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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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Fertilizer Survey: Summary of Operational Forest Fertilization for Forest 

Productivity Cooperative Members: 2019 Update 
T.J. Albaugh, R.L. Cook, D.R. Carter, R.A. Rubilar, O.C. Campoe 

Study Objectives 
Beginning in 1969, the Forest Productivity 

Cooperative surveyed its members annually 

regarding forest fertilization practices in the 

Southeastern United States. In 2009, with 

significant membership land ownership outside 

the United States, we began surveying members 

about their fertilizer applications on land inside 

and outside the United States.   

Treatments and Experimental Design 
This report summarizes the annual survey of 

forest fertilization practices by the Forest 

Productivity Cooperative member companies. 

This survey has 

been conducted 

for more than 50 

years and provides 

a long-term record 

of forest 

fertilization 

practices in the 

southeastern 

United States. This 

is the twelfth year 

we have collected 

and reported 

fertilization by 

Forest Productivity 

Cooperative 

members on land 

outside the United 

States.   FPC 

members own 

land in Argentina, 

Brazil, Chile, 

Colombia, and 

Uruguay. 

Members were 

asked to 

voluntarily report 

the area fertilized 

in the previous 

year. The reported 

data is then 

pooled for the southeastern US and for land 

outside the United States. Information provided 

by individual members is not revealed.  

Many different fertilization treatments are used 

by FPC members. To simplify the reporting 

process, fertilization treatments are combined 

into five major categories with the first four 

incorporating only data from applications in the 

southeastern US: 

1.Applications made at the time of planting. 

2.Phosphorus applied alone in established 

stands.  

Figure 1. Area fertilized by Forest Productivity Cooperative members from 1992 to 2019. Non 

US is all area fertilized outside the United States, P is phosphorus only applications in estab-

lished stands (aged 2 years and older), N+P is nitrogen and phosphorus in established stands, 

Other is all other applications in established stands, At Planting is all applications in stands less 

than 2 years of age. 
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3.Nitrogen and phosphorus applied in 

established stands.  These applications may 

include other elements.  

4.Other elements applied in established stands.  

These applications do not include nitrogen 

or phosphorus. 

5.All applications made on land outside the 

southeastern US. 

Results 

Fertilization in the United States 
The total area fertilized in the United States in 

2019 was 572139 acres (231536 ha). This was a 

5% decrease from 2018 applications (Figure 1).  

Applications at planting in 2018 were made on 

74311 ac (30073 ha); a 4% decrease from 2018. 

Phosphorus only applications in established 

stands decreased 0.4% from 2018 levels to 61543 

ac (24906 ha) in 2019.  Nitrogen and phosphorus 

applications in established stands decreased 3% 

from 2018 levels to 435742 ac (176339 ha) in 

2019. Fertilized area outside 

the United States may be 

underestimated because not 

all companies responded to 

the survey . 

Pattern of nutrient doses 

over time 
The RW13 study suggested that 

200 lbs ac-1 of elemental 

nitrogen and 25 lbs ac-1 

elemental phosphorus were 

g o o d  g e n e r i c 

recommendations for mid-

rotation fertilization.  Those 

data became available in the 

late 1990s and early 2000s.  

Since that time,  additional 

FPC research in the RW18 

indicated that lower, multiple 

doses of nitrogen can be just 

as effective as one larger dose 

as long as the total dose 

applied is the same.  Also, FPC 

work with urease inhibitors 

indicated that by including 

urease inhibitors when making 

an application, nitrogen 

volatilization can be reduced 

up to 40% and consequently, 

the effective dose is higher 

with less material applied.  This information has 

made a shift in the amount of nitrogen applied 

over time such that the 200 lbs ac-1 rate has 

been in general decline for the last 20 years 

while lower doses have increased as a 

percentage of site receiving a given does 

(Figure 2).   

Additional Resources 
Albaugh et al. 2007.  South. J. Appl. For. 31(3): 

129-137. 

Albaugh et al. 2012. For. Sci.  58(5):  419-429. 

DOI:  10.5849/forsci.11-050. 

Albaugh et al. 2019. For. Sci.  65(3):  355-362 . 

DOI: 10.1093/forsci/fxy058.   

Figure 2. Percent of fertilizer applications that received a given dose of nitrogen 

(N) in lbs ac-1 from 1999 through 2019. 
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*Characterization of Foliar Macro– and Micronutrient Concentrations and 

Ratios in Loblolly Pine Plantations in the Southeastern United States 
J.M. Albaugh, L. Blevins, H.L. Allen, T.J. Albaugh, T.R. Fox, J.L. Stape, R.A. Rubilar 

Introduction 
Intensive forest management practices 

including the use of improved genetics, site 

preparation, vegetation control,  and 

fertilization can increase loblolly pine 

productivity in the southeastern United States. 

However, these practices that result in rapid 

growth may induce 

nutrient deficiencies.  

Foliar nutrient analysis can 

be used to diagnose 

nutrient status and has 

been successfully used to 

do so in plantations 

worldwide.  For foliar 

analysis to be useful, a 

baseline of nutrient 

concentrations is required.  

A baseline will provide 

cont ex t  fo r  fo res t 

managers so they may 

evaluate stand status.  The 

baseline will aid in 

d e t e r m i n i n g  t h e 

effectiveness of fertilizer 

applications and can be 

u s e d  t o  c o m p a r e 

treatments that have the 

potential to influence 

nutrient availability (e.g., 

vegetat ion  cont ro l , 

thinning and burning).   

Study Objectives 
The specific objectives for 

this analysis were:  1) to 

compile a comprehensive 

data set of baseline 

nutrient (nitrogen (N), 

phosphorus (P), potassium 

(K) ,  calc ium (Ca), 

magnesium (Mg), sulfur 

(S), manganese (Mn), zinc 

(Zn), boron (B), and copper (Cu)) 

concentrations from studies across the loblolly 

pine range in the southeastern United States; 2) 

to characterize the range and distribution of 

foliar nutrient concentrations and their ratios 

relative to N; and 3) to compare the observed 

foliar nutrient concentrations and their ratios 

Nutrient 

element or 

ratio to N

Minimum 

value
25% Median 75%

Maximum 

value

Adequate levels 

or ranges
A-D

N 0.87 1.03 1.14 1.21 1.43 1.20
A-C

P 0.06 0.1 0.11 0.11 0.15 0.12
 A-C

K 0.24 0.38 0.42 0.47 0.71 0.35
D
 – 0.40

C

Ca 0.07 0.16 0.18 0.21 0.31 0.15
B,C

Mg 0.05 0.09 0.1 0.11 0.15 0.08
B,C

S 0.069 0.086 0.094 0.105 0.114 0.10
B
 – 0.12

C

P:N 5.1 8.7 9.4 10.2 12.4 10
C

K:N 22.9 33.1 37 42.5 60.5 35
C

Ca:N 6.2 13.7 16.4 18.8 29.5 12
C

Mg:N 4.6 7.3 8.7 10 13.1 6
C

S:N 6.7 7.4 7.9 8.6 10.5 10
C

Mn 83.9 257.8 344.5 484.5 915.9 20 – 40
B

Zn 22.7 31.3 37.3 39.9 64.9 10 – 20
B

B 6.2 8.7 10.4 12 32.1 4 – 8
B
; 12

C

Cu 2.1 2.8 3.1 3.5 4.7 2 – 3
B

Mn:N 0.7 2.2 3.3 4.1 7.9 n.d.

Zn:N 0.18 0.26 0.31 0.35 0.5 n.d.

B:N 0.05 0.08 0.09 0.1 0.25 0.10
C

Cu:N 0.019 0.024 0.026 0.029 0.041 n.d.

Macronutrient concentrations (%)

Ratios (%)

Micronutrient concentrations (mg kg
-1

)

Ratios (%)

Table 1.  Foliar nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium 

(Mg), sulfur (S), manganese (Mn), zinc (Zn), boron (B) and copper (Cu) concentrations 

and their ratios relative to N at the 0 (minimum value), 25, 50 (median), 75 and 100 

(maximum value) percentiles, together with currently accepted adequate values for 

loblolly pine.

A-D
 Source: 

A
Wells and Allen (1985); 

B
Jokela (2004); 

C
FNC (2009); 

D
Allen (1987); n.d. = not 

determined. 
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relative to N with accepted adequate levels for 

loblolly pine. 

Treatments and Experimental Design 
Data were from 2,663 measurement plots at 110 

sites from RW13, 14, 15, 16 17 and, 18 studies 

prior to treatment imposition.  Sites were site 

prepared, received vegetation control, may 

have received P at planting and were located 

across the natural range of loblolly pine.  Studies 

covered a large range in age (2-25 years old), 

stand density (126-909 trees ac-1), diameter (0.3-

8.7 inches), height (5-60 ft), basal area (0.4-141 

ft2 ac-1), volume (91-3,490 ft3 ac-1), and site index 

(21-85 ft at age 25).  Foliage was collected 

using standard FPC protocols (see 

accompanying two-page report), and analyses 

were completed in the Coop laboratory.   

Results 
Foliar N, P, and S concentrations and P:N and 

S:N ratios indicated a potential limitation to 

growth in almost all stands 

because only the upper 

quartile of studies reached 

accepted adequate values 

(Table 1).  Nitrogen, P, K, Mg, 

a n d  S  h a d  n o r m a l 

d i s t r i b u t i o n s ;  t h e  C a 

distribution was positively 

skewed (Figure 1).  The 

complete results for all 

nutrients are in the paper (see 

citation below). 

Discussion  
Loblolly pine foliar nutrient 

values indicating nutrient 

limitation (‘critical values’) 

have been publ ished.  

However, these values are not 

known with exactness and 

should be used as qualitative 

guides.   Similarly, there is 

evidence that some of the  

current adequate values may 

be too high (e.g., S, B, Ca).  

Other work demonstrated 

that leaf area index 

assessments  were superior to 

foliar nutrient concentration 

when testing for N and P 

limitations.  It is important to 

consider additional effort in 

foliar nutrient monitoring 

under intensive management 

with  multiple N and P 

fert i l izat ion appl icat ions 

because these are the 

conditions most likely to lead 

to micronutrient limitations 

that would make the N and P 

appl icat ions ineffect ive 

because other elements may 

become limiting.   

 

Additional Resources  
Albaugh et al. 2010.  South. J. 

Appl. For. 34(2):  53-64.   
Figure 1. Frequency distributions (Freq) for foliar nitrogen (A), phosphorus (B), 

potassium (C), calcium (D), magnesium (E), and sulfur (F), with a normal (Norm) 

curve superimposed over each distribution. 
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*Forest Productivity Cooperative Foliage Sampling Protocols 
 

Introduction  

Foliar nutrient analysis is an important tool for 

forest managers for identifying potential nutrient 

limitations, for monitoring fertilizer application 

programs and to compare effectiveness of 

silvicultural treatment options.  Nitrogen and 

phosphorus limitations are best determined 

using leaf area index (LAI) where peak LAI 

(measured in August and September in the 

southeastern United States (US)) less than 3.5 

indicates a potential limitation in nitrogen and 

or phosphorus.  Other elements can be 

monitored using foliar nutrient analysis, however, 

sample collection should be standardized to 

avoid potential problems with interpretation of 

the results.  For example, loblolly pine can have 

up to three cohorts of foliage on the tree at a 

given time with the different cohorts having 

considerably different nutrient concentrations.  

Nutrient concentrations also vary vertically in 

the crown and seasonally throughout the year.  

Similarly, the way the foliage is processed after 

removal from the tree may affect nutrient 

analysis.  For example, if the foliage is dried at a 

high temperature nitrogen may be lost.  This 

document provides the current protocols used 

by the Forest Productivity Cooperative when 

collecting foliage for nutrient analysis.  These 

procedures will insure that future collections will 

be comparable to the large foliar nutrient 

concentration data set held by the 

Cooperative.   

 

Loblolly Pine 

Collect foliage from December 1-February 15 in 

the US and from June 1-August 15 in South 

America.  Collect from five dominant trees in 

each plot or stand.  Paint or flag sample trees if 

planning subsequent collections in the same 

plot or stand.  Collect pine needles from the 

uppermost laterals which contain a full year's 

complement of foliage.  Select needles from 

the first flush produced during the just 

completed growing season on a primary lateral 

branch in the upper 1/3 of the live crown.  

Collect intact fascicles (generally consisting of 2

-3 individual needles), including the bundle 

sheath, from sampled branches.  Collect whole, 

healthy (i.e., free of insect and disease 

damage) needles that are typical of the crown 

(i.e., include 4-, 5-, and 6-needle fascicles if 

representative).  Collect exactly 100 fascicles 

from the five sample trees in each plot or stand

(20 fascicles from each tree).   

 

Eucalyptus  

Collect foliage during the month of maximum 

canopy developmental stage and nutrient 

stability which is during late summer (August/

September in the US and February/March in 

South America).  Collect one composite sample 

per plot or stand. Each composite is produced 

by sampling 4 dominant trees.  Collect 5 mature 

leaves from 2 branches which are on opposite 

sides of the tree from middle‐upper crown 

locations (2 and/or 3 in Panel  A in Figure 1).  

Each sample is a composite of 40 leaves (4 trees 

x 2 branches x 5 leaves/branch).  Mature leaves 

are fully developed, whole, healthy (i.e., free of 

mechanical, insect, disease or frost damage) 

leaves that are typical of the crown (leaves 

labeled from 5-9 in Panel B of Figure 1, leaves 

labeled 1-4 are not mature, and are still  

enlarging). Avoid sampling after intense rainfall, 

aerial application of herbicides or nutrients. 

 

Gmelina 

Collect foliage during the time of year of 

maximum canopy development from June 1-

August 15 in South America.  Paint or flag 

sample trees if planning subsequent collections 

in the same plot or stand.  Collect one 

composite sample per plot or stand. Each 

composite is produced by sampling 4 dominant 
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trees.  On each tree collect 5 leaves from 2 

branches where one branch is in the apical part 

of the crown and one branch is in the upper/

mid part of the crown (Figure 2).  Leaves should 

be mature, healthy, green, whole (free from 

insect/mechanical/frost damage) and typical 

of the crown. Avoid sampling after intense 

rainfall, aerial application of herbicides or 

nutrients. 

 

Sample Handling After Collection for All 

Species 

Clean foliage samples of contaminants (e.g., 

soil, twigs, etc) after collection; however, do not 

wash samples.  Place the composite sample 

from each plot in a separate lunch-bag-size 

paper sack and clearly label each with a 

sample number or other method to identify the 

area sampled  Align all foliage in the same 

direction (e.g., place bundle sheaths either all 

up or all down).  Keep needles and leaves as 

straight as possible during collection and 

shipping.  Use large 

paper clips to hold the 

bags closed; do not use 

staples or rubber bands.  

Maintain foliage samples 

as close to 4oC as 

possible until drying is 

begun (i.e., keep in an 

ice  ches t  dur ing 

c o l l e c t i o n  a n d 

transportation).  Dry 

foliage in a forced-air 

oven  at  65 ‐70 o C 

(149‐158oF) for a period 

of 24‐48 hours.  Oven 

temperatures must not 

exceed 70oC to prevent 

gaseous losses of 

n i t r o g e n .   O n c e 

thoroughly dried, store 

samples in a cool, dry place until sent to the lab.  

If drying facilities are not available, green and 

respiring tissues may be sent in sealed, plastic 

bags, labeled as described above.  Green 

tissue (foliage that has not been dried) must be 

shipped to the lab overnight.  Samples should 

be sent to a qualified lab.  There is a lab effect, 

consequently, it is best to identify and continue 

to use the same lab over time or be prepared to 

complete a lab comparison. 

 

FPC Study Samples 

Samples collected specifically for FPC studies 

will be sent to Waters Agricultural Lab.  

Additionally, the FPC will provide specific 

instructions for sending to Waters, sample 

labeling and identification, and materials to 

add to the shipping container so samples are 

processed appropriately at the lab.  

 

If sampling foliage outside the United States, the 

FPC will provide specific instructions regarding 

changes to the protocol and how to 

manage sending samples through 

quarantine to Waters lab.   

 

 

  

 

Figure 1. Eucalyptus foliage 

Figure 2. Gmelina foliage sampling. 
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Forest Fertilization Applications in the Southeastern United States from 

1969 to 2016 
T.J. Albaugh, T.R. Fox, R.L. Cook, J.E. Raymond, R.A. Rubilar, O.C. Campoe 

Background and Objective 

Forest fertilization data from the southeastern 

United States were documented in previous 

publications. Since the last publication in 2009, 

changes have occurred in economics (e.g. the 

2008 recession) and in the science that supports 

forest fertilization decision making. Scientific 

advances include fertilization throughout the life 

of a stand, maximum fertilizer response and 

improved management of urea volatilization.  

Given these changes and the time since 

previous publication, our goal was to present the 

most recent fertilizer application data in the 

context of ongoing changes in the economics 

and science of forest fertilization in the 

southeastern United States.  

Treatments and Experimental Design 

Study data are from an annual FPC member 

survey. The area includes VA, TN, AL, AR, OK, TX 

and states south and east of those mentioned.  

The same methods have been used each year.  

We include an estimate of the additional carbon 

(C) sequestered as a result of fertilization using 

methods from Albaugh et al. 2012. 

