda L.) Plantations 

of the Southeastern United States 
J. Raymond, T. Fox, B. Strahm, J. Zerpa 

Introduction 
Urea has been the preferred form of fertilizer 
nitrogen (N) in forestry to ameliorate soil N 
deficiencies due to its high N content and low 
application costs. Urea fertilization usually occurs 
winter to reduce potential N losses by ammonia 
(NH3) volatilization.  Yet N fertilization during this 
time may be asynchronous to plant demand, 
and fertilizer N losses may still be substantial (20 
to 50%).  Enhanced efficiency fertilizers (EEFs) 
were developed to reduce N losses through 
physical or chemical mechanisms. This study 
evaluated N losses of urea and EEFs using 
fertilizers enriched with stable isotopes (15N) in 
mid-rotation loblolly pine plantations in the 
southeastern United States.   
 
Study Objectives 
 Determine fertilizer N losses (primarily NH3 

volatilization) for urea and EEFs.  
 Determine differences in fertilizer N losses 

between spring and summer application. 
 
Experimental Approach & Methods  
Six sites were installed across the major 
physiographic provinces of the southeastern 
United States in association with existing RW 19 
trials in 2011 (Figure 1, 2). Twenty-four 
microcosms (Figure 3), measuring 30 cm, were 
constructed from PVC and installed at each site.  
Four fertilizer treatments (Urea, CUF: Coated 
Urea + NBPT, NBPT: N-(n-butyl) thiosphosphoric 
triamide-treated Urea, PCU: Polymer Coated 
Urea) enriched with 15N (0.5 atom percent; 

~370‰) were randomly applied to microcosms 
in the spring (March to April) and summer (June).  
Fertilizers enriched with 15N were used to 
differentiate N originating from the fertilizers 
compared to N existing in the environment. One 
microcosm was removed from each fertilizer 
treatment on 1, 15 and 30 days after fertilization 
for both application seasons.  In the laboratory, 
each microcosm was separated into five depth 
increments (forest floor, 0-10, 10-20, 20-30, 30+ 
cm) (Figure 3) and analyzed for 15N (‰) and N 
content (%) on an isotope ratio mass 
spectrometer (IRMS) at Virginia Tech. These 
values were used in a mass balance calculation 
to determine the amount of 15N lost from the 
microcosms. The 15N that could not be 
accounted for through this method was  
assumed to be lost from the system through 
gaseous forms (primarily NH3 volatilization).    

Figure 2.  15N site layout.   

Figure 3.  15N microcosm schematic.   Figure 1.  Location of N volatilization sites.   
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Results  
Mean NH3 volatilization losses following urea 
application in the spring were greater than losses 
from the EEFs 1, 15 and 30 days after fertilizer 
application (Figure 4). There were no significant 
differences among the individual EEFs 1 and 15 
days after fertilization, but mean NH3 

volatilization losses following CUF application 
were less than mean NH3 volatilization losses from 
NBPT and PCU after 30 days. Mean NH3 
volatilization losses, expressed as a percent of 
the fertilizer N added, after 1 day were 3.9% for 
CUF, 9.6% for NBPT, 8.2% for PCU and 25.9% for 
urea. Fifteen days after fertilization, the mean 
NH3 volatilization was 13.7% for CUF, 20.0% for 
NBPT, 15.3% for PCU, and 35.2% for urea.  Thirty 
days after fertilization, the mean NH3 
volatilization was 15.2% for CUF, 23.5% for NBPT, 
21.5% for PCU and 40.0% for urea. Mean NH3 
volatilization losses following urea fertilization in 
the summer were significantly greater after 1, 15 
and 30 days than mean NH3 volatilization losses 
from the EEFs (CUF, NBPT, PCU) except after 1 
day, where there was no difference between 
CUF and urea (Figure 4). There were no 
significant differences in mean NH3 volatilization 
among the individual EEFs after 1 and 15 days, 
but after 30 days losses from PCU were less than 
CUF. Mean NH3 volatilization losses, expressed as 
a percent of fertilizer N added, were 18.8% for 
CUF, 6.7% for NBPT, 11.0% for PCU and 28.5% for 
urea after 1 day. After 15 days, the mean NH3 
volatilization was 16.6% for CUF, 14.2% for NBPT, 
11.4% for PCU, and 45.4% for urea. After 30 days, 
the mean NH3 volatilization was 23.3% for CUF, 
21.4% for NBPT, 11.8% for PCU and 48.7% for urea. 
When the data were combined for the spring 
and summer application (spring + summer), 
mean NH3 volatilization losses were significantly 
greater following fertilization with urea than the 
EEFs after 1, 15 and 30 days (Figure 4). There 
were no significant differences among the 
individual EEFs 1 and 15 days after fertilization, 
but mean NH3 volatilization losses were greater 
following fertilization with NBPT than PCU after 30 
days. Mean NH3 volatilization losses, expressed as 
a percent of fertilizer N added, were 11.3% for 
CUF, 8.7% for NBPT, 9.6% for PCU and 27.3% for 
urea after 1 day. The mean NH3 volatilization was 
15.2% for CUF, 17.1% for NBPT, 13.9% for PCU, and 
40.3% for urea after 15 days. After 30 days, the 
mean NH3 volatilization was 19.2% for CUF, 22.4% 
for NBPT, 16.7% for PCU and 44.4% for urea.   
 
Conclusions 
Larger losses of fertilizer N occurred with urea for 
all days for both seasons compared to all EEFs. 
These results indicate N fertilizer use efficiency 
could improve by using EEFs compared to urea, 
creating a more synchronous fertilization system 
with plant demand under operational forestry. 
 
For full article, please visit:  
Forest Ecology and Management 376 (2016) 247
–255 

Figure 4.  The percentage of 15N fertilizer recovered after 1, 15, 
and 30 days at depth increments after spring and summer 
fertilization.      

Figure 4.  The cumulative mean volatilization loss from 
microcosms, expressed as a percent loss of applied N 
fertilizer, for 6 mid-rotation loblolly pine plantations across 
the southeastern United States after a spring (A), summer 
(B) and spring+summer (C) application of 15N enriched 
treatments (CUF, NBPT, PCU, urea). Different letters are 
significant differences at  = 0.05, and error bars are the 
standard error of the mean.  
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Differences in the Recovery of Four Different Nitrogen Containing Fertilizers 
after Two Application Seasons in Pine Plantations Across the  

Southeastern United States  
J. Raymond, T. Fox, B. Strahm 

Rationale 
Previous research on forest fertilization has 
primarily focused on empirical responses of crop 
trees to assess productivity. This study was 
designed to improve our fundamental 
understanding of applied fertilizer nitrogen (N) 
dynamics in mid-rotation loblolly pine (Pinus 
taeda L.) plantations by using stable isotopes.   
 
Study Objectives 
Compare N dynamics after spring and summer 

fertilizer applications. 
Compare N dynamics between urea and 

enhanced efficiency fertilizers (EEFs) 
 
Experimental Approach & Methods 
Five sites were installed across the southeastern 
United States in association with existing RW18-
19, PINEMAP, and WGCD research trials (Figure 
1, 2). Five circular plots (100 m2) were installed at 
each site in 2011. Plots at each site were 
randomly administered a single fertilizer 
treatment (Control– no fertilizer, urea, CUF: 
Coated Urea + NBPT, NBPT: N-(n-butyl) 
thiosphosphoric triamide-treated Urea, PCU: 
Polymer Coated Urea) in the spring and summer 
at an application rate of 224 kg N ha-1, 28 kg P 
ha-1.  All fertilizers were enriched with 15N (0.5 
atom percent; ~370‰) to differentiate N 
originating from the fertilizers compared to N in 
the environment. After one growing season, a 
loblolly pine crop tree, understory, forest floor 

and mineral soil was sampled to determine 
ecosystem retention of applied 15N. The primary 
components of each plot (Figure 3) were 
sampled and analyzed at the Virginia Tech 
Forest Nutrition Laboratory on an IsoPrime 100 EA
-IRMS (isotope ratio mass spectrometer) for 15N 
and percent N (N%).  These results were used in 
a mass balance calculation to  determine the 
amount of applied 15N in each component of 
the system.  The percentage of applied 15N 
unaccounted for from each plot was assumed 
to be lost from the system primarily through 
ammonia (NH3) volatilization. 
 
Results 
There was a difference in total fertilizer N 
recovery, expressed as a percentage of fertilizer 
N applied, for the entire ecosystem between all 
EEFs (CUF = 78.7%, NBPT = 84.0%, PCU = 78.4%) 
and urea (52.0%), although there were no 
differences among individual EEFs (Figure 4). 
There were also differences in fertilizer N 
recovery for certain individual components of 
the crop trees among the different fertilizer 
treatments. Fertilizer N recovery in the crop trees 
was greatest in the foliage, ranging from 9.1% to 
14.8% of the N applied. Nitrogen recovery in the 
other components of the trees was less, 
averaging 1.5% for fine branches, 4.3% for 
coarse branches, 1.0% for bark, 1.8% in wood 
formed in the current year after fertilization and 
3.9% in older wood. Fertilizer N recovery was 

Figure 2.  15N site layout.   

Figure 1.  15N site installation map.   
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higher in the fine roots, averaging 11.2%, but less 
in the coarse roots which averaged 1.7%. 
Fertilizer N recovered in the fresh litterfall was 
low, averaging 0.5%. In the soil, fertilizer N 
recovery in the forest floor averaged 2.8% 
among the fertilizer treatments. In contrast, 
fertilizer N recovery in the surface 0-15 cm of the 
mineral soil was greater for all EEFs (26.5% to 
31.2%) compared to urea (13.4%). Fertilizer N 
recovery in the 15-30 cm mineral soil was lower 
than in the 0-15 cm depth, ranging from 5.1% to 
8.3% for all fertilizer treatments. When ecosystem 
components were combined into the categories 
of tree (canopy + stem + roots) and soil (forest 
floor + 0-30 cm), only minor differences occurred 
among treatments (not significant) for the tree, 
with more fertilizer N recovered for all EEFs (35.5% 
to 42.5%) compared to urea (20.5%) in the soil. 
There were few differences for the amount of 
fertilizer N recovered, with no differences in δ15N 
values or N concentration, for ecosystem 
components with the same fertilizer treatment 
between seasons of application. For example, 
the NBPT treatment had a higher fertilizer N 
recovery for the coarse branches with the spring 
fertilization (7.3%) compared to the summer 
(2.6%), whereas the CUF treatment had a higher 
fertilizer N recovery for the stem in the spring 
(8.0%) compared to the summer (2.9%). 
Although there were few differences in the 
percentage of fertilizer N recovered for 
ecosystem components between seasons, there 
was a trend among the primary components 
(tree, soil) between seasons for the EEFs 
collectively. In the tree, there was a higher 

percentage (not significant) of fertilizer N 
recovered in the spring (34.7% to 53.3%) 
compared to the summer (28.5% to 33.5%) for all  
EEFs. Conversely in the soil, there was a higher 
percentage (not significant) of fertilizer N 
recovered in the summer (40.2% to 50.0%) 
compared to the spring (29.6% to 37.6%) for all 
EEFs. 

Conclusions 
 All EEFs had significantly more fertilizer retained 
(higher recovery) in the system compared to 
urea, although there were no differences 
between individual EEFs. Higher  levels of N 
fertilizer was retained in the soil for all EEFs 
compared to urea, potentially translating to 
higher N use efficiency for the system over time. 
 
For full article, please visit: Forest Ecology and 
Management.  380 (2016) 161–171. 

Figure 4.  Total fertilizer N recovery (% fertilizer N 
applied) of ecosystem components (tree – canopy + 
stem + roots), litterfall, O horizon (forest floor), mineral 
soil (0 to 30cm) and roots (fine+coarse). Data 
represents spring and summer fertilization. Different 
letters represent significant differences at α = 0.05.   

Figure 3. Fertilizer N recovery (% fertilizer N applied) of 
ecosystem components combined for spring and 
summer  fertilization. Different fonts are comparisons 
among treatments for same ecosystem component 
(soil, litterfall, tree), and different letters are significant 
differences at α = 0.05.  
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Use of Stable Isotopes to Trace the Uptake of Applied Nitrogen in Southern 
Loblolly Pine (Pinus taeda L.) Plantations  

Jay Raymond, Thomas Fox, Brian Strahm 

Rationale 
Previous research on forest fertilization has 
primarily focused on empirical responses of crop 
trees to assess productivity.  This study is 
designed to improve our fundamental 
understanding of applied nitrogen (N) dynamics 
in mid-rotation loblolly pine (Pinus taeda L.) 
plantations by using stable isotopes (15N).   
Objectives 
Compare N dynamics after spring and summer 

fertilizer applications. 
Compare N dynamics between urea and 

enhanced efficiency fertilizers (EEFs) 
Monitor long term applied N cycling.      
Experimental Approach & Methods 
Eighteen sites were installed in the major 
physiographic provinces of the southern United 
States in association with existing RW18-19, 
PINEMAP, and WGCD research trials (Figure 1, 2).  
Five circular plots (100 m2) were installed at each 
site between 2011 and 2012 with a fertilizer 
treatment randomly assigned: (Control– no 
fertilizer, urea, CUF: Coated Urea + NBPT, NBPT: N
-(n-butyl) thiosphosphoric triamide-treated Urea, 
PCU: Polymer Coated Urea) in the spring at an 
application rate of 224 kg N ha-1, 28 kg P ha-1.  
Fertilization for these sites was in late March to 
early April (spring). Fertilizers enriched with 15N 
(0.5 AP; ~370‰) were used to differentiate N 

originating from the fertilizers with the N in the 
natural environment.  Five additional plots were 
installed at six sites in 2011 to assess applied 15N 
dynamics after a summer fertilization (June).  
After one growing season, a loblolly pine crop 
tree, understory, forest floor and mineral soil were 
sampled to determine ecosystem retention of 
applied 15N. The primary components of each 
plot (Figure 3) were sampled and analyzed at 
the Virginia Tech Forest Nutrition Laboratory on 
an IsoPrime 100 EA-IRMS (isotope ratio mass 
spectrometer) for 15N and percent N (N%).  These 
results were used in a mass balance calculation 
to  determine the amount of applied 15N in each 
component of the system.  The percentage of 
applied 15N unaccounted for from each plot 
was assumed to be lost from the system primarily 
through ammonia (NH3) volatilization. 

Figure 2.  15N site layout.   

Figure 3.   The primary components of the system sampled.  Figure 1.  15N site installation map.   
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Results 
There were significant differences between urea 
and each of the EEFs following both spring and 
summer fertilization for the total mean 15N 
recovery (Figure 4). The spring mean 15N total 
recovery for urea was 63%, 82% for CUF, 84% for 
NBPT, and 78% for PCU. The summer mean 15N 
total recovery for urea was 48%, 76% for CUF, 
83% for NBPT, and 83% for PCU. There were no 
d i f f e r e n c e s between EEFs 

for either application season. The largest percent 
of the recovery of the fertilizer for both seasons 
was the mineral soil followed by the loblolly pine 
crop trees (Figure 4).  
     When individual ecosystem components 
were analyzed for 15N values, the only significant 
fertilizer treatments occurred between PCU and 
urea in the organic horizon for the spring 
application (Figure 5). There were no differences 
between any of the EEFs and N% for any of the 
components, although there were differences 
between certain fertilizer treatments and the 
control (no fertilization). NBPT and urea had 
greater foliar N% than in the control. CUF and 
NBPT had greater N% in branches compared to 
the control. Only NBPT had a greater N% than 
the control in the stem. PCU had a greater N% 
compared to the control in the organic horizon. 
There were no differences between EEFs with the 
summer fertilization.  
Conclusions 
     All EEFs had significantly more fertilizer 
retained (higher recovery) in the system 
compared to urea, although there were no 
differences between individual EEFs. Higher  
levels of N fertilizer was retained in the soil for all 
EEFs compared to urea, potentially translating to 
higher N use efficiency for the system over time.  

Figure 4.  The mean percent fertilizer recovery for the primary 
system components after a spring and summer fertilization. 

Figure 5. The mean 15N (‰) and N (%) content values for the 
primary ecosystem components after spring and summer 
fertilization.  Numbers in parentheses represent S.E.M.  

SPRING 

N = 17 

SUMMER 



  

 205 

Nitrogen Volatilization Losses Based on 15N Labeled Fertilizer                              
in Southern Loblolly Pine (Pinus taeda L.) Plantations 

Jay Raymond, Thomas Fox, Brian Strahm 

Introduction 
 Urea has been the preferred form of fertilizer 
nitrogen (N) fused in forestry to ameliorate soil N 
deficiencies due to its high N content and lower 
overall application costs.  Urea fertilization is 
usually conducted during winter months to 
reduce potential N losses by ammonia (NH3) 
volatilization.  Two problems with this timing are 
that fertilization occurs asynchronous to plant 
demand, and losses can still be substantial (20 to 
50%) depending on weather conditions at 
application.  Enhanced efficiency fertilizers (EEFs) 
were developed to reduce N losses through 
physical or chemical mechanisms.  This study 
evaluated N losses of urea and EEFs using 
fertilizers enriched with stable isotopes (15N) in 
mid-rotation loblolly pine plantations in the 
southern United States.   

Objectives 
 Determine applied N losses (primarily NH3 

volatilization) for urea and EEFs.  

 Determine differences in applied N losses 
between spring and summer application. 

Experimental Approach & Methods  
 Six sites were installed across the major 
physiographic provinces of the southern United 
States in association with existing RW 19 trials in 
2011 (Figure 1, 2). Twenty-four microcosms 
(Figure 3), measuring 30 cm were constructed 
from 6” PVC and installed at each site.  Four 
fertilizer treatments (Urea, CUF: Coated Urea + 
NBPT, NBPT: N-(n-butyl) thiosphosphoric triamide-
treated Urea, PCU: Polymer Coated Urea) 

enriched with 15N (0.5 AP; ~370‰) were 
randomly applied to microcosms in the spring 
(March to April) or summer (June).  Fertilizers 
enriched with 15N were used to differentiate N 
originating from the fertilizers compared to N 
existing in the natural environment. A microcosm 
was removed from each fertilizer treatment on 1, 
15 and 30 days after fertilization for both 
application seasons. In the laboratory, each 
microcosm was separated into five depth 
increments (forest floor, 0-10, 10-20, 20-30, 30+ 
cm) (Figure 3) and analyzed for 15N (‰) and N 
content (%) on an isotope ratio mass 
spectrometer (IRMS) at Virginia Tech. These 
values were used in a mass balance calculation 
to determine the amount of 15N lost from the 
microcosms. The 15N that could not be 
accounted for through this method was  
assumed to be lost from the system through 
gaseous forms (primarily NH3 volatilization).     

Results  
There was no 15N detected directly below the 
microcosms within the 30 days indicating 
leaching of fertilizer N was negligible  (Figure 4). If 
this loss pathway was important, samples 
immediately below the bottom of the 
microcosm (>30cm soil increment) should have 
elevated 15N signatures compared to natural 
abundance natural levels, which was not 
observed.  

     Significant differences were detected for 
each sampling day (1, 15, 30) between urea 
and each individual EEF (CUF, NBPT, PCU) for 

Figure 2.  15N site layout.   

Figure 1.  Location of N volatilization sites.   
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mean NH3 volatilization loss (p = 0.05) after a 
spring fertilization (Figure 5). There were no 
significant differences among the individual EEFs 
on Day 1 and 15, but there were differences 
between CUF and NBPT and CUF and PCU on 
Day 30. Mean NH3 volatilization losses of applied 
15N fertilizer loss on day 1 were 3.9% for CUF, 9.6%
for NBPT, 8.2% for PCU and 25.9% for urea. On 
day 15 the mean NH3 volatilization was 13.7% for 
CUF, 20.0% for NBPT, 15.3% for PCU, and 35.2% for 
urea.  On day 30, the mean NH3 volatilization 
was 15.2 for CUF, 23.5 for NBPT, 21.5 for PCU and 
40.0 for urea.    

     Mean NH3 volatilization losses for summer 
were significantly different for each sampling 
day (1, 15, 30) between urea and each 
individual EEF (CUF, NBPT, PCU) except on day 1, 
where there was no difference between CUF 
and urea (p = 0.05) (Figure 6). There were no 
significant differences among the individual EEFs 
on day 1 and 15, but there were differences 
between CUF and PCU on day 30. Mean NH3 
volatilization losses on day 1 were 18.8 for CUF, 
6.7% for NBPT, 11.0% for PCU and 28.5% for urea. 
On day 15 the mean NH3 volatilization was 16.6% 
for CUF, 14.2% for NBPT, 11.4% for PCU, and 45.4% 
for urea (Figure 6). On day 30, the mean NH3 
volatilization was 23.3% for CUF, 21.4% for NBPT, 
11.8% for PCU and 48.7% for urea.   