 

Results  

The maximum area fertilized was in 1999 with 

1.58 million acres (Figure 1). After 1999, there was 

a general decrease in fertilizer applications 

through 2016. The distribution of N and P 

application rates shifted over time from high rate 

to lower rates (Table 1). The cost to apply 

200N+25P fluctuated over time ranging from $20-

$165 ac-1 (Figure 2). 

F e r t i l i z a t i o n 

sequestered a total 

of 9.7 million tons of 

C equivalents in 

i n c r e a s e d 

s t e m w o o d 

production in 2007 

from N+P and P 

only applications 

(Figure 3A and 3B, 

respectively). 

Discussion 

The reduction in 

fertilized area from 

1999 to 2016 may 

be related to 

economic factors 

i n c l u d i n g  

fluctuating fertilizer 

Table 1. For land receiving P or N, the percentage of the total area receiving a given ele-

mental application rate.   

Application

rate

Element (lbs/ac) 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Phosphorus 5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 24 0 0 0 1

10 1 1 1 1 1 1 19 22 25 19 30 29 35 32 3 32 31 25 17

15 1 0 5 7 8 13 21 18 18 18 22 20 29 28 41 25 26 17 24

20 1 2 1 1 1 3 13 10 11 14 18 6 18 25 9 22 21 39 22

25 56 59 60 57 56 50 26 32 34 36 21 32 14 11 15 17 17 14 27

30 6 3 1 0 0 2 0 0 0 3 0 3 0 0 1 0 2 1 2

35 3 1 2 5 15 8 0 0 0 0 0 0 0 0 0 0 0 0 0

40 9 6 9 7 10 15 13 10 5 10 8 9 2 2 2 2 1 2 5

45 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

50 21 28 21 21 10 10 8 7 6 0 1 1 1 3 4 2 2 2 3

55 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

Nitrogen 25 28 23 22 24 16 26 21 17 17 19 21 18 9 6 11 11 12 11 13

50 15 20 15 18 6 6 7 4 3 0 1 1 1 3 28 2 2 1 3

75 0 2 2 0 0 1 0 1 0 0 2 2 1 17 1 1 1 0 2

100 5 8 9 9 9 12 30 32 27 24 29 43 47 31 4 33 33 37 30

125 1 4 2 4 9 8 4 3 3 4 4 3 3 3 3 5 2 6 8

150 7 6 11 10 13 12 13 19 19 19 11 6 8 26 24 9 20 12 16

175 5 4 4 9 9 14 8 13 26 19 13 20 22 5 4 19 14 22 18

200 33 29 32 25 34 19 14 9 3 12 4 4 5 3 0 0 3 5 7

225 0 0 1 0 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0

250 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

Year
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Figure 1. Area of forested land fertilized annually by 

members of the Forest Productivity Cooperative in the 

southeastern United States. 
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prices, reduction in saw timber prices and 

reduction in housing starts (Figure 4A and 4B, 

respectively) over that time.  New research may 

have also influenced the decrease. The same 

fertilizer growth response may be achieved by 

applying several small doses or one large dose 

as long as the cumulative application amounts 

were comparable and the response period 

sufficient (Albaugh et al., 2015). Urease inhibitors 

reduce nitrogen loss when applying urea, so 

applicators may have moved to lower nitrogen 

application rates to get the same effective dose 

(Elliot and Fox 2014; Raymond et al., 2016; Zerpa 

and Fox 2011). Zhao et al. (2016) found an upper 

limit to productivity (site index base age 25 years 

of 105 ft), Stands close to the maximum would 

not be candidates for fertilizer investments. 
Stemwood C sequestration from fertilization was 

one or two orders of magnitude greater than the 

C used to produce, transport and apply fertilizer.  

Increased C sequestration due to fertilization 

permits managers to acquire additional income 

with the development of carbon markets.   

Although there is uncertainty in the C market  

they do exist and value from them could provide 

incentives for additional fertilization in the future.  

Additional Resources 

Albaugh et al., In press, For. Sci. 

Figure 4. (A) South-wide average sawtimber stumpage 

price (Bardon 2018) and (B) number of US housing 

starts (US Census Bureau 2018). 
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Figure 3. CO2 equivalents from forest fertilization 

(Fertilizer emissions) and resulting stemwood produc-

tion (Stemwood sequestration) for applications of N+P 

(A) and P only (B).  Applications count in the year ap-

plied; stemwood response is allocated over a typical 

response period. 
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Figure 2. Amount in US dollars adjusted with a com-

modity price index (IMF 2018) for fertilizer material 

needed to apply 200 and 25 lbs ac-1 of elemental N 

and P, respectively, to one acre.  
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Leveraging 35 years of Pinus taeda Research in the Southeastern US to 

Constrain Forest Carbon Cycle Predictions:  Regional Data Assimilation 

Using Ecosystem Experiments  
R.Q. Thomas, E.B. Brooks, A.L. Jersild, E.J. Ward, R.H. Wynne, T.J. Albaugh, H. Dinon-Aldridge, H.E. 

Burkhart, J.C. Domec, T.R. Fox, C.A. Gonzalez-Benecke, T.A. Martin, A. Noormets, D.A. Sampson, R.O. 

Teskey  

Study Objectives 

The Physiological Principles Predicting Growth 

(3PG) model has been used extensively to help 

understand why and predict how loblolly pine 

forests would respond to perturbations.  Similarly, 

considerable research has been completed at 

specific sites throughout the native range of 

loblolly in the last 35 years to improve our 

knowledge of how loblolly grows and how it 

responds to changes in resource availability 

including changes in CO2, and water and 

nutrient availability.  This study incorporates the 

knowledge gained from the individual research 

studies into the 3PG model to improve the 

predictive ability of the model and estimates of 

uncertainty around model output.   

Treatments and Experimental Design 

Data from 294 plots at 187 different locations 

across the range of native loblolly pine were 

used to constrain 3PG model parameters 

(Figure 1).  Included were study sites from the 

Forest Productivity Cooperative  (FPC) including 

the Regionwide 18 and the Southeast Tree and 

Research Site (SETRES); the Forest Modeling 

Research Cooperative (FMRC); the Pine 

Integrated Network:  Education, Mitigation and 

Adaptation Project (PINEMAP); the Duke Free 

Air Carbon Enrichment (FACE) study, and two 

AmeriFlux sites (US-DK3 and US-NC2). Data from 

these studies were applied to the 3PG model 

using data assimilation (data-model fusion).  

Data assimilation integrated the observations 

from the studies using statistical methods that 

generated probability distributions for the model 

parameters and initial state variables. This 

method permits incorporation of observational 

uncertainty in the model and leverages the 

data generated from decades of manipulation 

experiments that have been and are still being 

completed on loblolly pine. The revised model 

was used to estimate the growth effects of 

changes in CO2, water and nutrient availability. 

Figure 1. Loblolly pine distribution and experimental 

plot locations. Data generated at the study plots were 

used in data assimilation to improve model output. 

Figure 2. Regional stem biomass for a 1985 stand at age 25 

(A) and the width of the 95% quantile interval associated 

with model parameter uncertainty (B). 
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Results and Discussion 

Reduction in model parameter uncertainty  

ranged from 40-85% with the largest reductions 

for light use efficiency and the conversion of 

gross primary production to net primary 

production.  Across the region, estimated age 

25 stem biomass ranged from 52 to 292 Mg ha-1  

with a 95% quantile interval of 6.2 to 29.8 Mg ha-

1 (Figure 2).  Age 25 regional stem biomass 

median response to a 200 ppm increase in CO2 

concentration and removing nutrient limitations 

were similar (21.7 and 24.1% increase, 

respectively; Figure 3).  Age 25 stem biomass 

was less responsive to a 30% reduction in 

precipitation with the regional median response    

of a 5.1% reduction in age 25 stem biomass.  

Future Direction 

Future opportunities include improving regional 

maps of nutrient limitations and including 

additional FPC studies in parameter fitting to 

isolate factors like genetics and management. 

 

Additional Resources 

Thomas et al., 2017 Biogeosciences. 14:  3525-

3547. (This paper was awarded the 2018 

Ecological Forecasting Prize from the Ecological 

Society of America’s Statistical Ecology section.) 

T h o m a s  e t  a l .   2 0 1 8 . 

Ecological Applications. doi: 10.1002/eap.1761.  

Figure 3. Median prediction of percentage change in age 25 stem biomass (see Figure 2 for base) as a response to 

an increase of 200 ppm of CO2 over 1985-2011 levels (a), a 30% reduction in ambient rainfall (c), and elimination of 

nutrient limitations in the model (e).  Corresponding 95% quantile intervals (CI—credible interval) from model param-

eter uncertainty for each scenario (b, d, f, respectively).   



 

 17 

Introduction 
Soils are classified to communicate 

characteristics that often denote what 

management techniques might be required. 

However, the United States Department of 

Agriculture's widely accepted taxonomy system 

is not tailored specifically to forest management. 

 

A classification system constructed by the Forest 

Productivity Cooperative (FPC) provides a more 

comprehensive assessment of factors known to 

influence forest response to management.  

 

The FPC Web Map is based on the FPC forest soil 

classification system and includes supplemental 

data sources such as USGS geologic formations, 

Major Land Resource Areas, and more to help 

inform silvicultural prescriptions (Figure 1). The 

system recently went through a comprehensive 

overhaul and the underlying geospatial dataset 

has been updated to reflect the newest version.  

 

 

Development / Methods 

Soil data from the latest USDA’s Soil Survey 

Geographic (SSURGO) database—a collection 

of soil information procured by the National 

Cooperative Soil Survey—was exported and 

manipulated using R to categorize and classify 

relevant soil attributes according to the FPC Soil 

Classification system (Figure 2).  

 

To account for lacking data within the SSURGO 

database, numerical values were given priority 

over strings. Based on consultations with NRCS 

and in-depth exploration of the database, the 

Figure 1. A generalized overview depicting the primary 

data layers which form the foundation of the FPC Web 

Map. 

 

*Digital Forest Soil Mapping: 

Development Update for the FPC Web Map  

Figure 2. Generalized flow diagram showing the hierarchical pathways used to identify and calculate metrics 

used in the revised FPC forest soil classification system from the USDA SSURGO database. 
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FPC system independently characterizes the 

subsoil in order to best fit available data sources 

while simultaneously maintaining the interest of 

forest management at our mission’s forefront.  

 

For example, the latest implementation of subsoil 

texture is calculated from the textural 

percentages for each individual horizon found 

within any respective component, weighed 

against the entire depth of the soil component 

(Figure 3).   

 

Pertinent geologic data, such as bedrock 

material in mountain and piedmont regions and 

terraces in the coastal plain, were delineated. 

Geologic formations were assigned nutrient 

status values based on FPC Regionwide studies 

(Figure 4). 

 
Currently Available Products 
FPC forest soil classification system applied 

across the entire southeastern United States 

(Figure 5) 

 

Geology and Coastal Plain Terraces with 

nutrient status estimates of availability or 

deficiency 

 

 

 
 

Future Research Objectives 

Moving forward, some research questions / 

potential products which may utilize the 

foundation presently available include: 

 Detailed geospatial modeling for fertilizer 

response 

 Integration of Leaf Area Index from remote 

sensing sources 

 Analysis with canopy stress data from 

Sentinel-2 

 
Next Steps for the Web Map 
Major features and content still to be added: 

 Search integration with FPC reports 
 Offline use capabilities 
 Map unit confidence  

 

Figure 3. Weighted texture calculated for North Caroli-

na. 

Figure 4. Example of nutrient status delineation by underlying geologic formation for Virginia. 

Figure 5. All geospatial layers are now available for FPC Member download via  

https:/forestproductivitycoop.net/data-maps/forest-soil-classification-system/  
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Fertility Index for Loblolly Pine Management based on Underlying Geology 
 

Introduction 

Inherent soil fertility and growth potential of 

loblolly pine (P. taeda) has been shown to be 

related to a site's underlying geological 

properties  (Colpitts et al. 1995). Because trees 

root deeply into the subsoil, the mineral nutrient 

composition of underlying lithology may be 

considered as an available source of nutrition. 

However, variance between sites must also be 

recognized. Especially with regard to slope, 

subsoil horizon depth, soil structure, drainage, 

weatherability, climate and more; many 

characteristics and processes influence the 

capacity with which loblolly pine acquires 

available nutrients, but primarily whether those 

nutrients exist to begin with. 

Objectives 

Apply a quantitative fertility index across the 

southeastern US based on underlying geology to 

evaluate site-specific, potential nutrition supply. 

Many silvicultural applications for such an index 

exists, including: 

Fertilizer type and quantity at stand 

establishment 

Predictable response to fertilizer application  at 

mid-rotation 

Methods 

Approximately 820,000 unique rock type data 

entries from the U.S. Geological Survey’s 

Preliminary Integrated Geologic Map Database 

(PIGMD) were sorted into 107 groups based on 

mineral nutrient composition with emphasis on 

weatherability and hardness. Mineral nutrients of 

interest provided by lithology at the scale 

examined included phosphorus (P), calcium 

(Ca), magnesium (Mg), and Potassium (K). These 

mineral nutrients are essential for plant growth 

and can be found in certain rock types.  

 

The 107 groups were then assigned a Fertility 

Index value (0-9 with 9 being most fertile) with 

specific regard for loblolly pine. 

A conversion algorithm was also created to 

convert Bedrock Productivity Index values (from 

Hennigar et al., 2017) to FPC fertility index values.  

Figure 1. Map displaying the current extent of FPC Fertility Index for Loblolly Pine.  Gray areas are unclassified by the 

fertility index but delineated using other methods. Blue areas are water. 
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Current Status 

The fertility index for loblolly pine spans eleven 

southeastern states (Figure 1). Those sites 

currently unclassified by the fertility index occur 

in the Atlantic and Gulf Coastal Plains, where 

underlying geology is beyond rooting depth 

characterized by marine deposits. Classification 

generally consists of gravel, sand, silt, or clay.  

These locations have been geospatially 

delineated using other methods, most often by 

terrace formation (as seen in Figure 2). 

The source data (PIGMD) used for the initial 

release of our fertility index is in the process of 

being amended to consider more precise 

lithological mineralogy. Now being analyzed is 

data sourced from the State Geologic Map 

Compilation (SGMC), a USGS compilation of the 

PIGMD datasets that contains updated data.  

Data can be explored by Forest Productivity 

Cooperative members via the Forest Productivity 

C o o p e r a t i v e  W e b  M a p 

(map.forestproductivitycoop.net). Lithology is 

described at as precise of a level as the data 

source allows (see Figure 2).  

Future Research 

The geological properties detailed are best 

coupled with the other elements of the FPC Soil 

Classification System to provide the most 

informative and data-rich analysis  for  loblolly 

pine management across its US range.  

The creation of this fertility index is only one 

component of a larger objective to construct a  

geospatial model to predict growth potential 

and  likelihood of response of loblolly pine 

plantations to fertilization.  

The methodology used for developing this index 

for loblolly pine management across the 

southeastern United States could also be 

applied to other forest tree species across their 

respective ranges.  
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LI-COR Plant Canopy Analyzer Sensor Comparisons 
Timothy J. Albaugh, Marshall A. Laviner, Thomas R. Fox, Chris A. Maier  

Background 
The Forest Productivity Cooperative has been 

using measurements of leaf area index (LAI) 

since the 1980’s as a tool to estimate stand 

productivity.  Early attempts to measure LAI 

involved collecting litterfall for a year and 

combining those data with specific leaf area 

assessments where an estimate of individual 

fascicle area was scaled to the stand using 

mass.  In the 1990’s, the Cooperative purchased  

a LI-COR LAI-2000 Plant Canopy Analyzer that 

could be used in the field to get real time 

measurements of LAI.  The LAI2000 works by 

measuring light above the canopy with one 

sensor while another sensor is carried below the 

canopy to measure light (Figures 1 and 2).  The 

measurements are matched on a time basis (the 

datalogger clocks are synchronized before 

measurements). The LAI2000 had some 

limitations in that it does not distinguish between 

foliage elements that intercept light and branch 

or stem elements that also intercept light.  Also, 

the unit protocol required use when the sun was 

low in the sky to prevent the canopy from being 

sunlit which violated the assumptions used in the 

calculations for LAI.  The unit could be used 

during the day only if there was uniform 

overcast.  Even with these and other limitations, 

the LAI2000 was a powerful instrument and was 

used in the development of the Ocular 

Comparator (simple, inexpensive image system 

that can be carried in the field to estimate LAI 

within 0.5 LAI units), and in the initial work 

estimating LAI from remotely sensed satellite 

data.  In the 2000’s LI-COR developed a second 

generation unit the LAI2200.  This unit was better 

designed for field conditions (lighter, simpler 

setup, more robust data logger) but also 

included a way to adjust for direct sun on the 

canopy which greatly enhanced its usefulness in 

the field.  The new model permitted 

measurements throughout the day rather than 

just at dawn or dusk by using a light scattering 

adjustment. Units were purchased at Virginia 

Tech (VT) and North Carolina State University 

(NCSU).  After some use with the units, we 

observed what appeared to be unit specific 

differences in measurements that required 

further investigation.   

 

Study Objective 
Our interest for this study was to compare LAI 

measurements collected using the VT and NCSU 

LAI2200 units at the same time across a range in 

LAI at both peak and off peak and different 

times of the day.   