Pearson’s correlation coefficients were 
calculated for mean NH3 volatilization from urea 
and selected weather data for day 15 for 
combined spring + summer applications. A 
strong positive correlation existed between NH3 
volatilization and cumulative days when mean 
daily relative humidity exceeded calculated 
critical relative humidity (0.573), and moderate 
positive correlations with maximum daily 
temperature and cumulative precipitation.  

Conclusions 
     Larger volatile losses of applied N occurred 
with urea for all days for both seasons compared 
to all EEFs. Although losses from EEFs were 
generally independent of weather variables, 
urea had high losses correlated with relative 
humidity,  critical relative, precipitation, and 
temperature. These results indicate N fertilizer use 
efficiency could improve by using EEFs 
compared to urea, creating a more 
synchronous fertilization system with plant 
demand under operational forestry. 

Figure 6.  The percentage of applied N loss after 1, 15, and 30 
days for summer fertilization.      

Figure 3.  15N microcosm schematic.   

Figure 4.  The percentage of 15N fertilizer recovered after 1, 15, 
and 30 days at depth increments after spring and summer 
fertilization.      

Figure 5.  The percentage of applied N loss after 1, 15, and 30 
days for spring fertilization.      



  

 207 

Use of Stable Isotopes to Study the Effects of Understory Competition on 
Nitrogen (N) Uptake in Southern Loblolly Pine (Pinus taeda L.) Plantations   

Jay Raymond, Thomas Fox, Brian Strahm 

Rationale 
Understory vegetation can compete for site 
resources reducing the overall productivity of 
the crop trees.  This study is designed to examine 
the effects of understory competition on 
nitrogen (N) uptake and cycling in loblolly pine 
plantations in the southern United States 
following fertilization with urea and enhanced 
efficiency N fertilizers. 

Objective 
Compare the effect of understory vegetation 

on applied N cycling.  

Experimental Approach & Methods 
Nitrogen uptake following fertilization was 
examined at eighteen loblolly pine plantations in 
the Southern United States (Figure 1). The sites 
had various levels of competing understory 
vegetation divided into 3 broad understory 
classifications of low (<25% plot area occupied 
by understory vegetation), medium (25-50%) 
and high (>50%) (Figure 2, 3, 4). Two additional 
sites were established in VA and GA in 
association with the PINEMAP project in 10 
circular plots (100 m2). Five N fertilizer treatments  
(Control– no fertilizer, urea, CUF: Coated Urea + 
NBPT, NBPT: N-(n-butyl) thiosphosphoric triamide-
treated Urea, PCU: Polymer Coated Urea) were 
applied at each site using 15N labeled fertilizer. 
Understory vegetation, if present in the plot, was 
divided into the strata of saplings (including 
volunteer loblolly pine), shrubs, vines, and 

Figure 2.  Plot with low (<25%) understory vegetation.   

Figure 2.  15N understory site layout, Buckingham, VA.   

Figure 1.  15N understory study site location map.   

Figure 3.  Plot with medium (25-50%) understory vegetation. 
Similar percent vegetation cover in understory that was 
retained for the  Comparative Study in VA and GA. 

Figure 4.  Plot with high (>50%) understory vegetation. 
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herbaceous. For the sapling stratum, individual 
species were divided into 1” dbh classes and a 
single sapling was harvested from each dbh 
class. Each plot was then divided into 32 equal 
sections with a single section randomly selected 
for sampling shrubs, vines and herbaceous 
strata. All shrubs were divided into individual 
species and removed from the section. All vine 
and herbaceous species were sampled and 
composited in their appropriate categories. 

Results 
Sites with a low understory (<25%) generally had 
higher proportions of 15N recovered in crop trees 
compared to sites with a medium (25-50%) or 
high (>50%). Sites with a low understory had <1% 
fertilizer recovery in understory components, 
primarily in the tree and shrub strata. Vines and 
herbaceous species were generally not present. 
Medium understory sites ranged from 1-5% 
fertilizer recovery in the understory and a slight 
increase in recovery in the litter due to a larger 

deciduous foliar input. One site (NC) had a high 
understory and effects were great compared to 
the low or medium understory sites. Recovery 
ranged from 25-50% for understory species. Most 
was recovered in deciduous tree species, but 
the highest 15N values were in herbaceous 
species.  Higher fertilizer recovery occurred in 
litter and organic horizon. Figure 6 indicates 
higher 15N values generally occurred in crop 
trees at sites with low understories and 
decreased with an increasing understory. 
Interestingly, losses of N (primarily volatilization) 
with urea fertilization generally increased with an 
increasing understory (Figure 5). 

Conclusions 
Results indicate the understory influences  
fertilizer N uptake by crop trees in pine 
plantation. Deciduous species retain large 
amounts of N in both foliage and stems, 
potentially reducing amounts of applied N to 
crop trees for extended periods into a rotation. 
Losses are still smaller with EEFs with any type of 
understory, but may increase with an increasing 
understory with urea fertilization.  

Figure 5.  The percent recovery of 
fertilizer in the primary components 
of the system.  Sites for low (left 
column) and medium (middle 
column) understory are in GA, and 
for the high (right column) understory 
in NC.    

Figure 6.  15N (‰) and N % for primary ecosystem components in 
for sites with low, medium and high understory.  

Classification of Understory  

Figure 7.  15N (‰) values for crop tree components and soil at 
the VA and GA sites.     
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Release Characteristics and Uptake Efficiencies of Enhanced Efficiency 
Fertilizers in a Pinus taeda L. Plantation 

Amy Werner, Thomas Fox 

Introduction 
The most frequently limiting nutrient in southern 
pine plantations is nitrogen.  The most common 
nitrogen fertilizer is urea, though studies find that 
on average only 10 to 25% of applied N is taken 
up by the crop trees.  Enhanced efficiency 
fertilizers have been developed in response to 
low uptake efficiencies and are designed to 
release slowly and/or stabilize applied N. 

Most research studying the effects of N 
fertilization focuses on physiological responses.  
Stable isotopes allow researchers to quantify 
relationships between plants, nutrients, and their 
environment.  15 N enriched fertilizers can be 
used to determine the fate and quantity of 
applied N moving through an ecosystem.   

 

1. Release Characteristics of Enhanced 
Efficiency Fertilizers  

 
Objectives 
To investigate the release characteristics of  
enhanced efficiency fertilizers and conventional 
urea in mid-rotation loblolly pine stand in 
Southeastern USA.   

Experimental Design 
The study site was located in a 7 year loblolly 
pine stand at Reynolds Homestead Forest 
Resources Research Center in the Piedmont 
physiological province of Va.  The study was a 
randomized complete block design with 3 
blocks and 7 treatments, including a non-
fertilized control. Fertilizer treatments were 
applied to 1mx 1m plots at a rate of 150 kg ha-1 
on September 5th, 2010 and May 10th, 2011. 

Plots fertilized on September 5th, 2010 received 
one of 6 fertilizer treatments:  1. conventional 
urea; 2. polymer coated urea; 3. urea + NBPT A; 
4. urea + NBPT B; 5. CUF coated urea; 6. CUF 
coated urea + NBPT 

Plots fertilizer on May 10th, 2011 received one of 
4 fertilizer treatments: 1. conventional urea; 2. 

polymer coated urea; 3. urea + NBPT A; 4. CUF 
coated urea + NBPT 

Ion-Exchange Membrane (IEM)-N 
Nitrogen release rates were measured using ion 
exchange membrane-N (IEM).   2 cation and 2 
anion membranes were placed in each plot.   
Membranes were placed in the soil 4 weeks prior 
to fertilization and were removed every two 
weeks for the duration of the sample period. 

Membranes extracts were analyzed for nitrate  
and ammonium using TRAACS 2000 Auto 
Analyzer (SEAL Analytical, Mequon, WI).  

Results 
In the September and May fertilizations polymer 
coated urea treatments showed a delayed 
release of NH4+ associated with a an increase in 
soil moisture (figure 1).  This suggests that the 
polymer coated urea  delayed the release of N 
into the soil.  Urea + NBPT A fertilizer treatment 
lower levels of cumulative NO3- (figure 2), which 
suggests it  inhibited the conversion from 
ammonium to nitrate.   

 

2. Use of Stable Isotopes to Evaluate 
Fertilizer Efficiency and Ecosystem 
Impacts 
 
Objectives  
To determine the fate of applied N and uptake 
efficiencies of conventional urea and enhanced 
efficiency fertilizers in a mid-rotation loblolly pine 
plantation in southeastern USA using .  

Methods  
The study site was located in a 7 year loblolly 
pine stand at Reynolds Homestead Forest 
Resources Research Center in the Piedmont 
physiological province of Va.  It was established 
as a random complete block with 4 blocks and 5 
treatments 0.5 atom % 15N enriched 
Treatments:1)Check (No Fertilizer); 2)Urea; 3)
Polymer Coated Urea; 4)NBPT Treated Urea; 5)
MAP Coated Urea. 
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Samples were collected at each plot to 
determine natural abundance 15N signatures 
before fertilization.  

In late September 2011 the sample trees were 
destructively harvested to quantitatively 
determine N uptake from the applied fertilizers.  
Each tree was felled with a chainsaw and 
separated into the following components; 
foliage, branches and bole. Samples were 
analyzed for 15N isotope using an IsoPrime100 
IRMS.  

Results 
Needles grown during the 2011 growing season  
showed higher levels of applied N from fertilizer 
treatments than foliage from the 2010 growing 
season, though 2010 needles did take up 
applied fertilizer (Figure 3).  

 

Future work  

Includes evaluating ecosystem retention of 
applied N, uptake of applied N by tree 
component and total tree uptake, and uptake 
of applied N into foliage throughout the growing 
season.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. All and crop tree 3 year 
diameter increment. The crop 
tree fertilizer effect is not 
significant. 

Treatment Total g N in foliage  g N in foliage from 
applied fertilizer 

Control 35.20074 -5.89801 

CUF coated urea 48.88021 13.02364 

Polymer coated 
urea 

29.24801 7.059971 

Urea + NBPT 42.66879 14.31399 

Urea  89.07939 16.31782 

Figure 1: µg cm-2 of NH4+ and NO3– extracted from IEM strips 
following the September 5th fertilizer applications  

Figure 2: µg cm-2 of NH4+ and NO3– extracted from IEM strips 
following the May 10th fertilizer applications  

Figure 3: g of N from applied fertilizer for needles produced in 
the 2010 and 2011 growing seasons.    