 

Treatments and Experimental Design 
We measured LAI using the VT and NCSU LI-COR 

LAI2200 units in 18 plots (Block 2, high silviculture 

plots at Reynolds Homestead RW20 site) at off 

peak (February, 2017) and peak (September, 

2017).  Plots were measured when the sun was at 

Figure 1. Measuring leaf area index with the LICOR LAI-2000 

Plant Canopy Analyzer using the light meter below the canopy. 

Figure 2. Measuring leaf 

area index with the 

LICOR LAI-2000 Plant 

Canopy Analyzer using 

the light meter above 

the canopy.  Below 

canopy (see Figure 1) 

measurements are 

merged with above 

canopy data using the 

data logger time 

stamp.   Leaf area 

index is estimated using 

LICOR software. 
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or below the horizon and later in the day when 

the sun was above the horizon using a 10o view 

cap.  Match file data were collected during the 

measurement, K files (data for light scattering 

adjustments) were collected before and after 

each group of plot measurements.  FV2200 

software was used for post processing.   

 

Results 
LAI2200 unit differences of 6 and 9% were found 

for measurements when the sun was above the 

horizon at peak and off peak LAI (Figures 3 and 

4, respectively).  For a given unit, sun above 

horizon measurements were significantly lower 

(~10%) than sun below horizon measurements 

(Figure 5). However, adjusting for light scattering 

eliminated these differences.  The differences 

observed were significant however they were 

relatively small and would not have an effect 

when making fertilizer prescriptions.  For more 

detailed assessments these differences could be 

important and this needs to be considered when 

collecting measurements for large studies over 

time. 

 

Future Work 
We collected LAI2000 data at the same time 

and plan additional analyses to determine if the 

LAI2200 and LAI2000 units differ.  A manuscript is 

planned from these data.  
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Figure 4. Comparison of NCSU and VT LAI2200 units at off peak 

leaf area.  There are no sensor differences when the sun is at or 

below the horizon (DAWN), there are differences when the sun 

is above the horizon.   
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Figure 3. Comparison of NCSU and VT LAI2200 units at peak leaf 

area.  There are no sensor differences when the sun is at or 

below the horizon (DAWN), there are differences when the sun 

is above the horizon.   

Figure 5. Measurements from the NCSU LAI2200 unit when the 

sun is below or above the horizon where the data are not 

adjusted for light scattering or they are adjusted.  Unadjusted 

sun above horizon measurements were significantly less than 

sun below horizon measurements. Adjusting these 

measurements for light scattering eliminated the difference 
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Laboratory Comparison —Calibrating Laboratory Nutrient Analyses from 

Different Laboratories  
Timothy Albaugh, Thomas Fox, Marshall Laviner, David Mitchem, Rafael Rubilar, Jose Stape  

 

Study Objectives 
In 2012 the Forest Productivity Cooperative 

laboratory at North Carolina State University  

(NCSU) closed.  Cooperative tissue nutrient 

analyses had been completed in the lab for 

many years.  The change was driven by the 

relatively high cost to operate the lab for the 

relatively few samples generated by 

Cooperative research trials.  External laboratories 

where thousands of samples are processed 

annually are better able to take advantage of 

economies of scale and have lower cost per 

sample.  However, analysis from Research Note 

5 (1990) indicated there were laboratory 

differences in tissue nutrient analyses.  We have 

many studies that are ongoing and changing 

labs would cause an individual study to have 

nutrient analysis results from different labs.  

Consequently we need to know how the data 

from outside labs compares with the NCSU lab 

so when we report nutrient concentrations the 

data reflect changes that occurred in the field 

rather than as a result of where the analyses 

were completed.  Our objective was to 

compare tissue nutrient analyses from different 

labs and if necessary create functions to 

normalize data so that analyses from one lab 

would be comparable to another.   

Treatments and Experimental Design 
We identified 132 samples from a range of 

studies and across a range in 

tissue nutrient concentrations.  

All samples were Pinus taeda 

foliage.  The samples were 

analyzed for nit rogen, 

phosphorus ,  potass ium, 

calcium, magnesium, sulfur, 

boron, zinc, copper and 

manganese at three labs:  

NCSU, Virginia Tech  (VT) and 

Waters Agricultural Labs in 

Camilla, GA.  The NCSU lab 

was selected as the standard 

because the majority of FPC 

trial samples have been 

analyzed there.  The VT lab 

was included because some 

samples had been run there in 

the recent past when 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Tissue nitrogen concentration on the same samples 

analyzed at different labs.   
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Table  1. Slope and intercept estimates for the model examining the relationship between 

NCSU and Water’s lab data where Water’s data are the independent variable.  P values 

test if slope is different from 1 and intercept different from 0.   

Element

Parameter 

estimate p value

Parameter 

estimate p value R2

Nitrogen -0.099 0.127 1.049 0.243 0.843

Phosphorus 0.052 <0.001 0.665 <0.001 0.511

Potassium 0.001 0.971 1.026 0.702 0.644

Calcium -0.045 0.001 1.057 0.333 0.745

Magnesium 0.016 0.002 0.801 <0.001 0.639

Sulfur 0.073 <0.001 0.364 <0.001 0.202

Boron 0.293 0.611 1.154 0.012 0.773

Manganese 61.204 <0.001 0.880 <0.001 0.853

Zinc 12.741 <0.001 0.736 <0.001 0.513

Copper 0.528 0.092 0.834 0.021 0.596

Intercept Slope
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equipment at NCSU was inoperable.  Waters Lab 

was selected because analyses from the lab 

compared well in most cases in the 1990 study 

and members had good experiences with them 

regarding turnaround time.  Data were 

compiled and examined graphically.  Where 

appropriate functions were developed to 

normalize data between labs.  These corrections 

will be applied in the future when reporting 

nutrient data from FPC studies where analyses 

were completed at multiple labs.   

 

Results 
There was a large range in how well samples 

from the different labs compared to each other 

(see Figures 1-4).  Nitrogen and potassium 

concentration data from Water’s lab will be 

used directly because the slope and intercept 

between NCSU and Water’s lab were not 

different from 1 and 0, respectively (Table 1).  

Adjustments will be made using the parameter 

estimates in Table 1 when reporting the other 

elements.   

Additional Resources 
North Carolina State Forest Nutrition 

Cooperative.  1990.  Comparison of loblolly pine 

foliar macronutrients concentrations determined 

by different laboratories.  Research Note No. 5.  

Department of Forestry. College of Forest 

Resources. North Carolina State University, 

Raleigh, NC.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Tissue calcium concentration on the same samples 

analyzed at different labs.   

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Tissue boron concentration on the same samples 

analyzed at different labs.   

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Tissue potassium concentration on the same samples 

analyzed at different labs.   
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Introduction  

The use of eucalyptus in large plantations across 

Chile, and around the world, has caused a great 

deal of ecological concern due the species high 

water use requirements. The combination of 

using remote sensing techniques and detailed 

ecophysiological assessment provide a means 

of evaluating the water resource use of 

managed forest plantations, particularly in 

locations where genetic variety is highly variable 

or site specific. 

The current study evaluates the combined use of 

remote sensing techniques to evaluate leaf area 

dynamics, and local weather data as an input 

to water balance models as a means of 

allocating specific genotypes to appropriate 

locations able to sustain them. Validation was 

achieved by a direct assessment of individual 

trees, in addition to whole stand transpiration 

measures.  

Study Objectives 

To evaluate the potential of combining remote 

sensing vegetation indices, in-situ climate data 

and advanced ecophysiological tools to assess 

eucalyptus genotypes use of water and water 

use efficiency. 

Treatments and Experimental Design 

In August 2014, the Eucahydro Project (Fondef 

D11i1161 & Fondef IT16I10087) was established at 

Vivero Carlos Douglas of Forestal MIninco, near 

the city of Yumbel, Biobio region, in the central 

valley of Chile (Figure 1).  

The study considered 30 selected Eucalyptus 

genotypes of high, medium and low 

productivities of the species Eucalyptus globulus, 

Eucalyptus nitens, Eucalyptus camaldulensis and 

hybrids of these species (figure 2). Two different 

water availability treatment conditions were 

evaluated at the site: (i) irrigated (spring & 

summer application) and (ii) dry (Rainfed).  

The study was established with three replicates, 

each block consisting of two main plots with 

both water availability types (figure 3). Each 

main plot contains 30 subplots (25 trees per plot) 

of each selected genotype. 

Sentinel-2 multispectral imagery was acquired 

for the study sites. Top of atmosphere 

corrections were applied using the Semi-

Automatic Classification Plugin (v 5.3.11) with 

Atmospheric Correction DOS1 in QGIS 2.18.16. 

Figure 1. Study Area shown in red represents  treatment 

1 (dry) and in blue treatment 2 (irrigated). 

Figure 3. Image taken by drone of the study Area. In 

red, the treatment 1 (dry) and in blue the treatment 2 

(irrigated). 

Figure 2. Genotypes of Eucalyptus. a) E. globulus, b) E. 

nitens, c) E. nitensxglobulus.  

Assessing Water Sustainability of Advanced Genotypes of Eucalyptus 

Forest Plantations Using Remote Sensing and Ecophysiological Tools 
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The 10m resolution bands, i.e. red (R) (665 nm) 

and near-infrared (NIR) (833 nm), were used to 

calculate a Simple Ratio spectral vegetation 

index (SRI) for January 2017. The SRI was 

calculated as follows: 

 

 

SRI was used as a surrogate for leaf area index. 

Preliminary Results 

SRI showed significant effect between dry and 

irrigated locations (p˂0.05). SRI values were 

different for  each management type (figure 4).  

This can be observed visually in figure 5, with 

contrasting effects between conditions of with 

and without irrigation. 

Spring and summer water consumption was 

estimated under water stress conditions. 

Genotypes with higher water use during summer, 

such as G9Eb and G6Eng, showed the highest 

SRI values of all genotypes suggesting a good 

potential for combining remote sensing and 

ecophysiological tools for inferring water use on 

intensively managed plantations (figures 4 & 6). 

Future Direction 

The SR index will be evaluated annually through 

Sentinel-2 satellite images and will be correlated 

with leaf area index (LAI) in addition to 

ecophysiological variables such as Water use 

efficiency. 

Acknowledgements  
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Figure 5. SRI analysis for treatments 1 (dry) and 2 

(irrigated). 

Figure 6. Water use efficiency for Spring (P) and Summer 

(V) consumption per genotype for the Southern Site 

Under Water Stress Conditions. 

Figure 4. SRI average per genotype and treatments dry 

(red) and irrigated (blue). 
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Comparing Estimates of Leaf Area Index from Conventional Airborne and 
Unmanned Aerial Vehicle LiDAR Systems 

Introduction 

Leaf Area Index (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. High correlations 

between LAI and pine productivity have been 

reported in Loblolly pine plantations in the 

southeastern United States.  

Remote sensing technologies, particularly 

airborne LiDAR, have facilitated the estimation 

of LAI over large areas. More recent 

developments in unmanned aerial vehicles 

(UAVs) as a platform for LiDAR data capture 

present an interesting new means of acquiring 

forest biophysical data. Differences in sensor 

design and acquisition characteristics between 

conventional airborne and UAV based LiDAR is 

an issue which has not yet been explored and is 

necessary to evaluate if established methods 

are compatible. 

Study Objectives 

The objective of the current study was to 

evaluate the established methods of estimating 

LAI from conventional airborne platforms 

applied to UAV LiDAR datasets. If differences 

are encountered,  an exploratory analysis is 

needed to find out why and if there is a means 

of updating the current method to ensure a 

suitable estimation of LAI.  

Treatments and Experimental Design 

The study site was established in two 

experimental Loblolly pine (Pinus taeda L.) 

dominated sites, located at Reynolds 

Homestead, Virginia, and  Bladen Lakes, North 

Carolina, USA.  These locations are part of the 

Regionwide 20 research trial (RW20), which is 

designed to observe growth differences 

between different Loblolly pine genetic types, 

planting densities and silviculture level. This 

provides a range of possible canopy conditions, 

such as foliar density and crown shape and 

crown closure in close proximity.  

Field measurements of LAI have been 

consistently collected annually since 2009 using 

the LiCOR LAI2000 or LAI2200 instrument. This 

device uses a non-destructive optical 180° view-

angle sensor,  to  measure LAI. Briefly, this 

method divides the amount of light by dark 

pixels within an image to estimate LAI.  

Airborne LiDAR data was acquired for  Reynolds 

Homestead, in mid-August 2014 (peak-leaf 

area) using a Leica ALS50 Phase-II scanning 

laser system. Scan angles were limited to ≤20° 

either side of nadir. Approximately 11 laser 

pulses were acquired per square meter (at 

nadir). An average of five laser pulses was 

achieved per square meter. Flight altitude was 

~1.5km. 

UAV LiDAR data was acquired in mid-May and 

late August, 2017, for Reynolds and Bladen 

Lakes, respectively. The UAV platform was a 

Vapor-35 system, with a Yellowscan LiDAR 

system mounted upon it. An average of ~250 

laser pulses was achieved per square meter (at 

nadir). Up to two returns per pulse was 

recorded. Scan angle was limited to ≤60° either 

side of nadir. Flight altitude was 50m for VA and 

60m for NC. 

Previous research has found high correlations of 

LAI with the Above Below Ratio Index (ABRI) at 

ground level. ABRI can be expressed as: 

 

 

Where R>T is the weighted number of returns by 

pulse number above the height threshold T 

(here 0.2m above ground). R<T is the weighted 

number of returns below T. This method has 

already been validated with the 2014 LiDAR 

data, and produced an R2 of 0.88 and RMSE of 

0.44. 

The initial part of this study applied the ABRI 

calculation to the UAV dataset, validated 

against the nearest temporally LAI field 

measurement.  

Preliminary Results 

Estimates of LAI from the UAV LiDAR data are  

illustrated in Figure 1. The vast majority of values 

for both study sites are overestimated. Reynolds 



  

 30 

Homestead summary statistics are R2 = 0.35, 

RMSE = 0.77, and Bias = 0.32. Bladen Lakes value 

of R2  = 0.37, RMSE = 1.75, Bias = 1.60. 

Future Directions 

With reference to contemporary research such 

as Goodwin et al. (2006) altitude/distance and 

laser footprint size do not significantly effect 

metric estimates, however, Liu et al. (2018) 

suggests large off-nadir scan angles can (>23°). 

The small angle ranges  (0-20°) typically 

employed in conventional LiDAR acquisitions do 

not appear to significantly effect metric 

estimation however (Zhao and Popescu, 2009). 

As noted above, there is a large proportion of 

LiDAR returns, based on the UAV-based dataset, 

from larger scan angles. Thus, future work will 

need to explore the 

influence of scan angle 

upon LAI estimates. 

Aircraft posit ion is 

generally not recorded as 

part of typical LiDAR 

acquisitions and scan 

angle is not explicitly 

recorded. With the 

storage of multiple returns 

per pulse, however, scan 

angles can be derived 

(from first and last return 

coordinates). S ingle 

returns cannot then be 

u t i l i ze d  in  m e t r ic 

calculations, which would 

reduce the available 

dataset substantially. For 

example, the UAV dataset up to 80% of the 

total number of returns are single returns. 

The location of the aircraft could be 

approximated by using the direction 

vectors calculated from first and last 

returns, in addition to the GPS time stored 

for the individual pulses. The coordinates of 

closest approach between sequential 

vectors could then be calculated to 

approximate the aircraft flight position (see 

Figure 2). Calculations could then be used 

to estimate the scan angle for all returns. 

This can then be validated against the 

internal GPS measurements recorded by 

the UAV at time of flight. 

By calculating scan angle for the airborne 

LiDAR datasets, it can be incorporated into 

future LAI prediction models to potentially 

improve LAI estimates.  
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Figure 2. Demonstrating the reconstruction of the original flight path or vector. 

 

Figure 1. A comparison of field LAI measurements against UAV 

LiDAR LAI predicted values.  
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*Terrestrial Laser Scanning of Exhumed Root-Balls at RW20 
 

Introduction 

Tree root systems are a critical component of 

forest structure and function. In particular, the 

arrangement of the root components of a tree 

stem will affect the stability of the tree to resist 

the wind movement and support larger above 

ground structures, in addition to the transfer of 

water and nutrients necessary for growth. 

Terrestrial Laser Scanning (TLS) has been used 

increasingly over recent years to assess tree 

architecture and to extract metrics of forest 

canopies, such as leaf area index. To date, little 

work has been done on automatically 

characterizing the structure of below ground 

features, due to the destructive nature of 

extracting them. Coarse tree roots are usually 

analyzed by  excavating  root  systems  from  

soils and measuring root attributes by hand. 

Such methods are laborious and time 

consuming.  

We undertook a study to determine whether 

modern TLS technologies are capable of 

quantifying the complex 3D distribution of 

individual tree root-balls which had been 

exhumed from the ground.  

Dataset description 

All data were gathered in the RW20 research 

site located in Bladen Lakes, NC, USA. This study 

is a split-split plot study testing (i) six loblolly pine 

(Pinus taeda L.) genotypes; (ii) three planting 

densities: 4.5×3.5m; 2.25×3.5m; and 1.5×3.5m; (iii) 

and two silvicultural management intensities 

(operational and intensive). 

A total of 24 individual trees were destructively 

harvested in 2017 across the range of study 

permutations in this research site. These trees 

were selected as they appeared representative 

of each given plot. The root-balls were then 

mechanically extracted in a 1x1m area 

centered on each tree stem. The process  

intended to preserve coarse roots. 

Extracted, groups of eight root-balls were 

arranged in a 10x10m area, and scanned using 

a TLS system from four different directions (plot 

corners). Three groups, comprising a total of 12 

scans. Each scan created a point-cloud, which 

is a set of 3D data points in space. The four 

scans were combined (Figure 1) using the 

C l o u d C o m p a r e  s o f t w a r e  ( h t t p s : / /

www.danielgm.net/cc/ ) ,  result ing in 

approximately four million points falling within 

the plot extent. 

Methods 

Analysis was performed using R (https://cran.r-

project.org/). A morphology-based method was 

implemented to identify ground returns, and 

aboveground height calculated. Horizontal 

kernel density (DBSCAN) clustering was used to 

classify individual root-balls and to extract them 

for analysis.  

Individual ‘limbs’ within each root-ball were 

classified. Overlapping horizontal slices were 

Figure 1. The combination of four TLS point-clouds. Colored by return intensity (linked to material type). 
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created every 20cm (10cm overlap) and 3D 

kernel density and relative density based 

clustering was applied to classify the individual 

elements therein. Overlapping clusters were 

combined, and are assumed to be the same 

‘limb’. The 3D path of each ‘limb’ was 

measured by fitting a spline function. The 3D 

path was mapped for visual validation of the 

spline fitting (Figure 2). 3D volume of each of the 

classified ‘limb’s was estimated by fitting an 

alphashapes mesh to the exterior points of the 

object (Figure 3). 

Future Direction 

While the method is in development, TLS data 

can be used to quantify complex structures, 

such as root-balls, including small limbs (≥1cm 

diameter). The approach could conceivably be 

applied to approach could conceivably be 

applied to aboveground vegetation and 

represents a potentially significant time-saving. 

This method will be applied to the planned 

future biomass harvests at the RW20 sites. 

 

 

Figure 2. (Left) A side view of the classified ‘limb’ (yellow) in a root-ball. The blue line denotes the path. (Right) The 

3D distribution of the classified ‘limbs’. 

Alphashapes mesh 

3D volume: 

170cm3 

Figure 3. (Left) A classified ‘limb’ in blue. An alphashapes mesh was fit to the exterior of these points (right) and the 

volume of the mesh interior was calculated. 
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*Estimating Overstory and Understory Contribution to Leaf Area Index from 

Airborne Laser Scanning (LiDAR) 
 

Introduction 

Understory vegetation plays an important role in 

pine plantations. Different structure, quantity, 

and species compositions of understory plants 

can affect growth rate and regeneration of 

crop species through competition for available 

resources.   

Leaf area index (LAI) serves as an important 

input or state variable for a variety of process-

based ecological and biogeochemical models. 

The vertical distribution of total leaf area within 

a forest stand will vary in forest environments 

due to differences in age, physical structure 

(e.g. planting density) and resource availability 

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 

competing vegetation components, where the 

contribution from each can vary. The 

separation of these components is essential for 

accurate management. Traditional methods of 

assessing competing vegetation’s contribution 

require site measurements of vegetation 

characteristics. Such measurements are time -

consuming and costly.    

The ability of airborne laser scanning (ALS) 

(a.k.a. LiDAR) remote sensing technologies to 

penetrate the forest canopy and return from 

features below may offer a solution to this 

problem over large areas. Previous FPC 

research has demonstrated ALS can estimate 

LAI accurately.  

Objectives 

The objectives of this study were: 

To experiment with methods of estimating LAI 

from disparate sensors, locations and times 

of acquisition; 

To develop a method of separating overstory 

and understory LAI. 

Experimental Design 

Field plots were established in each site, and 

corresponded to 20 m diameter circular plots. 

Licor LAI2200 Plant Canopy Analyzer 

measurements were recorded along two 

transects per plot. Each transect comprised 

approximately 20 individual samples. Each 

sample was averaged within each plot extent. 

LAI was measured consistently at 0.5m above- 

ground and again above any competing 

vegetation present. The contribution of the 

respective vertical layer was then calculated. 

A total of seven study sites were established 

between 2013 and 2018, which covered a 

range of growing conditions, ages, and 

management regimes. Two of these were from 

2013, the Duke and Parkers Tract research 

forests located in NC (28 field plots) at peak leaf 

area (summer). Three sites were established in 

VA during 2014, located in the Appomattox 

State Forest (RW19 and PINEMAP sites), the 

Kennedy Family forest, and Reynolds 

Homestead (85 field plots) at peak leaf area 

(summer). In 2015, sites located in the Youngs 

Island and Newport operational forest in GA 

were visited (41 field plots) at minimum leaf 

area (winter). And finally, in 2018 a number of 

sites were visited in FL, some coincided with 

RW18 and RW19 research trial locations (50 field 

plots), during minimum leaf area (winter). A total 

of 205 plots were visited, 101 of these contained 

competing vegetation.  

Three ALS sensor designs were used over the 

four acquisition dates, in 2013 A Riegl VQ-480, in 

2014, a Leica ALS50(ii) in 2015 and in 2018 an 

Optec Gemini sensor. Acquisition specifications 

varied, in terms of pulse density, and flying 

altitude. In summary, pulse density varied from 6 

to 20 per meter-square, and flight altitude 

varied from 700 to 1600m aboveground.  

All analysis was done using the R software 

(https://cran.r-project.org/). ALS returns were 

extracted for each plot horizontal extent and 

analyzed. The different vertical extents of the 

canopy and understory components were 

defined automatically through assessment of 

the frequency of returns by height (Figure 1), 

using a previously established method (Sumnall 

et al., 2016) (R2 0.93). 
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An alternative method of estimating LAI was 

tested, based upon Hopkinson and Chasmer

(2009), in order to explicitly account for 

potentially lower probabilities associated with 

receiving a return signal from beneath a forest 

canopy (due to occlusion). The notation for this 

Beer's Law modified light penetration index is as 

follows: 

Where, ΣI is an index of return power or intensity. 

Each subscript refers to the class and/or sub-

class of pulse return, for example ΣITotal is an 

index of the total returned power.  Two variants 

of this index were developed to  explicitly relate 

to the return energy for the canopy  and 

understory.  Linear regression analysis was then 

used to assess any potential relationship. 

Initial Results 

Initial results are presented in Figure 2. The 

relationship between understory and overstory 

LAI and the same field values of LAI was overall 

strong (R2 0.81).  

Conclusions  

The results, thus far, demonstrate that the 

current approach of estimating LAI is 

compatible with the output from the different 

ALS sensor designs, acquisition specification, 

geographical locations and acquisition times 

used within this analysis, suggesting a robust 

transferable approach. Likewise, when the  

vertical portions of overstory and understory can 

be defined, the LAI contribution of each can be 

estimated.  

Future work will incorporate additional ALS 

acquisitions and geographical contexts to 

explore the viability of such an approach for 

operational use. 
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Figure. 1. An example of LiDAR return points (20×20×30m) 2-D profile (left) which contained understory components. 

Analysis of the frequency of returns by height (right), allows the automatic separation of vertical layers. 

 

Figure. 2. The values of the new Beers Law index plotted 

against the corresponding field values of LAI. 
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*Mapping Below the Canopy Using Airborne LiDAR 
 

Introduction 

Understory vegetation can be an important 

competitor for resources in pine plantations. 

Different structure, quantity, and species 

compositions of understory plants can affect 

growth rate and regeneration of crop species 

through physical, chemical, and biological 

mechanisms, in addition to contributing to fire 

risk.  

Detailed information on its spatial distribution 

across large areas is usually unavailable 

because conventional methods for gathering 

vegetation data emphasize ground-based 

surveys, which are time-consuming, labor-

intensive, and sometimes logistically unfeasible. 

Although remote sensing is a useful alternative 

tool for gathering vegetation information across 

large areas, many of the techniques currently 

available are only effective for the upper 

canopy layers. Airborne LiDAR data of sufficient 

pulse density can gather return-data from within 

and below the canopy and provide a means to 

assess understory presence.  

Objectives 

The objective of this study was to develop a 

method of LiDAR understory mapping for 

operational pine plantation contexts with a high 

prevalence of evergreen understory species.  

Experimental Design 

A total of nine study sites were established in 

operational pine plantations located in Florida, 

Georgia and Texas, USA. Each study site was 

approximately 10,000 acres in extent. Locations 

were chosen which contained a range of stand 

conditions, i.e. stem densities, thinning regimes 

and age ranges (5 to 30 years old). Field 

measurements were recorded from early to mid 

2018. 

Approximately 20 field data plots were 

established at each site. These were circular 

plots with a radius of 52.7ft (16m) . Height to the 

living crown measurements were recorded for 

25-30% of the stems within the plot location. 

Understory metrics were recorded around five 

sample points (center, north, east, west, and 

south). Competing vegetation height and 

percentage of horizontal cover within a 3ft 

radius from the sample point were recorded.  

Airborne LiDAR data was acquired during late 

2017 and early 2018 for all five sites using a 

Optech Gemini sensor. An approximate pulse 

density of 15 pulses per meter-square was 

achieved. Up to five returns per pulse was 

recorded. 

All pre-processing tasks were implemented 

using the LasTools software. All following 

processing tasks were implemented using the R 

software, and summarized below: 

(i) A 20×20m grid is produced covering the 

extent of the study site. 

(ii) The LiDAR returns within each cell are then 

summed vertically into 0.2m segments (Figure 1), 

representing the frequency of returns by height. 

A spline function is then fit through this 

distribution, peaks are assumed to be vertical 

layers. The vertical position of the main canopy 

layer is then classified.  

(iii) The LiDAR returns beneath the main canopy 

are then subset. This vertical portion of the 

height column will contain the understory and 

potential returns from the stem, or dead 

branches. At this stage overlapping layers with 

the main canopy are ignored. Density based  

clustering is implemented to identify vertically 

narrow or isolated points. Small (<2m3) isolated 

clusters some distance (>3m) aboveground are 

excluded.  

(iv) A high resolution grid is created for the  

horizontal extent of the plot (0.5×0.5m), and the 

greatest LiDAR-return heights per cell are stored 

for each plot. Any gaps were filled using  kriging 

interpolation. A raster image is then created  for 

the current 20×20m area. 
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(v) A mosaic of all 20×20m area raster images is 

then created.  

Results 

Understory presence across all available field 

plots was successfully detected. LiDAR-based 

classifications were significant in predicting field 

data estimates of understory height (p<0.05) 

with a strong overall R2 value of 0.75 (RMSE 

1.6m). The comparison of estimates of horizontal 

cover returned a lower correlation, R2 0.35 

(p<0.05, RMSE 36%). As noted in Figure 2, the 

method appears to function better in the 

locations where the canopy is mostly 

homogenous. Complicated and overlapping 

vertical arrangements, such as those in 

unmanaged deciduous forests may result in 

poorer estimates. 

Conclusions 

The initial results demonstrate the successful 

detection of understory presence for managed 

pine forest. Future work will focus upon 

accounting for where the distribution of returns 

from airborne LiDAR is biased towards the top of 

the canopy, thereby reducing the accuracy of 

feature delineation in lower layers. It may be 

possible to identify the presence of overlapping 

coniferous and deciduous vertical layers 

through an analysis of LiDAR intensity. Research 

will also focus on extracting understory leaf area 

index. 

 

Figure. 2. A sample map of the overstory (A) and the understory (B) 

 

Figure 1. Initially delineating the vertical extent of the canopy, and classifying the point cloud. 

(m
) 

 Non-Understory  

 Understory 

(a) Frequency of returns by height (b) 3D classified returns 

Top height 

Height to the live crown 
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Developing Tree Crown Mapping Methods for Unmanned Aerial Vehicle 

LiDAR data 

Introduction 

A forest canopy is composed of complex 

arrangements of interlocking and overlapping 

individual tree crowns of various sizes in 3-

dimensional space. This reality presents a 

problem for the measurement of forest 

canopies and the complex structures found 

therein. Obtaining these measurements, 

however, could improve forest inventory and 

management efforts.  

Remote sensing technologies offer a potential 

means of capturing data of sufficient quality for 

the support of forest management and 

inventory. The development of methods to 

achieve this is an active area of research. One 

such method is the use of airborne light 

detection and ranging (LiDAR) which has the 

potential to acquire three-dimensional 

measurements of the forest canopy. These data 

are useful for a variety of forest inventory  and 

management parameters.  

Combining the use of unmanned aerial vehicles 

(UAVs) and miniaturized LiDAR sensors to 

conduct forest canopy measurements has 

become more feasible as of late due to recent 

developments in technology. Such technology 

enables the measurement of forest canopies at 

high resolution at small scales.  

Objectives 

The overall goal of this study was to develop 

new methods of classifying individual-tree 

crowns (ITC) from LiDAR point clouds. Classified 

ITC objects are required for the estimation of 

crown horizontal extent, crown base height, 

and top height. We tested these methods in two  

intensively managed loblolly pine (Pinus taeda  

L.) plantations with non-continuous understory 

competition in the southeastern US.  

Study Design 

The study sites were two experimental Loblolly 

pine plantations, located at Reynolds 

Homestead, Virginia (VA), and Bladen Lakes, 

North Carolina (NC), USA.  These locations are 

part of the Regionwide 20 (RW20). The RW20 

experimentally varied genetic, planting density 

and silvicultural treatment to test potential stand

-level growth differences. This 8-year old study 

currently possesses horizontal and vertical 

structural heterogeneity of tree structures in 

relatively close proximities, enabling us to test 

new methods for ITC point cloud classification.  

The UAV platform was a Vapor-35 system, with a 

Yellowscan LiDAR sensor. UAV LiDAR data was 

acquired for the two study sites in mid-May 2017 

for Reynolds and in mid-August for Bladen 

Lakes. An average of ~250 laser pulses was 

achieved per square meter (at nadir). Up to two 

returns per pulse were recorded. 

Ground-truthing data was collected during the 

winter of 2018 after the 2017 LiDAR acquisition. 

For this preliminary evaluation,  approximately 

450 trees were randomly selected for ITC 

classification. Five metrics For each tree were 

recorded, these were: tree top height, height to 

the living canopy (HTLC), and crown horizontal 

extent in two directions. These directions were (i) 

within row and (ii) between row.  

A new method was developed within the R 

software environment for the classification of 

ITCs solely from the LiDAR point cloud. The 

procedure is summarized as follows:  

(i) an initial starting return was selected as the 

largest return height in the search extent 

(unclassified), with the assumption being that 

this return is on or near a tree top location.  

(ii) The returns were then subset in 15° segments 

(wedges) radiating from the center point, and 

analyzed separately.  

(iii) large horizontal or vertical gaps were 

classified with the ‘wedge’ subset by DBScan 

clustering (using a 20cm search radius), where 

clusters not connected to the center were 

excluded.  

(iv) For the remaining returns within the ‘wedge’ 

subsets, top surface returns were then classified, 

followed by fitting a smooth-spline through this 

surface distribution of point-heights and 

distances from the center. Local maxima and 

minima were then located on this line. The 

density of returns every 20cm was summed. The 
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distribution of horizontal return density, in 

addition to peaks in crown surface height, was 

assumed to correspond to the presence of 

neighboring stems. Weights were calculated for 

each minima location, where lower surface 

heights, lower distances from the crown and 

lower densities of returns were given higher 

values. The minima with the largest cumulative 

weight was determined to be the horizontal 

extent of the current crown in that direction. The 

returns were then classified as part of the 

current tree crown. 

This process was repeated until all returns are 

classified. A second classification process was 

applied to each ITC classification, where 

understory elements were classified using model 

based clustering (e.g. Figure 1). HTLC was then 

estimated by assessing the frequency of returns 

by height for the crown returns of each ITC. 

Preliminary Results 

For each of the sample plots, all of the 

individual stems identified in the field were 

located in the classified LiDAR data. Estimates of 

tree top height using the ITC classes were highly 

correlated with the ground-truthed data (R2 of 

0.83; RMSE of 0.90 m). Similarly, ITC estimates of 

HTLC were also correlated with ground-truthed 

data, but less strongly (R2 0.54 and RMSE 0.91m). 

Lastly, ITC estimates of crown width for within 

row and between rows were weakly correlated 

with ground-truthed data (R2 values 0.23 and 

0.45, respectively), however RMSE values were 

relatively low (1.25 and 1.03m, respectively). It 

should be noted than in many tree crowns  

were interlocked with one another. An example 

of the classified LiDAR returns are shown in 

Figure 2. 

Conclusion 

The prototype method described in this report  

demonstrates the potential of analyzing  UAV 

LiDAR to estimate individual tree crown 

characteristics.  While the current method is still 

in development, the application of this 

approach could assist site management in 

providing reasonable estimates of tree location 

and structural characteristics.  

 

Figure 1. A classified tree crown (red) and potential 

understory (blue).  

 

Figure 2. Plot number 2510 in NC. Mapped original GPS planting positions and raster canopy height model 

(A). Classified crown returns assigned arbitrary colors (B), and where grey denotes understory. 

(A)  
(B)  
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Using Remote Sensing Data to Retrieve Productivity in a Pinus radiata 

Plantation in Chile 
Vitor V. Brito and Rafael A. Rubilar 

Introduction  

Leaf Area Index (LAI) is defined as the amount 

of foliage per unit of ground horizontal surface 

area. It is an important physiological parameter, 

which is related to many processes associated 

with forest ecosystems, such as light 

interception, evapotranspiration, nutrient 

cycling and photosynthesis. In addition to all the 

physiological processes, several examples of 

research have found a strong relationship 

between LAI and forest productivity. As the leaf 

area is dependent on phenology, climatic 

conditions, site factors and stand density, LAI 

can be understood as a measurement of site 

occupancy, integrating many elements. As a 

result, responses in LAI have been observed with 

fertilization and thinning, and consequently, in 

carbon accumulation and tree growth. 