Table 1: Average g of N in foliage and average g N applied 
fertilizer treatments.      
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SETRES—SouthEastern Tree Research and Education Study 
Optimal Nutrition and Water Availability Effects on Growth of Loblolly Pine  

Timothy Albaugh, Lee Allen, Thomas Fox, Chris Kiser, Jose Stape, Rafael Rubilar 

Study Objective 
To examine and quantify the ecophysiological 
parameters influencing the growth of loblolly 
pine (Pinus taeda L.) in the southeastern US. 

Treatments and Experimental Design 
The experimental design was a 2 x 2 factorial 
combination of optimum nutrition and water 
availability in four replications.  Annual nutrient 
additions maintained dormant season foliar 
nitrogen concentration >1.3% with other nutrients 
in balance with nitrogen.  Optimum water 
availability was an additional 650 mm yr-1 added 
during the growing season (March to 
November).  Treatments were control, irrigation 
only, fertilization only, and fertilization plus 
irrigation.  All plots received complete sustained 
vegetation control.  

Current Status 
SETRES was installed in 1992 and treatments were 
applied through 2008.  Irrigation stopped in 2010.  
In 2011 fertilization stopped in half the fertilized 
plots to examine fertilizer response longevity and 
fertilizer effects on carrying capacity. 

Results 
1.  Leaves grow trees.  SETRES data quantified 
resource availability effects on the stem growth 
and peak leaf area index relationship.  Adding 
limiting nutrients increased leaf area (Figure 1).  
Increasing leaf area increased stem production 
(Figure 2, Albaugh et al. 2004) and growth 
efficiency.  Increasing water availability  
produced little additional leaf area but did 
increase growth efficiency likely making the 
extant foliage able to photosynthesize during dry 
periods.  In the southeastern US, loblolly pine 
growth is primarily limited by nutrient deficiencies 
and secondarily by water limitations. 

2.  Rapid growth requires good nutrient supply.  
Volume production per unit of nutrient uptake 
was 0.35, 3.5, 0.66, 1.1, and 3.1 m3 kg-1 for N, P, K, 
Ca, and Mg, respectively (Albaugh et al. 2008). 
There was considerable variation in volume 
production per unit of measured nutrient uptake 
for all nutrients examined (Figure 3, shows 
relationship for N).  This variation was related to 
treatment imposition in an eight year old stand 
rather than at planting.  However, treatment did 
affect the relationships with more volume growth 
per unit of nutrient uptake in the irrigated only 

 

 

 

 

 

 

 

 

 

 Figure 1.  Fertilized 
(upper left) and 
non-fertilized (lower 
right)    leaf area 
in 2008 at SETRES. 

 

 

 

 

 

 

 

 

 

 

 

 Figure 2.  Stem growth and annual peak leaf area index at   
 SETRES from 1992 to 2000 (Albaugh et al. 2004). 
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and the fertilized only treatments.  Irrigation may 
have permitted photosynthesis during droughts 
when compared to control plots.  In the fertilized 
plots compared to the fertilized and irrigated 
plots, irrigation may not have been enough for 
the increased leaf area resulting from 
fertilization.   

3.  Applied fertilizer recovery amounts.  Through 
2007, 1322, 168, 393, 168 and 146 kg ha-1 of 
elemental N, P, K, Ca, and Mg, respectively, had 
been added to fertilized plots.  We measured 
these elements in the soil to 150 cm, in the forest 
floor and in all plant components.  Soil and forest 
floor data were from Kiser and Fox, 2011.  For 

ambient rainfall conditions we found all the N, 
Ca, and Mg applied.  For irrigated conditions we 
found all the P and Ca applied (Figure 4).  In all 
cases where we could not account for all the 
applied fertilized (P and K with ambient rainfall 
and N, K, Mg with irrigation) we found less 
nutrients in the system than were applied.    
Volatilization, leaching and irrigation losses may 
explain the differential. 

4.  Carrying capacity.  Self-thinning is occurring 
more rapidly on the fertilized plots with and 
without irrigation (Figure5).  No differences have 
been observed in mortality in the fertilized plots 
where annual fertilization is continuing 
compared to those where no additional 
fertilizers have been applied since 2010. 

Summary 
SETRES was a landmark study and continues to 
improve our understanding of the 
ecophysiological factors influencing the growth 
and silvicultural manipulation of loblolly pine.  
Over 70 papers and 15 theses have been 
published based on work at this study.  These 
publications are available on the Members’ only 
web site at www.forestproductivitycoop.org/
member/reports/reports.   

 

 

 

 

 

 

 

 

 

 

 

 Figure 3.  Volume growth per unit of nitrogen uptake at SETRES 
 from 1992 to 2005 (Albaugh et al. 2008). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.  Stocking.  

 

 

 

 

 

 

 

 

 

 

 Figure 4.  Applied and recovered N, P, K, Ca and Mg with and 
 without irrigation 15 years after treatment initiation. 
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Cross Carbon Study—Seasonal Leaf Area Dynamics of Two Loblolly Pine 
Varieties with Contrasting Canopies Structures and Aboveground Growth 

Efficiency  
Timothy Albaugh, Chris Maier, Thomas Fox, Jose Stape, Rafael Rubilar  

Study Objective 
The overall goal of the Cross Carbon Study is to 
quantify the relationship between resource 
availability, stand productivity, and net 
ecosystem productivity or carbon sequestration 
in fast growing clonal loblolly pine plantations.  
Accurate estimates of canopy leaf area are 
important for understanding the study of 
production-related processes at the tree and 
stand levels.  The stands have achieved high 
stocking levels and a thinning operation is 
planned.  We want to quantify how narrow and 
broad crown ideotypes respond to thinning. 

Our current objectives are to characterize, for 
stands prior to and for two years (life span of one 
foliage cohort) after thinning: 

1.The seasonal monthly patterns of canopy leaf 
area dynamics for two contrasting crown- 
architecture pine clones (Figures 1 and 2).   

2.The seasonal monthly patterns of intercepted 
PAR (photosynthetic active radiation) for 
each clone, VPD (vapor pressure deficit) and 
rainfall for the site; 

3.The monthly and annual aboveground growth 
efficiency for each clone. 

Treatments and Experimental Design 
We are working with a subset of the plots at the 
site.  Our experiment is a 2 x 2 factorial with two 
residue treatments and two clones replicated 
three times (12 plots).  Residue treatments are 
control with an intact forest floor and treated 
with an intact forest floor with 25 Mg ha-1 of 
chipped organic matter added.  The clones 
represent a narrow crown and broad crown  
ideotype.  The study site is in Berkeley County, SC 
and was planted in January 2005.      

Current Status 
Thinning was planned for summer 2014.  
Unfortunately, an ice storm occurred February 10
-12, 2014.  The storm caused considerable 
damage to the study (Figure 3).  Within plots 39-
76% of trees were damaged and across plots 
56% of all trees were damaged.  There were no 
clonal differences in the number of trees 
damaged but there were clonal differences in 
the severity of damage.  Clone 1 (narrow crown) 
had more trees with total crown loss (stem 
broken below live crown, Figure 4, top).  Clone 2 
(broad crown) had more trees where part of the 

 

 

 

 

 

 

 

 

 

 

Figure 1. Clone 1 foliage display January 2011. Figure 2. Clone 2 foliage display January 2011. 
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crown was removed or branches were broken 
from the crown (stem broken above live crown, 
Figure 4, bottom).   

Future Plans 
The tree damage has been mapped.  Work 
continues to locate sufficient intact groups of 
trees within existing plots where a controlled thin 
could be applied.  If a reasonable study area is 
identified, work will proceed largely as planned 
for the thinning but with some delay and 
adjustment in the study design given the 
material that remains.  Additional work on below 
ground processes is ongoing so work at the site 
will continue regardless.   

 
Additional Resources 
Tisdale, J.L. 2008.  M.S. Thesis, NCSU, p. 82 
Tyree et al. 2009. For. Ecol. & Manage, 257, 
1847-1858 
Tyree, et al. 2009.  Tree Phys.  29(9) 1117-
1131.  
Pritchard et al. 2010. Tree Phys, 30, 1299-
1310 
Tyree et al. 2011. For. Ecol. & Manage, 262, 
1473-1482 

Maier, C.A., K.H. Johnsen, P. Dougherty, D. 
McInnis, P. Anderson, and S. Patterson. 
2012.  Forest Science (in press) http://
dx.doi.org/10.5849/forsci.11-069. 

 

 

Figure 4. Percentage of trees where the stem broke below the 
live crown (top) and where it broke above live crown (bottom). 

  

 

 

Figure 3. Damage from February 2014 ice storm at Cross 
Carbon Study. 
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Fertilizer Response to Midrotation in Loblolly and Slash Pine in Corrientes, 
Argentina 

Trial Series Objectives 

The objective of this study was to determine the 
response to mid-rotation fertilization of Loblolly 
pine (Pinus taeda) plantations on poorly drained 
soils with low fertility in the area of Corrientes, 
Argentina.  

 

Treatments and Experimental Design 

During 2009 stands in the area showed low 
growth rates (<10 m3 ha-1yr-1), foliar analysis 
showed deficiencies of macro (N <1%) and 
micro (B < 8 ppm) elements, and also low leaf 
area levels (< 2m2m-2), suggesting potential 
deficiencies and response to fertilization at these 
sites. We evaluated three treatments considering 
a control (no fertilization), 300 N + 50P kg ha-1, 
and a 300N +50 P + 12.5 S + 3 Zn + 2B kg ha-1 
treatment. Treatments were applied in 2009 
considering a randomized complete block 
design with 3 replicates for a 9 years old P. 
taeda  stand and a demonstrational single plot 
10 years old P. elliotti stand. Stands averaged 
550 trees ha-1, 19.2 m2 ha-1 basal area, and 20.5 
cm DBH with 9.10 m height in average.  

 

Climate and Drought Events in the Area 

The historic rainfall for the study area is 1400 mm. 
According to the record seen in Figure 1A, 
rainfall decreased from 2009 from 1400 mm to 
970 mm in 2011, going back in 2012. Specifically, 
for 2009 rainfall concentrated in the month of 
November and December, while for 2012 there 
is a homogeneous distribution. 