Due to the importance of using LAI to 

understand ecological processes, research has 

focused on the development of tools to 

estimate LAI. Satellite based remote sensing, 

such as Landsat, is one tool that has been used 

successfully to estimate LAI values. To analyze 

canopy properties from Landsat data, numerous 

spectral vegetation indices (SVI’s) were 

developed. The SVI’s used two wavelengths (red 

and NIR) and empirically related the 

wavelengths to several parameters, such as LAI 

and biomass. 

Study Objectives 

 Evaluate the relationships between four 

spectral vegetation indices and the growth, 

productivity and quality of a radiata pine 

(Pinus radiate) stand 

 Analyze the comportment of each spectral 

vegetation index over time 

Treatments and Experimental Design 

This research was part of a larger study 

established in July 2000 located in the Central 

Valley of Chile, near the cities of Cabrero and 

Yungay (37°10’42’’ S, 72°15’47’’ W) (Figure 1). 

This study examined the effects of subsoiling, 

weed control and fertilization on the productivity 

of radiata pine plantations. The soil was a well 

drained, andesitic-basaltic dry sand. The 

average annual precipitation was 1240 mm per 

year, and the mean annual temperature was 

13.7 °C. The area was a second rotation cutover, 

with a 14.9 m site index (20 years) and estimated 

productivity (24 years) of 7.8 m3 ha−1 year−1. The 

experimental design was a randomized 

complete block design with 3 replicates. The 

measurement plots each contained 100 trees. 

Preliminary Results 

Results of growth measurements showed that, 

since the beginning of the experiment there 

were significant differences between the plots 

with and without weed control (Figure 2). The 

increase in volume due to weed control ranged 

from 485% at year 3 to 52% at year 11 

(representing a difference of 35 m3 ha-1). The 

fertilization and the subsoiling treatments had no 

significant effects on stand growth.  

When considering the remote sensing analysis, 

multiple spectral vegetation indices (SVI’s) were 

calculated from Landsat imagery and 

Figure 1. Study location in Chile.  
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statistically related to the field data. For 

example, both the Simple Ration (SR) index and 

Normalized Difference Vegetation Index (NDVI) 

were calculated from near-infrared and red 

wavelengths reflected from the earths surface. 

Since the second year, the values of SVI in the 

plots with weed control were higher than the 

plots without weed control, following the 

tendency of the on-site field measurements.  This 

tendency was observed in all SVI’s (Figure 3). 

After year 11, there was a stabilization of the 

vegetation indices. Two hypotheses are 

proposed to explain these observations. The first 

hypothesis is related to water availability, once 

the last years presented a reduction in the 

pluviometric regime. The second hypothesis 

relates to the saturation of the spectral 

vegetation indices, described in other studies. 

Preliminary results of the relationship between 

volume and SVI showed that NDVI had the 

highest correlation with volume (Figure 4).  

However, other statistical analysis may be 

performed in order to evaluate the best model 

to predict volume. 

Finally, concerning the quality of the stand, the 

best  observed SVI to evaluate this parameter 

was the Reduced Simple Ratio (RSR) (Figure 5). 

The RSR is a medium-infrared corrected 

modification to the SR. In contrast to the other 

SVI’s tested, the RSR emphasized the difference 

between the plots with and without weed 

control, following the tendency of their 

coefficients of variation (CV).  

Conclusions  

The vegetation indices are important tools that 

can provide information about the  stand in an 

easy way. The next step of the project is to 

analyze the relationship statistically in order to 

achieve more consistent results. 
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Figure 2. Accumulated volume over years  

Figure 3. SR (simple ratio) distribution over time for field 

plot sites. 

Figure 4. The non-linear relationship between volume 

and NDVI.  

R2 = 0.92 

Figure 5. CV of RSR and CV of volumen. Blue are plots 

with weed control and red to plots without weed con-

trol). 
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*FPC Remote Sensing R Packages  
 

Background 

Research was implemented to develop a 

number of tools for the analysis  of (i) Landsat 

satellite data; and (ii) airborne LiDAR to support 

forestry objectives in the southeastern United 

States, specifically on managed loblolly pine 

(Pinus taeda L).  

Key areas identified initially were the estimation 

and mapping of leaf area index (LAI), tree top 

height and height to the live crown (HTLC), the 

delineation of individual tree crowns (ITCs) and 

the estimation of understory presence. To this 

end, three R packages have been developed. 

[1] Landsat 7 and 8 Package Description 

Previous work has focused on estimating LAI 

from Landsat 7 EMT+ datasets. The Landsat 8 

platform was launched after the development 

of this method. Recent research has yielded a 

new method to estimate LAI from Landsat 8 

(Blinn et al. 2019). An update was therefore 

needed. A new R package has been 

developed using the R programming 

environment (https://cran.r-project.org/) to 

provide the capability to estimate LAI from both 

Landsat 7 ETM+ and Landsat 8 data. A 

graphical user interface (GUI) was created to 

provide easy access to the tool’s functions. The 

tool comprises two methods: 

Calculating LAI for a single Landsat 7/8 scene 

(an example of the GUI is given in Figure 1).  

Calculating competing deciduous vegetation 

LAI for a pair of Landsat 7/8 dates; 

The latter tool is based on the research done by 

Blinn et al. (2012) where LAI from deciduous 

competition could be estimated using a 

combination of winter and spring Landsat data.  

A webinar tutorial of this package is available 

on the FPC website.  

 

 

 
 

[2]  Area-based LiDAR Package 

Description 

A similar R tool was constructed to provide 

access to all LiDAR data management, analysis 

and mapping functions. Outputs are available 

at the plot, stand and regional levels. Data 

management utilities, such as file format 

reading/subseting/tiling/conversion/writing 

capabilities are included but will not be 

discussed in detail here. What follows is a brief 

overview of the core functions of the area-

based LiDAR R package: 

Leaf Area Index Estimation 

The LAI method is based on the combination of 

five previous research studies using LiDAR 

acquisitions between 2008 and the present, 

comprising over 12 research sites in the southern 

US. Corresponding field measurements were 

made using the LiCOR LAI 2200.  

Estimates of LAI from LiDAR are made through 

the Above Below Ratio Index (ABRI), which is 

expressed as: 

Figure 1. Interface calculating LAI from Landsat data.  
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Where T is the height threshold (e.g. 1.0m above 

ground), R is the weighted number of returns (1/

no. returns per pulse). The following formula is 

used to estimate LAI (LAIe): 

This model produced an R2 0.880 and RMSE of 

0.44.  

Vertical Layer Estimation 

Other estimates, such as the top height and 

HTLC, are produced at the plot-level (e.g. 

20x20m) by calculating the number of returns 

incident in ‘height-bins’, e.g. 0-1…29-30m, etc. 

where local maxima (peaks) and minima 

(troughs) are considered to represent vertical 

layers, the dominant canopy is represented by 

the largest peak (or return-frequency).  

Mapping Understory Presence 

Building upon the method to estimate the 

vertical position of vegetation layers, a 

combination of density based clustering, size 

and proximity analyses was used to 

automatically classify objects beneath the main 

pine canopy. An example output is given in 

Figure 2. 

Generating Custom Model Estimates 

It is possible to extract plot level summary 

metrics  for input into conventional statistical 

analysis (e.g. multiple linear regression).  

[3] Individual Tree Crown Delineation 

Another R package was created specifically for 

the automatic delineation of ITC objects, 

applied to a rasterized canopy height model 

(CHM), which is generally derived from LiDAR or 

photogrammetric point clouds.  

This function implements the variable window 

filter algorithm developed by Popescu and 

Wynne (2004). A moving window scans the 

CHM, and if a given cell is found to be the 

highest within the window, it is tagged as a 

treetop. The size of the window itself changes 

depending on the height of the cell on which it 

is centered. An example output is given in 

Figure 3.  

Future Direction 

These packages can be considered as a work 

in progress, and new functions will be added in 

the future. All of them are available to FPC 

members for download. Additional 

documentation is also available through the 

FPC website. 
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Figure 3. Delineation of individual tree crown objects, 

and segmented crown area.  Figure 2. Mapping understory presence.  
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Identification of Individual Tree Crowns and Estimating Tree Heights from 

Airborne Discrete Return LiDAR 

M. Sumnall, A. Peduzzi, T.R. Fox, R.H. Wynne, V.A. Thomas 

Introduction 
A forest stand can be described in terms of its 

structural, compositional and functional 

properties, which are determined by site factors 

and the management objective applied. The 

assessment of vertical and horizontal canopy 

structure of stands are of interest for forest 

inventory applications for evaluating site quality, 

regeneration, competition, and the overall 

quantity of and distribution of timber volume. 

The measurement of detailed forest stand 

structural parameters is typically accomplished 

through the use of manual field based 

assessment. This approach is often constrained 

by site accessibility, the availability of objective 

and effective measurement techniques, cost of 

personnel and equipment. These restraints may 

preclude the establishment of a sufficient 

number of field plots to sample the structural 

variability of forest structural types within an 

environment.  

Airborne LiDAR remote sensing can characterize 

both horizontal and vertical structures within 

forested environments which are of interest to 

forest managers. The derivation of individual tree 

metrics is possible using small-footprint laser data 

with a sufficient point density. 

 

Objectives 
The aim of the current study was to develop an 

approach for the detection of individual tree 

crowns from airborne LiDAR in intensively 

managed loblolly pine (Pinus taeda L) forest. The 

specific objectives were to estimate the number 

of tree stems over a range of ages and planting 

densities, and validate the approach at the field 

plot scale. 

 

Study Design 
Both field data and airborne discrete return 

LiDAR data was acquired for a study site in 

Georgia, US, in March 2015. A total of 42 field 

plots were installed over a range of stand 

establishment ages (between 5 and over 20 

years old) and spacing arrangements. Plots were 

of 20×20m in size where individual tree top 

heights and spatial locations were recorded, for 

those stems with a diameter (at 1.3m) greater 

than 10cm. 

The LiDAR data was acquired using a Leica 

ALS50 Phase-II scanning laser system. An 

average of five laser pulses was achieved per 

square meter. Standard pre-processing methods 

were applied in order to identify ground returns, 

and the calculation of above ground heights. A 

high resolution Canopy Height Model (CHM) 

raster was produced, where each cell 

corresponded to a 0.5×0.5m horizontal area. 

Given that the crown shape of the Loblolly pine 

is typically conical, a method was then 

developed to search the CHM raster image for 

the presence of local maxima, which were 

generally assumed to correspond to tree top 

locations (Figure 1). A moving kernel-based 

search window was used for this task, where the 

horizontal extent of which was increased 

proportionally with height. Once tree tops had 

been identified a region was grown around the 

center point into neighboring cells of lower 

height. The average of north, south, east and 

west extents were used to estimate crown 

radius.  

 

Figure 1. Detected Individual Tree Crown (ITC) objects 

within a field plot extent.  
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Results 

The comparison of field measured mean canopy 

height was compared with the mean of the 

LiDAR derived ITC object heights for the same 

spatial extent (Figure 2), which produced a very 

high correlation (R2 = 0.97, RMSE = 0.84m). The 

total number of tree stems encountered in the 

field was compared with the number of ITC 

objects produced for each plot location (Figure 

3), which resulted in a moderate correlation (R2 = 

0.48, RMSE = 15.59). The detection accuracy of 

the ITC approach for the number of tree stems is 

subject to increased error as the number of 

stems within a plot increases. Within the context 

of the current study, if there were less than 40 

stems per 20×20m, accuracy increases, 

producing an RMSE of 3.99.  

 

Conclusions 

The method in this paper demonstrates the 

potential for airborne LiDAR to estimate the 

characteristics of individual trees. Within the 

current study, forest canopy heights can be 

estimated from LiDAR with a very low error at the 

plot level. A number of issues arise when 

considering the number of ITC objects detected 

and the number encountered in the field.  Plots 

containing stems with a higher spacing or 

thinned stands could be enumerated relatively 

accurately. Field plots containing a higher 

density of stems (>40 stems per 400m2) are 

subject to additional detection error due to the 

lack of difference, or lack of features which can 

be detected, present in the CHM at the 

0.5×0.5m spatial resolution.  

Additional Resources 

Sumnall, M., Peduzzi, A., Fox, T.R., Wynne, R.H. 

and Thomas, V.A., 2016. Analysis of a lidar voxel-

derived vertical profile at the plot and individual 

tree scales for the estimation of forest canopy 

layer characteristics. International Journal of 

Remote Sensing, 37(11), pp.2653-2681.  

 

Figure. 2. Field plot mean tree top height compared 

against the plot mean ITC heights. 

 

Figure 3. The number of tree stems within each field plot 

compared against the number of ITC objects.  
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Estimating Individual Tree Characteristics of Small Trees Using Airborne 

LiDAR Point Clouds 

Introduction 

Reliable metrics relating to the structural 

characteristics of the forest canopy and 

individual trees, such as crown dimensions, 

crown base height, and tree height are required 

by forest managers. Crown dimensions are 

strongly correlated with stem diameters and 

therefore biomass. Crown ratio (crown length to 

tree height) is related to vigor and therefore is 

related to the timing and response to thinning.  

 

The use of remote sensing for the estimation and 

mapping of various forest metrics has the 

potential to allow an accurate and efficient 

estimation of tree characteristics from the 

individual tree to regional scales. In particular,  

airborne LiDAR has the potential to acquire 

three-dimensional measurements of the forest 

canopy that are useful for a variety of forest 

inventory parameters.  

 

Objectives 
The overall goal of this study  was to develop 

new representations of LiDAR data for 

delineating individual tree crowns in order to 

estimate crown horizontal extent, crown base 

height, and tree top height in an experimental  

intensively managed loblolly pine plantation 

forest with non-continuous understory 

competition in the southeastern US.  

 

Study Design 
The study site was established in an experimental  

loblolly pine (Pinus taeda L.) dominated site, 

located near Critz, Virginia, USA. This location is 

part of the Region Wide 20 research trial (RW20), 

which is based around observing the growth 

differences between six different loblolly pine 

genetic types, three planting densities (1.5×3.5, 

2.25×3.5 and 4.5×3.5m) and two silvicultural 

management levels. The site was established in 

2009. This provides a range of possibly structural 

arrangements in close proximity.  

Field data was collected during the winter prior 

(2013) from the LiDAR acquisition. Approximately 

3600 individual trees were visited and measured.  

For each tree, tree top height, height to the 

living canopy (HTLC), and crown horizontal 

extent in two directions were measured. These 

directions were: (i) within row; and (ii) between 

row extent. The horizontal extent of these crowns 

typically varied between 2 and 5 m.  

The LiDAR data was acquired for the study sites 

in mid-August 2014 (peak-leaf area) using a 

Leica ALS50 Phase-II scanning laser system. An 

average of ten laser pulses was achieved per 

square meter.  

An automated method was developed for the R 

software for: (i) the identification of likely 

locations for tree top locations; (ii) delineating 

the 3D extent of the individual tree crowns from 

the LiDAR point cloud data; (iii) estimating tree 

height from inconsistent point sampling; and (iv) 

identification  of the vertical position of the HTLC 

and exclusion of any understory components. 

Initially, a high resolution (0.25×0.25m) raster 

surface was calculated for the entire study site, 

and potential tree top locations were  

automatically selected by finding local high 

points, based on assumptions around the shape 

of pine trees.   

The LiDAR points surrounding each of these 

‘maxima’ locations was analyzed using 24 

overlapping subsets of points (every 15°) from 

the center point (Figure 1) of a 30° width. The size 

of these subsets was determined by multiplying 

the largest point height value by three. The 

vertical distribution of points in each search 

segment was then assessed, and points likely to 

be from the top surface identified (Figure 2). A 

morphological analysis was applied to identify 

the extent of the current tree crown.  

Once the point cloud had been segmented a 

spline profile was fit around the exterior for the 24 

directions and an average taken. The largest 

horizontal extent was calculated in each 

direction. An aggregate of the profiles was 

generated and was used to estimate tree 

height. This was necessary as returns from the 

actual top of the tree was unlikely due to the 

small surface area. 

Finally, HTLC was estimated by analyzing the 

position of the lowest peak in each of the 24 

profiles in addition calculating height bins for all 

the returns classified as part of the tree. Each 
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height bin contained the maximum return 

intensity  recorded for that height range. Fitting 

spline function and identification of local 

maxima and minima yielded estimates of 

disparate vertical layers, where large differences 

in intensity value gave an indicator of the 

presence of broadleaved or coniferous 

vegetation. 

 

Results 
For 3600 stems assessed, correct positions for tree 

locations were achieved with an accuracy of 

92% . Figure 3 gives an example of delineations. 

Estimates of top height from curve-fitting gave 

an RMSE 0.52 m.  Estimates of HTLC produced an 

RMSE was 0.86 m. Estimates of crown horizontal 

extent produced RMSE values between 0.77 m 

and 0.82 m, where larger error was associated 

with larger crown sizes. Horizontal accuracy was 

also somewhat sensitive to the level of silviculture 

applied.  