 

Fertilization Effects on Growth 

After three years since treatments application 
growth for the control treatment had in average 
24.9 cm DBH for P. taeda and accumulated 33 
m3ha-1 in volume. Fertilization treatment by 2010 
reached a cumulative increase in DBH of 1.6 cm 
that was no different from control . By year 2012 
fertilization treatment  reached 3.9 cm and only 
3.6 cm were observed for control  suggesting a 
positive trend for fertilization (Figure 2 ). In terms 
of volume the control treatment growth rate 
changed from 17 m3 ha-1 to 40 m3 ha-1 from 2010 
to 2012.  However, no response to fertilization 
was observed in growth among the control and 
fertilized treatments (Figure 2). 

For P. elliotti DBH reached by 2012 an 
accumulated increase in diameter for the 
control treatment of 4 cm and 4.3 cm for the 
fertilized treatment suggesting a small response 
to fertilization. During the same period volume 
increased 33 m3ha-1 for the control and 40 
m3ha-1 for the fertilized treatment. (Figure 2).  

Effects of Fertilization on Leaf Area Index 

For P. taeda significant differences were found in 
leaf area index (LAI) only for the year 2012 
between the control and fertilized treatment (p 
<0.05)(Figure 3). The increase in  leaf area (m2 m-

2) for the control for 2011 was 0.4 m2 m-2, and for 
2012 this increase was maintained. For the 
fertilized treatment by 2012 there was an 
increase of 1.1 m2 m-2, coincident with an 
increase in rainfall  during that year (Figures 1 
and 3). The Same positive trend was observed 

Figure 1. Annual rainfall from 2004 to 2012 
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for the fertilized treatment that included 
micronutrients, however this was not significantly 
different from the control suggesting no need for 
micronutrients at this site.  

In the case of P. elliottii cumulative increase in 
LAI for the control and fertilized treatments was 
1.1 and 1.5 m2 m-2, respectively in from year 2011 
to year 2012. (Figure 3). 

 

 

Future Direction 

Lack or small responses observed in leaf area 
index due to drought that may have impaired 
nutrient acquisition and LAI expansion suggest 
that a longer period of evaluation may be 
required to observe the potential response of 
these species at this site. 

Figure 2. Comparison of the cumulative increase in 
DBH and volume between fertilization treatments 
and control for Pinus taeda and P. elliotti. 

P. taeda 

P. elliottii 

P. taeda 

P. elliottii 

Figure 3. Cumulative increase in leaf area index 
( LAI, m2 m-2,  ) from 2010 to 2012 ( Tukey test , α 
= 0.05 ) between fertilized and control 
treatments for P. taeda and P. elliottii . 

P. taeda 

P. elliottii 
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*Modeling Volume Response From Mid-Rotation Fertilization of Pinus taeda 
Plantations in Southeastern United States 

H.F. Scolforo, C. Montes, H.L. Allen, O.C. Campoe, R.L. Cook, R.A. Rubilar, T.J. Albaugh 

Introduction  
Pinus taeda L. stands in the southeast United 
States are often nutrient limited.  Substantial 
effort has been applied to identify the limiting 
nutrients (primarily nitrogen and phosphorus) 
and in developing the appropriate silviculture to 
ameliorate those limitations (fertilization timing, 
amounts, nutrient ratios).  At the same time, a 
variety of forest growth and yield systems have 
been developed to predict the effect of 
fertilizer applications and to, ultimately, help 
guide operational decision making regarding 
fertilization.  Unfortunately, none of the systems 
developed to this point include biologically 
realistic functions such that stand growth gains 
decrease as nutrient additions increase.   
 
Study Objectives 
The goal for this analysis was to develop a 
volume response model to predict growth after 
mid-rotation fertilization of P. taeda in the 
southeastern United States that is biologically 
reasonable and approaches an asymptotic 
response.  
 
Treatments  
The Forest Productivity Cooperative’s RW13 
data were used for this analysis.  Studies were 
installed from 1984 to 1987 across the natural 
range of P. taeda when the stands were about 
13 years old.  At each site, seven fertilization 
treatments were applied in a completely 
randomized block design: control (no 
fertilization), and a factorial combination of 
three levels of nitrogen (112, 224, 336 kg ha-1) 
and two levels of phosphorus (0 and 28 kg ha-1). 
At each site, three replications  were installed.  
Sites were measured at establishment and at 2, 
4, 6, and 10 years after treatment.  Diameter, 
and height were measured on all live trees.   
 
Methods 
Parameters for the response model were found 
iteratively using an optimization algorithm 

(Nelder-Mead) that maximized the likelihood of 
the data (Maximum Likelihood framework): 

The possibility of explicitly modeling the 
variance (       is needed to further explore the 
inference around fertilization response, and to 
directly solve for uneven variance along the 
response period. We used optimization methods 
to iteratively find parameters to maximize the 
likelihood (minimize the log-likelihood) using the 
“optimx” package in R (R Core Team 2015). 
 
Data Standardization 
For treatments applied in established stands at 
mid-rotation, it is unlikely to have the same 
starting volume between the control and the 
fertilization treatments. Stands with different 
initial sizes are likely to have different amounts of 
leaf area and their responses will be correlated 
to the initial size, potentially obscuring the 
response of interest. Hence, prior to any 
evaluation, the dataset was standardized as a 
relative response with respect to each initial 
value: 
                                                                                                               
 
where, rV is the relative volume of treatment x 
at t years since the treatment was established; 

 is the stand-level volume of treatment x at 
the time when the treatment was established (t 
= 0). 
After calculating the relative volume increase 
for each treatment (rV), relative volume 
response is calculated as the difference with 
respect to the control treatment: 
                                                                                                    
 
 

where, r  is the relative volume response of 
treatment x at t years since the treatment was 
established;       is the stand-level relative 
volume of treatment x at t years since the 
treatment was established;         is the stand-
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level relative volume of control treatment at t 
years since the fertilizer was applied in the other 
treatments. 
 
Model Development 
The initial response model was expressed as: 

where,  is the relative volume response of 
treatment x at t years since the treatment was 
established; N is level of nitrogen in kg ha-1 
applied in treatment x; P is a binary variable 
indicating the application of phosphorus in 
treatment x.  However, relative volume response 
is typically higher at sites with lower quality; and  
site quality is not represented in the equation 
and large differences in initial stand density are 
not represented in the equation.  Consequently, 
we included site index prior to fertilization 
treatment in the model: 

where, S is the estimated site index in m 
estimated from the site index equation 
developed by Amateis et al. (2001) at base age 
25 years.  We also included relative spacing in 
the model slope to capture the large variation 
in initial stand density: 

                            

  

where, RS is the relative spacing – .  
 
Finally, we modeled variance using the 
equation:              
                                                                                                                               
 
where       are the coefficients to be estimated. 
This function enables proper inferences and 
model extrapolation and guarantees validity of 
the regression assumptions. Variance modeling 
was completed using a generalized nonlinear 
regression approach. 
 
Statistical indices bias (T), mean absolute error 
(MAE), root mean square error (RMSE), model 
efficiency (EF) and graphical analyses using the 
R package ggplot2  were used to evaluate the 
model.  
 
 
 
 

Results 
The fitted volume response model was: 
  
 
 
 
And the variance function was : 
 
 
All the coefficients are significant at alpha = 
0.05 and display proper signs.  The statistical 
indices T = 0.006, MAE = 0.07, RMSE = 0.11 and EF 
= 0.60 indicated an acceptable level of 
accuracy.  The variance function indicated that 
the error assumptions were met.   
 
Conclusions or Future Direction 
The model successfully produced increasing 
volume responses with increasing fertilization 
levels that reached an asymptote such that 
there is a maximum volume response after some 
level of fertilization.   
 
Additional Resources  
Scolforo et al. In review. For. Sci. 
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Forestal Argentina (MASISA) Special Study—Initial fertilization and Weed 
Control on Loblolly Pine in Corrientes, Argentina 

Introduction 
Loblolly and slash pine are extensively planted in 
the Corrientes province in Argentina. Growth rates 
of plantations at these sites average 14 m3ha-1yr-1 
(200 ft3 ac-1yr-1) mean annual increment. A lack of 
experiences on early fertilization responses at 
these poorly drained and low fertility soils exist in 
the area  and may represent an opportunity to 
increase site productivity in the region. 

 The objective of this special study is to assess the 
potential response to fertilization at establishment 
to support the establishment of a network of new 
RW trials on these areas. 

Trial Series Objectives 
To evaluate the fertilization response of N+P and N 
+ P + micronutrients in young loblolly and slash 
pine plantations with and without weed control in 
poorly drain and low fertility Paleudalfs in Corrien-
tes Argentina. 

 

Treatments and Experimental Design 
The study was established by Forestal Argentina 
(MASISA) in 2011 at Loma Alta site. Trial location at 
this site was selected considering recently estab-
lished healthy and uniform plantations averaging 
35 cm height and 0.56 cm in ground line diameter 
(Figure 1).  

The experiment  was a complete randomized 
block design with 2 factors (fertilization and weed 
control) and 3 replicates. Fertilization treatments 
considered 18N + 46P kgha-1; 12N+40P+10S kgha-1 
and 12N + 40P+10S+1Zn kgha-1 plus a control 
treatment (no fertilization applied). All fertilization 
treatments were established with 100% (total ar-
ea) and 50% weed control (2 m banded) in a fac-
torial design (Figure 2). Experimental unit plot size 
was 1240 m2 (40m x 30m) including 966 plants ha-

1.  

Annual measurements consider total height, 
ground line diameter (diameter), tree survival and 
foliage and soil nutritional analyses . 

 

Figure 1. Establishment of special study.  Figure 2. Schematic of the establishment of the 
special study. 
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Loblolly Pine Growth Response 
After 1 year since treatment application growth 
of individual trees for the control treatment 
(100% weed control) had an average of 0.73 m 
in height and 2.63 cm in DBH (Figure 2). Signifi-
cant differences were found among treatments 

for ground line diameter and tree height during 
the first year of evaluation. The 18N + 46 P and 
100% weed control treatment  combination 
showed a significant response in DBH (p < 0.05) 
and similar to other fertilization treatments with 
100% weed control. These responses among 
treatments for DBH suggest a macro but not mi-
cronutrients limitations at this site.  This early re-
sults, with small responses in height and diame-

ter, may dilute over time and will require future 
evaluation of nutrient additions needs at this 
stage. 

Future Direction 

Foliar and soil analyses are being taken to evalu-
ate the magnitude of potential fertilization re-
sponse at this site.  A Pinus elliottii (Slash pine)  in-
stallation is planned for 2012 to evaluate the po-
tential response to nutrient additions at establish-
ment. 

Figure 5. Loma Alta site in Corrientes– Argentina 
(upper).  Trial 100% weed control + fertilization plot 
(lower image).  

Figure 3.  Average cummulative height for loblolly 
pine for fertilization at each weed control treat-
ment (standard error bars). 

Figure 4. Average cummulative diameter respon-
se for loblolly pine (standard error bars). 



  

 221 

Bosques del Plata Special Study—Midrotation Loblolly Pine Transpiration 
Study in Northeastern Argentina 

Objective 
To evaluate water use and water  use efficiency 
of mid-rotation loblolly pine stands in intensively 
managed plantations in Argentina. 

To provide information for loblolly pine stands  
regarding climatic change concerns and 
impact of fast growing plantations on water 
resources at a regional level.  

Site Description 
The soil in the area are characterized by basalt 
formations, well-drained red soils. Its taxonomy, 
according to the classification system Soil 
Taxonomy (USDA, 1999) corresponds to Typic 
Kandihumults (Ultisols). Average annual 
temperature in the region is 21ºC, with an annual 
rainfall of 1725 mm (average of last 17 years).  

Previous land use was dominated  by grasses for 
cattle and currently these sites are occupied by 
loblolly pine plantations on abandoned farm 
land. 

Treatments and Experimental Design  
A four year old stand  with common silvicultural 
management was selected at Virasoro Governor-
Corrientes province, Argentina. The experiment 
was established in August 2011 in a stand 
established at 4 x 2.5 m spacing (1111 trees ha-

1). Previous treatments considered a subsoiling & 
harrowing, chemical weed control, ant control, 
and 3 m height pruning.  

Sapflow was evaluated in 32 trees by using 
Granier temperature sensors considering 1 sensor 
per tree and for 7 trees 2 sensors were included 
to understand individual tree sapflow pattern 
(Figure 1). 

Measurements 
All trees had been measured monthly for DBH 
(Figure 3) and continuous daily records from 
Graniers sensors are matched with  weather  
station data.  

Results 
DBH growth after 65 days of monitoring reached 
12,4 cm (Figure 3). A 20 days period of 20 days 
calculated sap flow, which for 235 days at the 
time of maximum radiation was 0.24 (kg H2O m-2 

s-1). Sensor pairs only had appropriate use just 
during 3 months given the fast growth in 
diameter. 

Meteorological conditions  during the year  of 
the study  (Fig. 5) were very similar  to the mean  
values  of the study site. In fact mean  annual 
temperature averaged 19.9 °C and  
mean annual rainfall reached 1515 mm rwell 
distributed over most of the year. Accumulated  

 Figure 1. Study layout. 

Figure 2. Installation of Granier sensors.  
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rainfall for the monitored period was 303 mm. 
Under these average conditions the diurnal 
course of water flux on the evaluated period  
(from 19 August  to 19 September) is presented in 
Fig. 4. Mean sap flow density showed a typical  

 

bell-shaped daytime variation. Flow density 
increased quickly after sunrise, reaching a 
maximum in the late morning (Figure 4). This was 
followed by a relatively stable period during mid-
day and a steep decline to very low flows at 
night. This trend was apparently associated to 
net radiation values. 

 
Future Direction 
A model of seasonal water use  will be 
developed for this stand and coupled with 
seasonal tree growth to estimate water use and 
water use efficiency. Seasonal analyses will 
allow us to understand the efficiency of water 
use based on resource availability at these 
stands. Better understanding of stand water use 
will allow us to design appropriately stand 
management options focused on water 
resource demand of plantations. 

Figure 4. Water flux. 

Figure 5. Seasonal  variation in enviromental 
conditions. 

Figure 3. Diameter growth of loblolly pine trees in 
study.  
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Forestal Rio Biabo Special Study—Top Blight Damage Corrective 
Fertilization Study on Loblolly Pine in Uruguay 

Introduction 
Top blight damage is common in young and 
fast growing loblolly pine stands under intensive 
management in the SE USA and in Latin 
America. Over the last years annual deficiencies 
observed as top blight damage (bronze leaders 
with or without dieback symptoms) have been 
observed more often particularly on low fertility 
sites and/or associated to drought. This damage 

seems to disappear after one or two years, 
however stem deformation and forking, 
reducing wood and stand quality have 
developed in a serious concern at sites where 
this problem has been observed. In Latin 
America major problems have been observed in 
the surroundings of Tacuarembo Uruguay and 
Corrientes Argentina. 

Special Study Objectives 
To evaluate the effect of N, P and micronutrients 
additions on the recovery of loblolly pine 
damaged stands. 

Treatments and Experimental Design 
Three treatments were applied considering a 
first treatment including 0.7 N + 0.3 P + 0.4 K + 
0.07 Mg S + 0.3 + 0.07 Zn+ 0.07 Mn + 0.04 B (kg ha

-1), a  second treatment considering 16 N + 38.3 
P + 0.4 K + 0, 07 Mg + 0.07 S + 0.3 Mn + 0.07 Zn+ 
0.04 B (kg ha-1), and a third treatment 
considering 93 Mg and 63 Ca (kg ha-1). A 
control treatment considered no fertilization 
(Figures 2). Fertilization treatments considered 
potential hidden deficiencies of micronutrients, 
P and Ca remaining from previous land use. Tree 
growth and top blight damage was evaluated 
annually by characterizing different damage 
levels considering a) without damage, b) low 
intensity, c) median intensity, d) high intensity 
(Figure 1). 

a b 

c d 

Figure 1. a= no damage; b= low intensity 
damage; c= intensity half damage; d= high 
intensity damage. 

 Figure 2. Trial layout. 

Figure 3. Trial overview . 
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Growth Response 
No significant differences were observed on 
individual tree growth (height or DBH) among 
treatments (Figure 4). Similarly no differences 
were observed in mortality among treatments.  

Individual average tree cumulative growth for 
the control treatment was 5.5 m in height and 
11.1 cm in DBH for the second year of 
assessment.  

Top blight damage decreased dramatically 
over time for all treatments (including the 
control treatments). These results suggest that 
top blight damage is a temporary disturbance 
(Figure 5) and may be considered of difficult 
control. 

 

 

 

 

 

Future Direction 

Current results have shown the need to 
establish a new special study where fertilization 
will be incorporated annually considering 
younger stages of plantation development 
and demonstrate the capability to reduce top 
blight damage.  

Figure 5.  Percentage of trees per treatment with 
different top blight damage conditions at 0 ,1 
and 2 years old. 

Figure 4. Diameter at breast height and total 
height response over time. 
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Effect of Epidermal and Parenchymal Tissue Removal on Rooting of Pinus 
radiata Cuttings 

Andrés Hernández C, Rafael Rubilar 

Abstract 
Vegetative propagation by cuttings is the stand-
ard method used in Chile for Pinus radiata plant 
production. However, in recent years, there has 
been a serious problem in obtaining homogene-
ous rooting distribution. Treatments considering 
different cut angles and removal of parenchymal 
and epidermal tissue were applied to cuttings ob-
tained from two year old hedges. Removal of epi-
dermal tissue at the base of the cutting caused 
an increase in primary and secondary roots (P 
<0.001). Cut in a “W” shape at the base of the 
cutting enhanced a homogeneous rooting in four 
quadrants. 

Introduction  
In species of the genus Eucalyptus analysis of the 
dynamics and extinction of light in the canopy is 
a topic little addressed (Smethurst et al. 2003), 
even considering that reflects the plasticity of the 
genotypes to the environment, and is an addi-
tional variable to improve the traditional clonal 
selection criteria, since is directly related to bio-
mass productivity (Almeida et al. 2010, Binkley et 
al. 2010).  

Objectives  
Determine the effect of the exposure area of 
parenchymal and epidermal tissue at the base of 
the cutting in root growth of Pinus radiata. The 
hypothesis established that the largest area of 
exposure of parenchymal tissue and / or epider-
mal tissue removal allows a homogeneous distri-
bution of the roots of the root system. 

Methods  
The study was conducted at Proplantas Ltd., lo-
cated in the Bío Bío Region, Chile (36º 37'23'' south 
latitude 72 ° 21'23'' W, 62 m). First order cuttings of 
2.0 ± 0.5 mm diameter, and 5 ± 0.5 cm length, 
were collected from 2 year old hedge. Treat-
ments considered angle cuts removing and ex-
posing variable areas of parenchymal tissue 
(Figure1), epidermal tissue (Figure2) and cutting 
shapes (Figure 3) at the base of each cutting.  

 

Figure 1. Treatments (T) of exposure areas of paren-
chymatous tissue in the base of the cutting. Treatments: 
180 ° angle (control, CA180). 20° angle (CA20), 45° an-
gle (CA45).  

Figure 2. Treatments (T) of exhibition areas of epidermal 
tissue in the base of the cutting. A) Exposure of tissue in 
one sector (T3). B) Exposure of tissue in two sectors (T4), 
C) Exposure of tissue in three sectors (T5). D) Exposure of 
epidermal tissue in 4 sectors (T6).  

  

  

  

  

  

Figure 3. Treatments (T) with different forms of cut at the 
base of the cutting the P radiata. A) Form in V (T7). B) 
Form in W (T8).  

 

The experiment considered a randomized com-
plete block design with four replications. Each 
block consisted of nine treatments, consisting of 
88 plants. The experimental unit consisted of the 
plant. Approximately every 20 days ± 1, nine 
plants of each treatment were selected randomly 
over a period of eight months (October to June), 
and were evaluated in height(± 0.1 cm), diameter 
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(± 0.1 mm), number of primary roots, secondary 
roots, aboveground biomass (± 0.1 g) and root 
biomass (± 0.1 g ). At the end of the nursery peri-
od plants were evaluated on rooting distribution 
at four quadrants (Figure 4). The first quadrant was 
the one were the largest number of roots was ob-
served for each treatment.  

 

 

 

 

 

 

 

 
Figure 4. Quadrants evaluated and root distribution of 
each cutting.  

Results 
None of the nine treatments applied showed a 
significant effect on height or diameter of cutting 
plants (figure 5) (P> 0.05).  

 

 

 

 

 

 

 

 

 
Figure 5. Diameter and height of plants at the end of 
the nursery period. Bars indicate mean ± standard error.  