Conclusion 

The method described in this report  

demonstrates the potential of analyzing  

airborne LiDAR to estimate individual tree crown 

characteristics.  While the current method has 

shown some shortcomings in area where tree 

density is higher, the application of this 

approach could assist site management in 

providing reasonable estimates of tree location 

and structural characteristics.  

 

Figure 1. Iterative point data search areas surrounding 

tree top location.  

 

Figure 2. Vertical distribution of points in search segment. 

Blue points and lines indicate surface points. The red line 

is the break between crowns. 

 

Figure 3.  Individual tree locations (red) with canopy 

height model as reference. 
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Estimating Individual Tree Vertical Characteristics 

Introduction 
Accurate inventories of forest resources are of 

great economic and ecological importance. 

Such inventories require large quantities of 

spatially explicit information, often guided by the 

current forestry management objective. 

Common requirements are estimates of stem 

density, canopy height and canopy base 

height. The measurement of detailed forest 

stand structural parameters is typically 

accomplished through the use of manual field 

based assessment. This approach is often 

constrained by site accessibility, the availability 

of objective and effective measurement 

techniques, and the cost of personnel and 

equipment. In an attempt to reduce costs and 

potentially sample more of the environment, 

managers can choose to augment traditional 

forest inventory with estimates derived from high 

spatial resolution remotely sensed data 

collected over large spatial extents.  

 

Objectives 
The overall goal of this study  was to develop 

new representations of LiDAR data for 

delineating individual tree crowns with a 

particular focus on estimating the vertical extent 

of the crown, in an intensively managed loblolly 

pine plantation forest with a non-continuous 

understory competition in the southeastern US.  

 

Experimental Design 
The study site was established in an experimental  

loblolly pine (Pinus taeda L.) forest, located near 

Critz, Virginia, USA.  The site was located at an 

ongoing research trial focused on the effects of 

pruning on the growth of managed Loblolly 

pine. Five different pruning treatments were 

implemented. The site was established in the 

year 2000, where stems were planted at a grid 

spacing of 10×10ft (3.05×3.05m). This comprised 

160 individual stems, and for a subset of 40 stems 

tree top height and height to live crown (HTLC) 

were recorded. 

The LiDAR data was acquired for the sites in mid-

August 2014 (peak-leaf area) using a Leica 

ALS50 Phase-II scanning laser system. An 

average of five laser pulses was achieved per 

square meter.  

An automated method was developed for the R 

software for: (i) the identification of likely 

locations for tree top locations; (ii) delineating 

the 3D extent of the individual tree crowns from 

the LiDAR point cloud data; (iii) estimating tree 

height from inconsistent point sampling; and (iv) 

identification  of the vertical position of the HTLC 

and exclusion of any understory components. 

Initially, a high resolution raster surface was 

calculated for the entire study site, and potential 

tree top locations were  automatically selected 

by finding local high points, based on 

assumptions around the shape of pine trees.  

The LiDAR points surrounding each of these 

‘maxima’ locations was analyzed using 24 

overlapping subsets of points (every 15°) from 

the center point  of a 30° width. The size of these 

subsets was determined by multiplying the 

largest point height value by three. The vertical 

distribution of points in each search segment 

was then assessed, and points likely to be from 

the top surface identified. A morphological 

analysis was applied to identify the extent of the 

current tree crown.  

Once the point cloud had been segmented a 

spline profile was fit around the exterior for the 24 

directions and an average taken. The largest 

horizontal extent was calculated in each 

direction. An aggregate of the profiles was 

generated and was used to estimate tree 

height. This was necessary as returns from the 

actual top of the tree was unlikely due to the 

small surface area. 

Finally, HTLC was estimated in three ways: 

(1) binning the returns  and fitting a curve 

function to the vertical frequency of returns. 

Fitting spline function and identification of 

local maxima and minima yielded estimates 

of disparate vertical layers. 

(2) model based clustering to identify vertical 

groups. 

(3) analyzing the position of the lowest peak in 

each of the 24 profiles. 
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Results 
Out of a total of 160 stems, ITC objects were 

generated in the correct location of all but 

three. Crown measurements were available for 

a total of 40 stems. Top height from the largest 

return height typically underestimated field 

measurements (RMSE 1.25 m) whereas the 

crown profile method had a lower RMSE (0.71 

m). Two of the methods of estimating HTLC did 

not always return an estimate due to a number 

of conditions set to ensure the results were valid. 

Model based clustering returned only 22 results 

and 39 for height binning. Estimates from the 

remaining approach, derived from fitting crown 

exterior profiles, gave an RMSE of 1.26 m, was 

typically an overestimation. HTLC estimates can 

be mapped and is illustrated in Figure 1. 

Further analysis of the distribution of the 3D point 

data suggests that there are fewer returns from 

the lower regions of the tree crowns could 

explain the overestimation (Figure 2). The 

presence of vertical gaps in the living canopy or 

dead branches can also cause issues with 

estimation (Figure 3). 

 

Conclusion 
The method described in this report  

demonstrates the potential of analyzing  

airborne LiDAR to estimate individual tree crown 

characteristics.  While the current method has 

shown some shortcomings in terms of 

complicated structures beneath the main 

canopy and pulse penetration characteristics, 

the application of this approach could assist site 

management in providing reasonable estimates 

of tree location and structural characteristics.  

 

Figure 1. Delineated individual tree crowns and estimates 

of height to the living canopy (HTLC). Overlaid upon a 

canopy height model. 

 

Figure 2. An example of overestimation, where all 

estimates are similar. The majority of returns are from well 

above the field measured HTLC  

 

Figure 3. An example of underestimation in a control plot 

(no pruning). The underestimation is likely due to the 

presence of dead branches. 
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Assessing the Transferability of Leaf Area Index Prediction Methods 

Between Two Airborne Discrete Return LiDAR Sensor Designs Multiple 

Intensively Managed Loblolly Pine Forest in the Southeastern USA 
M. Sumnall, A. Peduzzi, , T.R. Fox, R.H. Wynne, V.A. Thomas, B. Cook 

Introduction 

The surface area of the foliage in the forest 

canopy is the primary surface which controls the 

processes of canopy-gas exchange, such as to 

photosynthesis, evaporation, transpiration, 

rainfall interception, and carbon flux. This 

biophysical parameter is typically assessed 

though Leaf Area Index (LAI), which can be 

defined as the ratio of half of the total leaf 

surface area per unit of ground area. More 

recently, numerous methods have been 

developed for the analysis of datasets obtained 

through airborne small-footprint Light Detection 

and Ranging (LiDAR) to estimate a suite of forest 

characteristics. A number of challenges related 

to the differences in LiDAR sensor design and 

acquisition parameters exist, as pulse 

penetration properties and return frequency 

distribution can differ between LiDAR 

acquisitions.  

 

Objectives 
The aim of the current study was to test a 

number of approaches for estimating LAI in 

homogenous loblolly pine (Pinus taeda L) forests 

with various management treatments and 

understory vegetation conditions, covering a 

wide range of LAI values. The specific objectives 

were to estimate LAI over multiple locations and 

sensor designs/acquisition parameters through a 

number of modeling approaches at the field 

plot scale. 

 

Study Design 
Five study sites were visited for the current 

project over two separate time periods. Three 

sites were visited in 2008 and two sites in 2013 in 

North Carolina and Virginia. Field plots were 

established of varying size and in a variety of 

stand conditions (i.e. stand age, nutrient regime, 

and stem density). In 2008, 88 field plots were 

established, and 28 in 2013 (116 in total). LAI 

measurement were recorded using the LiCOR 

LAI2000 and LAI2200 (for 2008 and 2013, 

respectively) instruments within the each field 

plot. 

 

Small footprint discrete-return LiDAR was 

acquired for each of the three study areas in 

2008. The system was an Optech ALTM 3100. The 

system could record multiple returns (1-4) with a 

sampling density of 5 pulses per meter square. 

The laser operated at 1064 nm. Small-footprint 

discrete-return LiDAR data were acquired for 

both 2013 study sites, and was provided by the 

NASA G-LiHT team. The scanning LiDAR system 

was a Riegl VQ-480, which could record up to 6 

returns per pulse, and provided an approximate 

pulse density was 6 per meter square. The laser 

operated at 1550 nm. The LiDAR return intensity 

was not calibrated for either acquisition. 

 

A total of ten indices, utilized in the surrounding 

research literature which have been used to 

estimate LAI and fractional cover, with two 

additional variants, were computed from LiDAR 

return heights and intensity for each plot extent. 

Each LiDAR derived index attempts to emulate 

Beer–Lambert law, which is based on the 

attenuation of light to the properties of the 

material through which the light is traveling. The 

indices were combined with a number of 

common LiDAR return height and intensity 

distribution metrics (e.g. average return height). 

Each of the indices were assessed for correlation 

with each other, and were used as independent 

variables in linear regression analysis with field LAI 

as the dependent variable. All LiDAR derived 

metrics were also entered into a forward 

stepwise linear regression. 

 

Results 
The results from each of the indices varied from 

an R2 of 0.33 (S.E. 0.87) to 0.89 (S.E. 0.36). Those 

indices calculated using ratios of all returns 

produced the strongest and statistically 

significant correlations (students t test, where p < 

0.05), in particular the Above and Below Ration 

Index (ABRI) and Laser Penetration Index 1 (LPI1), 
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which produced R2 values of 0.886 and 0.885, 

respectively (Figure 1). These models are 

summarized in Table 1. The results of the multiple 

stepwise regression analysis produced a model 

composed from a combination of three metrics 

did not improve correlations greatly (R2 0.90; S.E. 

0.35).  

 

 

Conclusions 

The results indicate that LAI can be predicted 

over a range of intensively managed pine 

plantation forest environments accurately when 

using different LiDAR sensor designs. Those 

indices which incorporated counts of specific 

return numbers (e.g. first returns) or return 

intensity correlated poorly with field 

measurements. There were disparities between 

the number of different types of returns and 

intensity values when comparing the results from 

two LiDAR sensors, indicating that predictive 

models developed using such metrics are not 

transferable between datasets with different 

acquisition parameters. Each of the indices were 

significantly correlated with one another, in 

particular those indices calculated from all 

returns, which indicates similarities in information 

content for those indices. It can then be argued 

that LiDAR indices have reached a similar stage 

in development to those calculated from optical

-spectral sensors, but which offer a number of 

advantages, such as the reduction or removal of 

saturation issues in areas of high biomass. 

Additional Resources 

Sumnall, M., Peduzzi, A., Fox, T.R., Wynne, R.H., 

Thomas, V.A. and Cook, B., 2016. Assessing the 

transferability of statistical predictive models for 

leaf area index between two airborne discrete 

return LiDAR sensor designs within multiple 

intensely managed Loblolly pine forest locations 

in the south-eastern USA. Remote Sensing of 

Environment, 176, pp.308-319.  

 

Figure 1. Scatterplots of field recorded and LiDAR 

estimated LAI for two indices which provided the 

highest correlations.  

 
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 1m, respectively. 
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Mapping Sub-Dominant or Understory Height and Spatial Cover at Small-

Scales Using an Airborne Discrete Return LiDAR Voxel-Based Approach 

M.J. Sumnall, T.R. Fox, R.H. Wynne, V.A. Thomas 

Introduction 
The three-dimensional structure of forest 

environments play an important role in 

ecosystem function. These structures can vary 

from relatively simple single-story canopies to 

more complex multi-story canopies which may 

be divided into different horizontal and vertical 

components. Understory vegetation cover has 

been used for wildlife habitat, fire fuel load and 

behavior characterization, and understanding 

forest competition dynamics.  

 

In recent years, the retrieval of forest structural 

attributes across a landscape have advanced 

considerably following the development of 

airborne remote sensing technologies, in 

particular discrete (multiple) return Light 

Detection and Ranging (LiDAR). Given airborne 

LiDAR’s ability to penetrate through the forest 

canopy and return from the lower vegetated 

elements and ground, there is the potential to 

generate discrete statistics by classifying the 

LiDAR data point-cloud into vegetation layers to 

determine specific vegetation statistics such as 

the dominant canopy and understory layers. 

One approach to estimate forest vertical 

components is to bin LiDAR returns at set heights, 

also known as volumetric pixels (voxels). Each 

voxel requires the horizontal and vertical extent 

to be defined (e.g. 1×1×1m) allowing vertical 

stacks of bins to be generated for each 

horizontal extent. Each voxel element will 

contain a single value for the LiDAR returns 

located within such as the number of returns. A 

curve function can be fit to the values of each 

of the bins in a vertical column to estimate the 

vertical position of vegetation components.  

 

Objectives 
The objective of the current study was to 

develop methods for assessing the height and 

horizontal coverage of the understory at a fine 

spatial scale (e.g. ≤1×1m) using airborne LiDAR in 

three managed loblolly pine (Pinus taeda L) 

plantation forests typical of the southeastern 

USA. Thus, the more specific objectives of this 

study were to: (i) determine the potential of 

implementing voxel and curve fitting based 

analysis at small horizontal scales to provide 

estimates of understory presence and height; 

and (ii) to explore the ability of applying the 

curve-fitting approach across the wider forested 

environment in order to estimate understory 

vegetation horizontal cover. 

 

Study Design 
Three sites were visited in Virginia, USA, between 

August 20th and September 2nd 2014. Each of 

the study sites were also part of existing research 

into loblolly pine optimization. A total of 85 field 

plot locations were established to sample 

various tree heights, planting densities and ages. 

In addition, various understory densities, 

coverage and heights were sampled, when 

present. All plots established were north 

orientated and were 25×25m (626m2) in size. 

Clinometer measurements were then made in 

each plot to identify the height of the dominant 

canopy, the height to the living canopy (HTLC) 

and the height of any understory layers. 

The LiDAR data was acquired for the three study 

sites in mid-August 2014 using a Leica ALS50 

Phase-II scanning laser system. Data was 

acquired with a 50% flight-line overlap and a 

sensor scan angle of 15° from nadir to provide 

good penetration of laser pulses through the 

canopy layers. An average of five laser pulses 

was achieved per square meter (10 with the 

overlap). Standard preprocessing methods were 

applied to calculate above ground heights.  

The first operation divided the study site extent 

by a regularly spaced grid (15×15m). The height 

range of the dominant canopy layer for each 

grid-cell was determined through aggregating 

LiDAR return height measurements into vertical 

height bins, of the given horizontal extent, 

creating a vertical ‘stack’ of bins describing the 

frequency of returns by height. Once height bins 

were created the resulting vertical distributions 

were smoothed with a kernel regression line 

function and the dominant vertical canopy layer 

was identified through the detection of local 

maxima and minima. The second operation sub-

divided the grid-cell into 1×1m horizontal extents, 

for which height-bin stacks were created. 

Vertical features were then identified at this 
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scale in the same manner as in the previous 

step, and classified as understory features if they 

were lower in height than the 15x15m estimate 

of the dominant canopy layer. The heights of the 

tallest understory layers were kept, and used to 

produce a rasterized map of understory layer 

height at the 1×1m scale. 

 

Results 
LiDAR derived estimates of the 15×15m lowest 

vertical extent of the dominant layer correlated 

highly with field data (R2 0.8; RMSE 2.1m). 

Estimates of understory horizontal cover ranged 

from R2 0.8 to 0.9 (RMSE 6.6 to 11.7%), see Figure 

1, and maximum layer height ranged from R2 0.7 

to 0.8 (RMSE 1.6 to 3.4m) for the three study sites, 

see Figure 2. An understory raster could be 

produced, a sample is presented in Figure 3. 

 

Conclusions 
The automated method deployed within the 

current study proved sufficient in determining 

the presence and absence of vegetative (and 

artificial structures) within the understory portion 

of the in addition to height and horizontal cover 

to a reasonable accuracy. The resolution or size 

of the voxel which make up the derived dataset 

will also have an influence upon the horizontal 

and vertical accuracies. Issues were 

encountered within older stands (e.g. more than 

30 years) where deciduous vegetation layers 

intersected with the dominant coniferous 

canopy layer, resulting in an underestimation of 

sub-dominant heights.  

 

Additional Resources 

Sumnall, M., Fox, T.R., Wynne, R.H. and Thomas, 

V.A., 2017. Mapping the height and spatial 

cover of features beneath the forest canopy at 

small-scales using airborne scanning discrete 

return Lidar. ISPRS Journal of Photogrammetry 

and Remote Sensing, 133, pp.186-200.  

 

Figure 1. Plot-level sub-dominant horizontal cover (%) 

 

Figure 2. Sub-dominant layer maximum height (m)  

 

Figure 3. A comparison of a Canopy height mode 

(CHM) (top) and sub-canopy height map (bottom) for 

the Appomattox, VA site.  
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Assessing the Capabilities of Unmanned Aerial Vehicle Mounted LiDAR 

Systems for the Support of Forest Inventory 

Introduction 
Due to recent developments  in technology,  

uptake of Unmanned Aerial Vehicle (UAV)  for 

various applications in both academic and 

commercial objectives has increased. In 

particular UAV platforms can use Light Detection 

and Ranging (LiDAR) instruments to supply data 

in a similar manner to conventional airborne 

laser scanning systems over forested 

environments.  

 

Objectives 
The purpose of the current project was to assess 

the capabilities of a LiDAR system operating on 

a UAV for supporting forestry. The more specific 

objectives were to adapt the analysis methods 

developed for conventional LiDAR to the new 

platform. Particularly, the classification of returns 

from individual tree crowns and the estimation of 

their characteristics, such as height, crown 

diameter, in addition to experimenting with the 

estimation of new metrics such as classification 

of individual tree branch locations, stem location 

and stem dimeter were analyzed.  