Significant differences were observed between 
treatments in stem (P = 0.02), needles (P = 0.03) 
and root (P = 0.02) biomass, at the end of the 
evaluation period (figure 6). Cutting angle affect-
ed root biomass. Increasing the parenchymal tis-
sues exposed area (CA45 treatment) caused an 
increase in stem biomass of 86% compared to 
CA180 treatment (control).  

Treatments applied differed in root distribution. Most 
treatments showed 70% of the roots only in two 
quadrants. However the cut shape “CW”  treat-

ment showed 70% of the roots growing in more tan 
3 quadrants.  

Conclusions 
Height and diameter of radiata pine cuttings is not 
affected by induced root morphology by cut an-
gle. However, stem biomass may be affected by 
induced root morphology.  

A base cut considering a W shape seems to affect 
positively the distribution of primary roots and ho-
mogeneity of the root system.  

Acknowledgments  
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Figure 6. Cuttings dry biomass at the end of the 
nursery period. Different letters indicate significant 
differences between treatments (P <0.05). SDW: stem 
dry weight; NDW: Needle dry weight; RDW: Root dry 
weight. 

Figure 7. Percentage of plants distributed in each 
quadrant according to root system distribution.  
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Accumulation and Distribution of Aboveground Biomass in Pinus radiata  
Plantations Established on Recent Volcanic Ash Soils 

Juan Espinoza C.& Rafael Rubilar P. 

Introduction  
Although the accumulation and distribution of 
radiate pine biomass in operational plantations 
have been studied in a variety of parent 
materials in Chile (marine sediments, 
metamorphic schists and volcanic sand), few 
studies exist on recent volcanic ash soils, where 
most of the extraction biomass for energy is 
done. Hence, estimates of biomass and 
productivity in these soils may allow the 
calibration of high-precision models, and 
examines the sustainability of this production 
system (whole tree extraction). 

Objectives 
To determine the accumulation and distribution 
of biomass (wood, bark, branches, foliage) in 
plantations of P. radiata D. Don established at 
five sites in the Andean foothills on recent 
volcanic ash soils, and to determine the 
possibility of establishing site-specific biomass 
equations. 

Methods 
Study area: A total of five sites with adult 
plantations of Pinus radiata D. Don were 
selected in the Region of Biobío and the 
Araucanía Region (Figure 1). The stands were 
located in the Andean foothill, thereby they 
have recent volcanic ash as parent material.  
Stands also differed in age and planting density 
(Table 1). 

Biomass estimation: At each site, ten trees were 
cut and sampled.  The tree selection was made 
trying to cover the diameter distribution of the 
stand.  Other criteria for the tree selection were 
to select healthiness and straightness. At each 
tree, 2-4 cm-thick discs were collected at the 
stump height, breast height, and every 2.44 m 
over the breast height until reaching the 
commercial diameter limit (8 cm, termed dlu). 
Disks were taken to the laboratory, where a 
subsample was made for basic wood density 
determination through the dried wianhydrous 
and the green of each sample volume. Wood 

biomass was obtained multiplying the average 
wood density between to discs and the stem 
volume between these sections (determined by 
the method Smalian). Similarly, bark biomass was 
obtained from its volume (volume between 
sections and bark) and basic density of the bark 
determined from the mass and volume 
anhydrous green. Finally, from the sum of the  
stem and bark biomass, total biomass was 
obtained for each tree. To determine the 

Table 1: Features dasometric of stands under study. 

Figure1: Distribution of the sites under study. 
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branch biomass, all alive branches of the trees  
were measured in two directions.  Moreover, five 
branches were collected representing the  
diameter distribution of the branches within the 
tree, and were dried at 65°C to determine its 
biomass. A sampling procedure was made to 
measure the biomass for the dead branches. 

 Data Analysis: To determine the best model for 
estimating biomass at both individual and stand 
stand level, we used functions previously tested 
by several authors (Satoo and Madwick 1982) for 
the species under study. The adjustment was 
performed using the variables, diameter at 
breast height (dbh), total height (H) and branch 
diameter (db). Dummy variables were used per 
site, for each parameter in the linear estimation 
model (Hardy 1993), this in order to determine 
the possibility of a regression fit for each site 
(stand) or to determine whether average 
adjustment was enough to consider all sites 
based on each component evaluated. 

Results 
Biomass models: Models including transformed  
variables (logarithmic) and the use of the 
diameter at breast height (dbh), combined with 
the total height (H) [1], better explained biomass 
accumulation of all components (wood, bark, 
branches and foliage) at both individual and  
stand level. The similarity between the 
parameters of the allometric equations of the 
five sites tested can establish an average 
function of stem biomass (R2 >0.97), bark 
(R2>0.91) and branches (R2>0.85).  

                                    [1] 

 

Where Y (kg) is the total biomass of each tree 
component, b0 and b1 are the parameters to be 
estimated and lnY is the natural logarithm of 
biomass components. 

Accumulation and distribution of biomass at site: 
The total biomass at the site level fluctuated 
between 270 and 350 Mg per hectare (Figure 2). 
The relative percentages of the components  in 
all the sites were: stem wood (77%), bark (7.8%), 
branches (11.5%) and foliage (3.7%). The residual 
biomass (branches, foliage and stem-wood 
waste) that could potentially be used for energy 
purposes, varied between 43.5 and 53.2 Mg per 
hectare (Figure 3), representing on average 
15.8% of the total biomass. 
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Figure 2. Total biomass accumulation and component 
at each study site (tons ha-1 ). 
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Figure 3. Waste biomass of branches, foliage and stem-
wood waste (considered from a diameter limit use of 
eight inches) at the stand level. 

15.8% of the total biomass 
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Poultry Litter Ash Study—Use of  Ash from Poultry Litter  as a Forest 
Fertilizer Material  

T. J. Albaugh, T. R. Fox, B. Harrison, Prestage AgEnergy 

Study Objective 
Applying phosphorus to  ameliorate phosphorus 
limitations when establishing pine stands has 
been practiced for many years in the southeast 
United States.  Common applications are 
diammonium  phosphate (includes nitrogen and 
phosphorus) or triple super phosphate (includes 
only phosphorus).  However, some soils, 
especially sandy soils in the Coastal Plain, 
Flatwoods and Sandhills, are often limited by 
nitrogen, phosphorus, potassium and 
micronutrients.  Identifying a product that could 
be applied in one pass that includes all of these 
elements would be beneficial on these soils.  
Prestage AgEnergy, a leader in pork and turkey 
production in the southeast United States, 
includes environmental stewardship and 
sustainability of production in their mission 
statement.  As a part of their efforts in these 
areas, they developed a process to burn litter 
from poultry operations for energy.  The process 
generates ash which includes the nutrients 
needed by the trees.  They are interested in 
testing this ash for utility as a forest amendment.  
Our objective was to examine ash as an 
alternative to a diammonium phosphate 

application at planting in a loblolly pine stand 
on the Coastal Plain. 
 
Treatments and Experimental Design 
In June 2014, a randomized complete block 
design study was installed in a loblolly pine (Pinus 
taeda L.) stand planted in the Atlantic Coastal 
Plain in Duplin County, NC in 2013 with three 
replications per treatment (Figure 1).  The 
treatments were none (control), 125 lbs ac-1 
diammonium phosphate (DAP), and 250 lbs ac-1 
ash.  Tenth acre plots were established with 
about 50 trees in each plot.  The fertilizer and ash 
were applied by hand. One CoreTect 
(imidacloprid) tablet was inserted in the soil near 
the base of each tree to control tip moth.     
Heights were measured in March 2015 and 
March 2016.  A mixed model (SAS Proc Mixed) 
analysis was used to test for treatment effects on 
growth two years after study initiation.  Initial 
height was examined as a covariate.  Block was 

Figure 1. Ash Study Location, Duplin County, NC. 

Table 1. Elemental analysis and moisture content of 
applied ash.  

Element Percent Pounds per ton 
Nitrogen 0.62 12 
Phosphorus 10.07 201 
Potassium 13.28 266 
Sulfur 2.20 44 
Boron 0.02 0 
Zinc 0.26 5 
Manganese 0.31 6 
Iron 0.52 10 
Copper 0.22 4 
Calcium 18.02 360 
Magnesium 2.99 60 
Sodium 2.22 44 
Aluminum 0.62 12 
Moisture 1.34 -- 
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treated as a random effect and measurement 
date was the repeated factor.     
 
Current Status 
Calcium (18%),  potassium (13%) and phosphorus 
(10%)   had the highest elemental nutrient 
concentrations in the ash (Table 1).  Ash nitrogen 
was less than 1%.    In contrast DAP has 18% 
nitrogen and 20% phosphorus and no potassium 

or calcium.  Applied elemental rates for 
nitrogen, phosphorus and potassium were 22.5, 
25 and 0 lbs ac-1 and 2, 25, and 33 lbs ac-1 for 
the DAP and Ash treatments, respectively.    
Trees were almost 10 feet tall after the second 
growing season since study initiation (Figure 2.)
Treatment did not have a significant effect on 
height (Figure 2), height increment in years one 
and two and total height increment (Figure 3).  
Initial height was not a significant covariate.   
Soil phosphorus in pretreatment soil tests 
averaged about 4 ppm which is slightly above 
the critical value of 3 ppm identified by early 
researchers (Wells et al.  1973) as a critical value 
where soils below this value were likely to 
respond to phosphorus additions whereas those 
above it may not respond.  The lack of response 
may indicate that something other than nutrients 
limited growth at the site.   
 
Future Directions 
Prestage is interested in additional testing to 
better understand ash utility for forestry 
applications.   
 

 

 

Figure 2. Average tree height at study initiation (2014) 
and after one (2015) and two (2016 years of growth. 

 

 

Figure 3. Average height growth for the first and second 
years and total across both years. 
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Factors Influencing the Growth of Pinus radiata Plantations in Chile 
J. Alvarez, H.L. Allen, T.J. Albaugh, J.L. Stape, B.P. Bullock, C. Song 

Background  
Commercial plantations of Pinus radiata D. Don 
are the basis for forest industry in Chile. This 
species was introduced circa 1881 near 
Concepción and was initially used to stabilize 
dunes. By 2009, Chile had 1.5 million ha of Pinus 
radiata plantations. 

Thousands of hectares of Pinus radiata 
plantations were initially established on highly 
eroded soils without intensive silviculture. More 
intensive practices including genetics, weed 
control, boron application, and subsoiling were 
initiated in the early 1990s. These practices 
improved survival and also individual tree 
growth; however, very high variability in 
diameter, height, and volume growth was still 
observed across and within sites. Climatic 
variation was assumed to be more important in 
causing this variation than variation in genetics, 
seedling establishment practices, and 
operations quality. However, this hypothesis has 
not been tested. 

In this study we examined growth in Pinus radiata 
plantations in 48 locations spanning 650 km 
along a gradient in central Chile. (Fig. 1) Our 
objectives were: (1) to examine annual 
variability in stand growth; (2) to identify the soil, 
climatic, canopy and stand factors that 
contribute to the variability in growth; and (3) to 
quantify relationships between stand growth in 
relation to the supply, and use efficiency of 
water and light resources. 

Factors Affecting Growth of Pinus 
radiata in Chile 
At mid-rotation (11-12 years old), volume growth 
(current annual increment) ranged between 9 
and 49 m3 ha yr-1 (3.3-16.4 dry Ton ha-1). Volume 
growth was greatest in the south, the piedmont 
of the Andes Mountains, and on the western side 
of the coastal range (Fig. 1). This spatial pattern 
indicated a strong effect of rainfall and also mild 
temperatures during the growing season. 
Among all variables of soil, climate and stands 
analyzed, annual precipitation, precipitation 
during the growing season, maximum annual 

temperature, VPD (Fig. 2), soil water balance, 
and LAI had a relevant effect on the volume 
growth.  

The negative effect of VPD could be more 
relevant in the northern limits of Pinus radiata 
plantations because of high temperatures and 
water limitations during the growing season 
(September-April).  

Our results indicate that the water limitation 
during the growing season is critical for Pinus 

  

  

  

  

  

  

  

  

  

  

Figure 1. Study area in Chile, including forest plantations, 
location of permanent sample plots (green), and the network 
of weather stations (blue).  

  

  

  

  

  

  

  

  

  

Figure 2. Vapor pressure deficit of January in south-central Chile 
(Mbar). 



 

 232 

radiata plantations in Chile, and any forest 
establishment activity should take this limitation 
into account. Effective and efficient weed 
control, especially during the first years after 
plantation establishment, could increase water 
availability for trees. Good genetic material and 
seedling quality may not be enough to survive 
the very dry conditions during the summer 
season.  

Efficiency in use of water and light 
resources 
Annual rainfall differed across sites with water 
deficit ranging 2.6-fold. Water use for our 
plantations varied greatly accounting for 40% to 
100% of the annual rainfall.  Stands located in 
areas with high water deficits could be using 
groundwater.  Dry sites (north) appeared to be 
less efficient in water use than the wettest sites 
(south and south-western side of the Coastal 
range) (Figure 3a).  

Our dataset represented climate conditions from 
Mediterranean in the north to humid temperate 
in the south, and we found an inverse 
relationship between water use and water use 
efficiency. In our sites, Pinus radiata used 230 to 
770 m3 of water to produce 1 m3 of wood.  The 
combination of high temperatures and drought 
conditions may be reducing photosynthesis, 

because the trees may be 
unable to use water from 
evapotranspiration to cool 
leaves.  Plantations growing on 
less water restrictive sites were 
more light use efficient, with 
around 0.5 g stem biomass MJ-

1 (Figure 3b).  Sites with high 
incoming solar radiation can 
have low values of LUE due to 
w a t e r  l i m i t a t i o n s  a n d 
differences in above and 
below ground partitioning. 
Plantations located in more 
favorable conditions (high 
a n n u a l  r a i n f a l l ,  m i l d 
temperatures and lower VPDs) 
are capturing more solar 
radiation than those located in 
the central valley and north of 
latitude 35˚S due to differences 
in LAI (Figures 3a and 3b). 
Highly productive sites with LAI 
of 3.1 are capturing about 70% 
of PAR annually, while less 
productive sites with LAI of 1.3 
are capturing only 47% of PAR. 
Even though the sites located 

in the north have generally more incoming 
radiation (less cloudy days per year), the trees 
are not capturing this resource likely due to the 
limitations in water. Light use efficiency has a 
slightly different pattern than water use 
efficiency, especially in the southern and 
northern limit of the gradient (Figure 3b). Our 
results indicate that plantations located on dry 
sites have low productivity and low resource use 
efficiency. Even though these plantations are 
recovering highly eroded soils, according new 
investments promoted by the Chilean 
government, the chronic water stress could 
dramatically increase the risk of drought, fire, 
pest and diseases. The expected productivity on 
these sites will be problematic if we consider the 
effects of climate change.  

With growing competition for land in Chile, 
incorporating resource use efficiency concepts 
into land acquisition analyses may improve the 
outcomes for both new and existing investors.  
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Figure 3. Average water use efficiency [kilograms of stem biomass per m3 of referenced 

potential evapotranspired water, PET] (a), and light use efficiency [grams of stem biomass 

per MJ of photosyntetically active radiation] (b) for period 2005-2009. 
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*Evaluation of Esplanade F Herbicide for Herbaceous Weed Control in 
Loblolly Pine Seedlings in Southeastern U.S.  

 

Introduction 
In March of 2018, RMS collaborated with NC 
State University and Bayer CropScience to 
evaluate a new herbicide for herbaceous weed 
control. Esplanade F is a new herbicide 
introduced for pre-emergence control of 
annual grasses and broadleaf weeds in conifer 
production areas. Esplanade F contains the 
active ingredient indaziflam, a new herbicide 
site of action for conifer production. Esplanade 
F can be applied over the top of both 
hardwood and softwood tree species to control 
weeds prior to germination. Esplanade F does 
not control weeds after weeds have 
germinated and/or emerged, therefore a tank-
mix with an effective post-emergence herbicide 
is recommended if weeds are present.  
 
Study Objectives 
The objective of this trial is to compare tank 
mixes of sulfometuron-methyl (Oust XP), 
imazapyr (Arsenal) or hexazinone (Velpar), and 
the combination of each with three rates of 
indaziflam (Esplanade F) on newly planted 
loblolly seedlings to evaluate tree tolerance, 
growth responses, and weed control. 
 
Treatments  

 

Experimental Design  
The experimental design was a randomized 
complete block design consisting of 10 
seedlings per plot and four replicates.  
Treatments were applied over the top of pine 
seedlings on March 20th, 2018 (Figure 1) with a 
CO2 pressurized backpack sprayer set at 30 psi 
equipped with a two nozzle boom (AI11002-VS) 
calibrated to deliver 15 gallons water per acre. 
 
 

Figure 2. Trial is located in Teachey, NC, in the Lower 
Coastal Plain and managed by RMS. 

Dosages are ounces per acre:  

 

1.UNTREATED 
2.ARSENAL 8 + OUST XP 2 
3.VELPAR 32 + OUST XP 2 
4.ARSENAL 8 + OUST XP 2 + ESPLANADE F 3 
5.VELPAR 32 + OUST XP 2 + ESPLANADE F 3 
6.ARSENAL 8 + OUST XP 2 + ESPLANADE F 5 
7.VELPAR 32 + OUST XP 2 + ESPLANADE F 5 
8.ARSENAL 8 + OUST XP 2 + ESPLANADE F 7 
9.VELPAR 32 + OUST XP 2 + ESPLANADE F 7 
10.ESPLANADE F 5 

Figure 1. Loblolly pine seedlings planted bare root in 
raised beds. Picture taken March 20th, 2018. 
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Preliminary Results 
The weeds present at this location (Figure 2) 
include Panicum verrucosum (warty 
panicgrass), Dichanthelium spp., Eupatorium 
capillifolium (dog fennel), and Andropogon 
virginicus (broomsedge) (Figure 3). Weed 
control ratings were taken at 63, 92, 121, 192, 
and 414 days after treatment. No seedling injury 
has been observed from any of the treatments.  
Compared to the untreated control plots, 
herbicide tank mixtures showed greater weed 
control and  percent bareground ratings in the 
first 192 days after treatment. At 192 days after 
treatment, all tank mixtures resulted in 92-100% 
control of dog fennel and  88-100% control of 
warty panicgrass, with no significant differences 
among treatments. Velpar + Oust XP + 
Esplanade F treatments  outperformed Arsenal 
+ Oust XP + Esplanade F for broomsedge (Figure 
4) and Dicanthelium spp. control.  Seedling 
height and ground collar diameter were 
collected at 3, 273, and 369 days after 
treatment. At 273 and 369 days after treatment, 
seedlings treated with Velpar + Oust XP, Velpar 
+ Oust XP + Esplanade F and Arsenal +  Oust XP 
+ Esplanade F had greater stem volume than 
Oust XP + Arsenal.    

Esplanade F tank-mixed with Oust XP plus either 
Velpar or Arsenal effectively controlled grasses 
and broadleaf weeds, and increased growth 
and diameter of seedlings. The combination of 
Velpar + Oust XP + Esplanade F was more 
effective for grassy weed control compared to 
Arsenal + Oust XP + Esplanade F, improving 
residual bareground over time (Figure 5).  
Esplanade F needed to be tank mixed with 
Arsenal or Velpar and Oust XP to control 
perennial weeds.  At 192 and 414 days after 
treatment, tank mixtures of Arsenal + Oust XP 
and Velpar + Oust XP had increased 
bareground when Esplanade F at 7 ounces per 
acre was added.  When comparing Arsenal + 
Oust XP and Velpar + Oust XP both tank mixed 
with Esplanade F, the Velpar tank mixture had 
higher percent bareground.     
 
Future Research 
Data will be collected through March of 2020.  
Assessments will include stem volume, percent 
bareground, and weed infestation comparisons 
over a two year timeline. In April of 2019, we  
established two more loblolly pine trials in 
Wadesboro, NC to compare differences 
between the Coastal and Piedmont regions of 
North Carolina. 
 
Acknowledgments  
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Figure 4. Andropogon virginicus (broomsedge) control 
comparison. (Left) ARSENAL 8 + OUST XP 2 + ESPLANADE 
F 3 and (Right) VELPAR 32 + OUST XP 2 + ESPLANADE F 3.  
Treatment doses are in ounces per acre.  Picture taken 
May 8th, 2019. 

Figure 5. Bareground treatment comparison over time. 
A: ARSENAL. E: ESPLANADE F. O: OUST XP. U: UNTREAT-
ED. V: VELPAR. Number next to letter represents dose 
per acre. 

Figure 3. (Left)  Dicanthelium spp. and (Right) Eupatori-
um capillifolium.  Picture taken May 8th, 2019.  
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