 

Study Design 
The study site was established in an experimental  

loblolly pine (Pinus taeda L.) dominated site, 

located near Critz, Virginia, USA. This location is 

part of the region wide 20 research trial (RW20), 

which is based around observing the growth 

differences between six different loblolly pine 

genetic types, three planting densities (1.5×3.5, 

2.25×3.5 and 4.5×3.5m) and two silvicultural 

management levels. The site was established in 

2009. This provides a range of possible structural 

arrangements in close proximity.  

 

Field data was collected during the winter prior 

(2016) from the LiDAR acquisition. Approximately 

3600 individual trees were visited and measured.  

For each tree, tree top height, height to the 

living canopy (HTLC), and crown horizontal 

extent in two directions were measured. These 

directions were: (i) within row, and (ii) between 

row extent. The horizontal extent of these crowns 

typically varied between 2 and 5 m.  

 

LiDAR data was acquired in the summer of 2017 

to coincide with peak-leaf area. The UAV 

platform used was a Vapor-35 helicopter. A 

Yellowscan LiDAR system was mounted on this 

craft and used to collect data over 

approximately 1km2. The LiDAR system could 

record up to 2 returns per pulse. Data was 

recorded to the following specifications: (i) high 

positional accuracy (<3cm); (ii) a high laser 

pulse density (>200 ppm2); and (iii) ±40° scan 

angle. 

 

An automated method was developed in the R 

software for: (i) the identification of likely 

locations for tree top locations; (ii) delineating 

the 3D extent of the individual tree crowns from 

the LiDAR point cloud data; (iii) estimating tree  

crown top height and height to the living crown; 

and (iv) the identification of returns from the tree 

stem (beneath the canopy). 

 

An iterative approach was developed to search 

the LiDAR returns and identify the tallest within 

and in proximity to the field plot locations, 

classify the returns from a single tree and then to 

repeat the process until all returns were classified 

as either a tree or noise.  

 

The LiDAR points surrounding each of these 

‘maxima’ locations were analyzed using 24 

overlapping subsets of points every 15°. The size 

of these subsets was determined by: 

Length = (height/3)+2.5 m 

Width = 30° arc of circle with radius height/3. 

The vertical distribution of points in each search 

segment was then assessed, and points likely to 

be from the top surface identified. A 

morphological analysis was applied to identify 

the extent of the current tree crown (see Figure 

1).  

 

The following methods should be considered as 

work in progress.  Given the very high density of 

laser returns from within the individual trees, an 

approach was developed to map the horizontal 

and vertical extent of crown elements within 

each of its 24 subsets. A 10 x10cm grid is created 
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to cover the height and horizontal extent of the 

classified points. Grid cells are then populated 

by the number of returns within each. Empty 

cells are then excluded. An approach based on 

cellular automata is then implemented to 

classify separate projections outward, which are 

assumed to be branches or clusters of branches 

(see Figure 2).  

 

A number of methods have been developed to 

automatically classify those returns which 

correspond to the tree stem/trunk itself. Initially 

the vertical extent of the main/living crown must 

be identified. This was accomplished through 

binning the returns, fitting a curve function to the 

vertical frequency of returns, and finally 

identification of the vertical extent through fitting 

bell-shaped curves. The region above this height 

is excluded. A DBSCAN clustering method is then 

applied to identify horizontal regions of high 

return density and the one closest to the tree top 

coordinates is selected. The classified ‘trunk’ 

returns are illustrated in Figure 3. A number of 

following steps attempt to find partial circular 

features within the classified trunk points, in order 

to estimate trunk diameter. 

 

Conclusion 
Established processing methods are compatible 

with the LiDAR data provided by the UAV 

platform. The increased return density allows 

more finer scale analysis, and even allows some 

features to be sampled directly, rather than 

inferred from statistical means. The methods 

described here are still under development. The 

use of UAV data holds a great deal of potential 

for future research and for supplementing 

detailed field measurements.  

 

Figure 1. An example of the returns classified as belonging to a single tree crown. (left) The horizontal distribution of 

returns above ground. (middle and right) the vertical distribution of returns. 

 

Figure 2.  An example of classifying within crown 

components—possible branches within one of the 24 

crown subsets.  

 

Figure 3. Vertical distribution of crown returns from 

DBSCAN clustering. Classified trunk returns (red) 
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Modeling Fertilizer Response of Loblolly Pine Plantations in the 

Southeastern United States Using FR in the 3-PG Model 
S. Subedi and T. Fox 

Rationale 
The 3PG model has been successfully used to 

model  productivity of forests in many regions of 

the world, including loblolly pine in the 

southeastern U.S. Productivity of loblolly pine in 

the southeastern US is frequently limited by soil 

nutrient availability. Therefore, fertilization is 

commonly used to increase nutrient availability 

and subsequent growth. However, up to now  

fertilization has not been incorporated into 3-PG. 

This study used the soil fertility rating (FR) in the 3-

PG model  to predict fertilizer growth response of 

loblolly pine stands.  

 
Experimental Approach & Methods 
We used the process based model Physiological 

Processes Predicting Growth (3-PG) in this study 

to model response to fertilization in loblolly pine. 

3-PG relies on a fertility rating (FR) parameter to 

describe soil nutrient availability. FR is a site-

specific parameter in 3-PG that describes soil 

nutrient status on a scale of 0 to 1. Values of 0 

indicate severe nutrient limitations and a value 

of 1 indicates no nutrient limitations. FR is an 

important variable in 3-PG that affects leaf area 

index and stand growth. We used the growth 

response following fertilization in the RW18 study 

to determine how FR is affected by repeated 

fertilization with N and P starting at a young age. 

We also used data from the RW13 midrotation 

fertilization study to model the dynamics of FR 

following a one-time midrotation fertilization.   

 

FR values in the stands that received no 

fertilization treatment, baseline FR, were 

determined using the previously developed 

relationship between site index and FR (Subedi 

and Fox 2016):  

 

Two locations that did not respond to biannual 

fertilization with N and P were in the RW18 

considered non-nutrient deficient. The baseline 

FR values on the control plots at these sites 

averaged 0.9. We assumed that this was the 

maximum FR value for loblolly pine in the 

southern US in an environment where N and P 

are non-deficient.  We assumed that the 

repeated fertilization in the RW18 plots would 

eliminate N and P deficiencies and thus 

adjusted FR to 0.9 to model the response to 

repeated fertilization in 3-PG. FR was then 

adjusted to this value in the fertilized plots at the 

other sites and used in 3-PG to predict growth.  

 

We also developed a dynamic function to 

model  FR to accurately predict growth in 

loblolly pine stands that were fertilized one time 

with N and P during the middle of the rotation. 

We used data from RW13 study  to model 

change in FR (∆FR). This was done using an 

optimization process where the temporal 

distribution of the ∆FR was modeled using the 

Weibull function. Baseline FR, intensity of N 

fertilization, and year since treatment were used 

as input regressors to model dynamics of FR 

f o l l o w i n g  m i d r o t a t i o n  f e r t i l i z a t i o n . 

 

Results  
Response to Repeated Fertilizations in 
Juvenile Stands of Loblolly Pine  
The fertilizer response varied greatly among sites 

depending on the baseline FR values in the 

control plots. Sites with low baseline FR values 

had the greatest  response to fertilization and 

the sites with the higher FR values had the lowest 

fertilizer response.   The 3-PG model predicted 

aboveground biomass in following repeated 

fertilization in juvenile stands wvery well (Figure 

1).  The R2 value between predicted above 

ground biomass and observed above ground 

biomass was 0.94.  

 

Response to One-Time Fertilizations in 
Midroation Stands of Loblolly Pine  
The dynamic model develop to predict the 

changes in FR due to a one-time fertilization in 

midrotation loblolly pine stands varied with  the 

magnitude of the change and FR depending on 

the baseline FR value, and the years since 

fertilization.  The pattern of change in FR is 

mound shaped with a maximum increase in FR 

occurred around  6 years after fertilization and 
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then declined with time (figure 2) which is the 

same pattern used to model fertilizer response in 

FASTLOB. Using the modified FR values from 

figure 2, 3-PG predicted the response to a one-

time midrotation fertilization treatment well 

(Figure 3).  

 

Overall, using FR determined in this manner, the 

observed aboveground biomass following 

midrotation fertilization with N and P and 

predicted aboveground biomass from 3-PG had 

and R2 value of 0.8.  

Conclusions 
Growth increases after fertilization are a result of 

the increases in soil nutrient availability. The 

degree of limitation in soil fertility and the timing 

of limitation will vary with soils, topography, and 

stage of stand development. During the early 

stage of stand development, the Assart effect, 

induced by clearcutting, causes a flush of 

nutrients that surpassed the demand and many 

stands do not face nutrient deficiencies until the 

onset of the stem exclusion stage. It is of crucial 

importance that modelers recognize that there 

are different ways in which soil fertility respond to 

different rates and timing of fertilization. Our 

study is the first to provide the information on the 

dynamics of soil fertility following fertilization 

using process based model systems. Our results 

confirmed our hypothesis that repeated 

fertilization leads to permanent increase in soil 

fertility and one time midrotation fertilization 

leads to temporary increase in soil fertility.  

 

For full article, please visit: Forest Ecology and 

Management.  380 (2016) 90-99. 

Figure 1. The relationship between observed 

aboveground biomass and 3-PG predicted 

aboveground biomass on the biannually fertilized plots 

of the nine sites when FR is adjusted to 0.9. Solid lines 

represent linear fit between observed and predicted 

values and dotted lines represent the 1:1 line between 

observed and predicted values . 

Figure 2. Comparison of adjusted FR values from 

calibration sites (dotted lines) and predicted FR values 

(solid lines) from 2 parameter Weibull function for various 

levels of midrotation treatment. 336 N, 224 N, and 112 N 

denoted 336 kg N + 56 kg P ha−1, 224 kg N + 56 kg P 

ha−1, and 112 kg N + 56 kg P ha−1, respectively. 

Figure 3. The relationship between observed 

aboveground biomass and predicted aboveground 

biomass in fertilized plots using 3-PG model using the FR 

values generated from model 2 in thevalidation sites of 

the midrotation fertilization. Solid lines represent linear fit 

between observed and predicted values and dotted 

lines represent the 1:1 line between observed and 

predicted values. 
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Fertilization and Irrigation Effects on Tree Level Aboveground Net Primary 

Production, Light Absorption, and Light Use Efficiency in a Loblolly Pine 

Plantation 
Otávio Campoe, José Stape, Timothy Albaugh, Lee Allen, Thomas Fox, Rafael Rubilar,       

Dan Binkley 

Introduction 
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. 

This stand-level growth response is the 

summation of individual tree responses, and 

these tree-level responses are often nonlinear, 

resulting from changes in the intensity of 

dominance between individual trees.  

We examined tree-level responses of 

aboveground net primary production (ANPP), 

absorbed photosynthetically active radiation 

(APAR) and light use efficiency (LUE) in relation 

to tree size class to explore how stand-level 

outcomes depend on shifting patterns of 

competition among trees. 

Study Design 
We evaluated the production ecology of a nine-

year-old loblolly pine (Pinus taeda) plantation, 2 

years after the initiation of treatments: control 

(C), irrigation (I), fertilization (F) and irrigation + 

fertilization (I+F). We measured tree level ANPP, 

simulated APAR for individual tree crowns using 

the MAESTRA process-based model and 

calculated LUE (ANPP/APAR) in relation to tree 

size to explore the influence of tree dominance 

on both light capture and light use efficiency. 

The simulation of radiation absorption at 

individual tree level was performed using 

MAESTRA (Medlyn, 2004), a three-dimensional 

ecophysiological model developed to estimate 

radiation absorption, photosynthesis and 

transpiration at the individual tree level, 

considering the influence of self-shading from 

needles within a crown and neighboring tree 

crowns (Figure 1). 

Results 
Tree leaf area was linearly related with tree 

APAR for all treatments (Figure 2). The slope of 

the curve decreased with increasing resource 

availability, ranging from 0.98 on C, 0.96 on I, 

0.61 on F and 0.56 on I + F. All relationships were 

positive and highly significant (0.86 < R2 < 0.94, p 

< 0.0001). 

Figure 1. Schematic representation (in scale) of the positioning 

and size of trees present in a Irrigated+Fertilized plot. The red 

crown trees are the focal trees used in MAESTRA simulations, 

and the outer two rows of green crown trees were included in 

the simulation only for their potential shading on focal trees. 

This figure was made using the Maeswrap package in R.  

Figure 2. Individual tree level absorbed photosynthetically 

active radiation (APAR) simulated with MAESTRA model as a 

function of individual tree leaf area. Treatments that included 

fertilization led to lower APAR/LA. Coefficient of determination 

from the relationships ranged from 0.94 for C to 0.86 for I + F, 

with high level of significance ( p < 0.0001). 
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Fertilization and irrigation + fertilization strongly 

increased both APAR and LUE, in contrast to little 

effect of irrigation alone. Tree size had a strong 

influence on APAR and LUE across all treatments 

(Figure 3); the largest 20% trees showed 3.4 times 

greater ANPP when compared to the smallest 

20% trees, with 66% resulting from higher APAR, 

and 34% from higher LUE. Fertilization increased 

the growth of the largest 20% trees 2-fold (8.6 kg 

tree-1 year-1), with 25% of the increase resulting 

from higher APAR (13.7 GJ tree-1 year-1), and 75% 

from higher LUE (0.63 g MJ-1), relative to the 

largest trees in the control treatment (4.3 kg tree-

1 year-1, 11 GJ tree-1 year-1 and 0.39 g MJ, 

respectively). Irrigation and fertilization tripled 

production (13.2 kg tree-1 year-1) of the largest 

trees with an even greater proportional 

contribution from increased LUE (0.87 g MJ-1, 81% 

response contribution; APAR 15.1 GJ tree-1 year-1, 

19% response contribution). 

Conclusion 
Increasing resource availability to larger trees by 

eliminating smaller, less productive, and less 

efficient trees, will result in higher wood 

production of the remaining more efficient trees.  

This fact will contribute to increase the 

homogeneity of the stand leading to 

significantly higher yields . 

Our results also suggest that managing lower 

stockings may allow for higher individual  tree 

growth rates and more efficient stand biomass 

production. 

Partial view of the SETRES experiment, planted at  North 

Carolina, USA 
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Figure 3.  Individual tree level annual aboveground net primary production (ANPP, upper), absorbed photosynthetically active 

radiation (APAR, middle), and light use efficiency (LUE = ANPP/APAR, bottom) as a function of tree rank at the beginning of the 

study for all treatments (C, I, F and I + F, respectively from left to right). The three variables increased with increasing tree rank 

showing that larger trees grew more due to higher APAR and LUE. 
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Application of a 3PG Model for Predicting Aboveground Biomass of 

Eucalyptus globulus Bioenergy Plantations in Southern Chile  
P. Mena, R. Rubilar, E. Acuña, T. Albaugh, C. Maier, M. Espinosa, and F. Muñoz . 

Abstract 
Ecophysiological process-based model (3PG) 

model simulate the growth of forest plantations 

by physiological parameters of the species, 

climatic variables and indicators of the site. This 

model has been parameterized for conventional 

plantations of Eucalyptus globulus, but there are 

few experiences that their use in determining the 

growth of crops for energy purposes. 

 

They were assessed two levels of site (volcanic 

sands and recent volcanic ash) and two density 

(5000 vs 5000 and 10000 versus 15000 Tph). From 

the sites studied data growth and biomass were 

obtained. Parameters were obtained from the 

literature and field information. 

 

The model was successfully parameterized and 

found to have high efficiency in predicting 

biomass of E. globulus. By reducing the limiting 

factors (water, nutrients and competition) at 

sites of low productivity soils of volcanic sand, it is 

possible to accumulate a larger amount of 

biomass in highly productive, such as the recent 

volcanic ash soils. Full potential of biomass 

accumulation was at the site of accumulation of 

volcanic ash to 6 years to reach 150 Mg ha. 

 

Introduction 
An alternative to reduce the impact of climate 

change is to reduce emissions of greenhouse 

gases through the use of alternative renewable 

and low cost energy as those based on biomass 

transformation, 

specifically 

dendroenergy 

Plantations.  

 

Operational crops 

from this kind are 

still scarce due to 

the lack of 

relevant 

information in 

terms of expected 

returns and 

silvicultural 

activities under 

different management schemes and weather 

conditions. Ecophysiological process-based 

models for predicting productivity of forest 

plantations from the efficient use of solar 

radiation, determined by specific parameters for 

each species and weather information. The 3-PG 

model (Physiological Principles Predicting 

Growth) has proven accurate estimates on 

plantations of genus Eucalyptus, however, are 

scarce experiences of using this model in 

dendroenergetic plantations of high density, its 

parameterization could allow to estimate more 

certainty productivity in this type of site-specific 

plantations under different management 

schemes level.  

 

The general objective of this study was to 

evaluate the efficiency of 3-PG model in 

aboveground biomass prediction of E. globulus 

of a dentroenergetic plantation undergoing 

intensive silviculture in order to identify the full 

potential of biomass production. 

 

Methodology 
Study area: For the field study an experiment 

with a randomized complete block design was 

installed, 2 factors (Site and density) were 

evaluated. The sites were recent volcanic ash 

(PCO) vs volcanic Arenas (VCD). Density levels 

were 5000 vs 15000 arb. ha-1 for the site PCO and 

5000 vs 10000 Tph for VCD site. Both sites have 

contrasting climates as shown in Figure 1. 

Climate information was obtained as the 

Figure 1.  Comparison of mean monthly rainfall and monthly mean temperatures at the sites in 

study. 
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weighted average distance of the closest 

weather stations. 

 

3-PG parameterization: the model was 

calibrated with local biomass equations for each 

stocking level and site, and ecophysiological 

parameters were obtained from the literature. 

The list of allometric parameters was indicated in 

table 1. 

 

Results 
The model was successfully parameterized and 

found to possess high efficiency in predicting 

biomass of E. globulus. the relationship 

between estimates of 3PG model and the 

observed values It was indicated in Figure 2. 

the determination coefficient of each 

condition was determined between the 

simulated values vs observed values, where it 

was possible to note that the lowest degree of 

efficiency was at volcanic sands (VCD) with a 

mean of 0.92 in contrast to the site recent 

volcanic ash ( PCO) in which a mean 0.97 was 

obtained. Simulation of growth, in every 

condition, was performed with the objective of 

determining the maximum potential for 

accumulation in the shortest time possible. 

Thereby, we can see that for a rotation less 

than four years, sites volcanic sand 

accumulate as much dry matter. For longer 

rotations (> 4 years), it is expected to sites 

recent volcanic ash accumulate a greater 

amount of dry tons per hectare. 

 

Conclusions 
The results show that the model has high 

predictive capacity of the aboveground 

biomass of E. globulus. 

 

By reducing the limiting factors (water 

availability, nutrients and competition) in sites 

of low productivity soils volcanic sands (VCD), it 

is possible to accumulate a larger amount of 

biomass in highly productive soils such as  

recent volcanic ash (PCO). 

The full potential of biomass accumulation was 

at the site of volcanic ash accumulation up to 

6 years to reach 150 Mg ha. 
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Allometric  

relationships 
Name 

PCO VCD 

5k 15k 5k 10k 

Foliage:stem par-

titioning ratio @ 

D=2 cm 

pFS2 0.28 0.14 0.38 0.45 

Foliage:stem par-

titioning ratio @ 

D=20 cm 

pFS20 0.03 0.07 0.06 0.04 

Constant in the 

stem mass v. di-

am. relationship 

aS 0.06 0.03 0.06 0.28 

Power in the stem 

mass v. diam. 

relationship 

nS 2.54 2.77 2.63 1.93 

Figure 2. Relationship between predicted values and 

observed values of above ground biomass (Mg Ha-1).  

Table 1. List of Allometric Parameters used in the 3-PG 

model. 

Figure 3. Comparison between different sites and 

stockings for a above ground biomass  

(Mg Ha-1). 
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Remote Assessment of Forest Ecosystem Stress (RAFES) Study  
Timothy Albaugh, Thomas Fox, Jose Stape, Rafael Rubilar, Jim Vose, Janine Albaugh  

Study Objective 
The RAFES (Remote Assessment of Forest 

Ecosystem Stress) network was initiated by Jim 

Vose with the USDA Forest Service.  The overall 

study goal is to monitor forest ecosystem stress 

across the eastern United States in real time. 

Study Design 
At each site the following parameters are 

measured at a climate station in a clearing near 

the site or above the canopy:  air temperature, 

relative humidity, precipitation, PAR.  Also, at 

each site a 60 m diameter circular plot is 

established and divided into three sections.  In 

each section, fuel moisture, fuel temperature, 

volumetric soil water, soil water matric potential, 

soil temperature and sapflux density (scalable to 

tree-level transpiration) are measured. Each 

hour web accessible summary data are 

transmitted to the NOAA Geostationary 

Operational Environmental Satellite.   

Current status 
The FPC installed the tenth RAFES network site 

(FPC1) at the Reynolds Homestead in a Pinus 

taeda stand near the RW20 in March 2012 

(Figure 1).  The RAFES plot (Figure 2) will be 

moved to the RW20 plots when the trees are 

large enough to instrument with sap flow probes.  

In 2013, we installed a RAFES system (FPC2) in 

conjunction with the Southeast Partnership for 

Integrated Biomass Supply Systems project 

where we measure water use in Eucalyptus 

benthamii and P. taeda  in SC (see separate 

report).  

Results 
Reynolds Site 

The pine stand used 576 mm yr-1 of water for  

phenologic year April 1, 2012 to March 31, 2013 

(Figure 3).  Based on LobDSS estimated stem 

mass production of 17100 kg ha-1 we calculate 

water use efficiency at 29.7 kg stemwood mm 

H2O used-1  and similar to literature estimates.  

RAFES data will be useful in our other research 

efforts at Reynolds.     

Regional analyses 

The southeast is predicted to be drier in the 

future (Figure 4, top) and RAFES data will aid in 

real time regional analysis of this possibility.  The 

FPC utilized the 3PG model to understand 

historical drought effects experienced during  

recent years in LA and TX (Figure 4 bottom).  In 

 

 

 

 

 

 

 

 

 Figure 2.  RAFES data logger and field plot showing soil 

monitoring probes and trees instrumented with sap flow probes. 

Figure 1.  RAFES study sites.  There are two systems each at 

Coweeta Experimental Forest (EF) and Duke Forest.  The  FPC2 

installation is planned for fall 2012. 
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the analysis drought effects that reduced 

growth efficiency (growth per unit leaf area) 

lagged the time when rainfall was the least 

because drought stress is a function of several 

parameters including rainfall, maximum 

temperature, relative humidity, and vapor 

pressure deficit.  The RAFES system measures 

these variables as well as sap flow which brings 

the effects of these environmental conditions 

together at the tree level.  Data from the RAFES 

network combined with the 3PG analysis would 

allow a similar analysis in real time at finer 

resolution on a regional scale.   

 

Summary 
FPC members may be interested in the 

operational applications of RAFES.  If you would 

like to install a system on your land contact Tim 

Albaugh (tim_albaugh@ncsu.edu) or Jim Vose 

(jvose@fs.fed.us). 

Figure 3.  Air temperature, rainfall and sap flow at the Reynolds 

Homestead RAFES  in a Pinus taeda stand in south central VA. 

Figure 4.  The southeast US will likely be drier in the future (brown 

colors indicate drier than current conditions) (top, Karl et al. 

2009).  2011 growth efficiency estimates (bottom) for TX and LA 

generated using 3PG modeling (bottom, Alvarez et al, in 

preparation).  The 2011 growth efficiency reduction lagged 

rainfall reduction by 3 years.  RAFES system data would make 

this analysis possible with better resolution and in real time. 
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Pinus Potential Productivity 
Timothy Albaugh, Clayton Alvares, Thomas Fox, Rafael Rubilar  

Objectives 
Tree growth has been linked to light interception 

in many research publications.  Modeling efforts 

and empirical evidence from studies installed by 

the Forest Productivity Cooperative and other 

groups support these findings.  This information 

gives managers a tool to quantify the response 

observed from applying silvicultural treatments 

like fertilization and vegetation control.  

However, to put productivity estimates in 

perspective managers also need to know 

potential productivity.  This information will let 

managers determine how close they are to 

potential growth and help determine 

appropriate silvicultural treatments in their 

particular situation. 

To meet this need the Cooperative estimated 

potential productivity for species commonly 

used in the southeast United States (P. taeda), 

Brazil (P. taeda) and Chile (P. radiata).   

Methods 
Spatial 3PG was used to estimate potential 

productivity.  The model requires radiation, 

vapor pressure deficit, rainfall and temperature 

(Figure 1).  Outputs are leaf area index, stem 

growth, mean annual increment and stocking.  

Mean climate data were determined and 

climate was the only constraining factor in the 

modeling runs.   

Results 
Leaf area index varies considerably across the 

three systems with P. taeda in the US having 

relatively modest amounts of leaf area when 

compared to leaf area for P. taeda in Brazil and 

P. radiata in Chile (Figure 2).  These patterns 
Figure 1. Driving variables in the 3PG spatial version model are 

radiation, rainfall, vapor pressure deficit (VPD) and nutrition.   

Figure 2. Leaf area for Pinus taeda in the southeast US (top), P. 

taeda in Brazil (middle) and P. radiate in Chile (bottom). 
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corresponded to potential productivity estimates 

in the three areas. Maximum potential 

productivity was 31.4, 60.0 and 53.9 m3 ha-1 yr-1, 

for the US, Brazil and Chile, respectively (Figures 

3, 4 and 5 respectively).  Pinus taeda is native to 

the US and once outside the 

native range potential 

productivity estimates drop off 

rapidly.  The Pinus species in 

Brazil and Chile are not native 

and estimated potential 

productivity is highest in areas 

where it Is traditionally grown 

(southern Brazil and in Chile 

between 34o43’ and 40o36’ S).   

Static maps of potential 

productivity are available on 

the members’ only website at 

this location:  http://

forestproductivitycoop.net/

data-maps/geodatabase/ 

and the spatial datasets are 

a v a i l a b l e  f r o m  t h e 

Cooperative Data Manager 

(Tim_Albaugh@vt.edu).   

 

 

Future Work 
Future work will include map validation and 

creating Pinus maps for other member countries 

Figure 5. Pinus radiata potential productivity in Chile. Figure 4. Pinus taeda potential productivity in Brazil. 

Figure 3. Pinus taeda potential productivity in the southeast United States.   
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Geodatabase System 
Timothy Albaugh, Clayton Alvares, Thomas Fox, Rafael Rubilar  

Objectives 
As a group, Forest Productivity Cooperative 

members recognized the strategic importance 

of spatially explicit data as early as 2005 when 

they supported a project to quantify leaf area 

index at the landscape scale.  Since that time 

member interest in spatially explicit data has 

grown given the potential for using these data to  

improve forest management.  At the same time, 

large amounts of spatial data became freely 

available on the internet.  However, finding the 

data and organizing it in a useful fashion was 

resource intensive for an individual member.  

Now that members operate in nine countries 

(Argentina, Brazil, Chile, Colombia, Ecuador 

Mexico, Uruguay, United States and Venezuela), 

this task became even more difficult to 

accomplish for an individual member.   

Consequently, members agreed to support work 

to develop a geodatabase that included spatial 

data useful for forest management, additional 

research by the Cooperative and that would be 

available to all members.   

Results 
Collection and summarization of spatial data for 

the countries where Cooperative members 

currently operate is complete.  Available data 

include a range of administrative, descriptive 

(e.g. temperature, precipitation, soils) and 

calculated (e.g. water balance, potential 

productivity) data sets (Table 1).  Descriptive 

climatic data are available as annual and 

monthly averages where the summaries are 

based on data from 1950 to 1990.  Relief data 

include maps estimating elevation, slope and 

aspect.  For each member country, static maps 

of potential productivity, and average 

temperature, precipitat ion, potent ial 

evapotranspiration and vapor pressure deficit 

for one month in the growing season along with 

administrative boundaries are on the members’ 

only website at this location:  http://

fores tproduct iv i tycoop.net/data -maps/

geodatabase/ (Figures 1-6).  The raster and 

shape files identified in Table 1 are available to 

all members.  These files are too large to locate 

on the web site, they are available on request 

from the Cooperative Data Manager 

(Tim_Albaugh@vt.edu).   

Future Work 
Current work is focused on documenting the 

methods used to gather and produce the maps 

so that members will be able to effectively put 

the information into context and be able to 

produce new maps with more recent data.   

Table 1. Data available in the Forest Productivity Cooperative Geodatabase for all member countries (Argentina, Brazil, Chile, 

Colombia, Ecuador, Mexico, Uruguay, United States and Venezuela). 

Layer Format Unit Source

Administrative boundaries shape None GADM database (www.gadm.org)

Potential productivity raster m3 ha-1 yr-1
calculated with 3PG modeling

Precipitation raster mm month-1
WorldClim (www.worldclim.org)

Temperature - average raster
oC WorldClim (www.worldclim.org)

Temperature - maximum raster
oC WorldClim (www.worldclim.org)

Temperature - minimum raster
oC WorldClim (www.worldclim.org)

Vapor pressure deficit raster kPa calculated  using Allen et al.  1998

Water balance raster mm month-1
CGIAR (www.cgiar.org)

Global radiaiton raster MJ ha-1 day-1 calculated  using Hargreaves et al.  1985

Aridity index raster None CGIAR (www.cgiar.org)

Soils shape None EMBRAPA, USDA, FAO

Relief raster m WorldClim digital elevation model 

Global cover raster none European Space Agency
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For More Information 
http://forestproductivitycoop.net/data-maps/

geodatabase/  

Contact Tim Albaugh (Tim_Albaugh@vt.edu) for 

access to the spatial data. 
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Figure 1. Eucalyptus 

potential productivity 

for Argentina.   

 

 

 

 

Figure 2. Administrative 

b o u n d a r i e s  f o r 

Colombia.   

 

 

 

Figure 3. Average 

January precipitation for 

Ecuador.   

Figure 5. Average July temperature in Mexico.   

Figure 4. Average January potential evapotranspiration in 

Uruguay.   

Figure 6. Average July vapor pressure deficit in Venezuela.   
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Geodatabase System: Maps for Forestry and Environmental Applications 

Introduction 
Demand for reliable spatialized information in 

forestry is increasing and more and more 

databases freely accessible on the Internet, 

such as database IBGE (in Brazil). However, these 

sources are commonly dispersed and have 

generalized information that do not meet 

specific requirements for forestry and 

environmental sectors. 

The idea of creating a system of specialized 

maps for use in forestry began in 2010, when the 

current IPEF and FPC researcher, Clayton 

Alcarde Alvares, attended part of his doctoral 

(Esalq / USP), and funding from FAPESP, at North 

Carolina State University and Forest Productivity 

Cooperative, under the supervision of Prof. Jose 

L. Stape. At this time they assembled information 

climate, soil and relief to the zoning of 

eucalyptus in Brazil. 

Thus, the IPEF's System Geodatabase was 

established to provide access to spatialized 

information of edapho-bio-climatic which are 

increasingly necessary for research activities and 

forest planning of IPEF and FPC members and 

community forestry in general. 

Development and Current Status 
Under the concept of database management, 

the first version of the Geodabatase System was 

organized into three hierarchical levels: country, 

topic and subtopic. The countries of immediate 

interest are Brazil and Uruguay, where 

companies IPEF working. The variables selected 

for the first version of the geodatabase were 

information related to climate, topography, 

geology, administrative and ecological (Figure 

1). 

The subtopics are climate: mean monthly 

temperature, monthly maximum temperature, 

minimum temperature monthly (Figure 3), 

monthly precipitation (Figure 4), global radiation 

(Figure 5), relative humidity, potential 

evapotranspiration and vapor pressure deficit. 

All these climatic variables are referring to the 

average historical monthly and annual. The 

weather maps are representative of the period 

from 1950 to 1990, it is the size of the time series 

data used to make the maps. Every map was 

spatialized using statistical tools, geostatistical 

and GIS that best fit their spatial behavior. 

Figure 1. Homepage do Sistema Geodatabase 

(www.ipef.br/geodatabase) 

The topic geology is composed of geological 

and soil officials maps from Brazil, as well as 

maps relating to the attributes clay content of 

the soil and CTC (fertility). The relief topic has 

maps of elevation, slope and aspect (slope 

orientation). The political maps are the 

administrative borders of Brazil, as a region, 

state, meso and microregion and municipalities. 

The ecological topic has maps on zoning 

climatic, ecological and productivity of some 

species of high interest for the community 

forestry. 

Maps are available in different levels of access. 

There is a level open to the general public, 

which guarantees access to maps in PDF format 

on A4 size (21 x 24cm). The restricted level, which 

requires access via the login and password is 

used only by the member companies of the FPC 

and IPEF, which are shared thematic maps of 

specific projects such institutions. 
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Figure 2.  A example map of climate topic (temperature) 

 

 

 

 

 

 

 

 

 

 

Figure 3.  A example map of climate topic (seasonal rainfall) 

 

 

 

 

 

 

 

 

 

 

Figure 4.  A example map of climate topic (global radiation) 

 

 

 

 

 

 

 

 

 

 

Figure 5.  A example map of climate topic (PET) 

 

 

 

 

 

 

 

 

 

 

Figure 6.  First version of the zoning attainable productivity of 

eucalyptus in Brazil 

 

Next Steps 
On the ecological topic are expected the 

production others maps as productivity maps 

and products derived from remote sensing, such 

as monitoring the leaf area index of eucalyptus 

and pine plantations. 

For More Information: 

Click the link ahead to access the System 

Geodatabase: www.ipef.br/geodatabase 

Questions and suggestions about the 

Geodatabase System can be directed to the 

researcher Clayton Alvares (clayton@ipef.br). 
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Modeling Monthly Mean Air Temperature for Brazil 
Clayton Alvares, José Stape, Paulo Sentelhas, José Gonçalves 

Introduction 
Air temperature is one of the major effects of 

solar radiation in the lower Earth atmosphere. In 

agriculture and forestry, air temperature 

together with rainfall are the main factors 

defining crop zoning, sowing dates, and the 

expected yield levels. The Brazilian territory 

comprises a wide area, occupies nearly 48% of 

South America, and has a wide climate diversity. 

However, the density of weather stations in Brazil 

is very low and in some areas there is no stations 

at all (Figure 1).  

 

 

 

 

 

 

 

 

 
Figure 1.  Location of the Brazilian weather stations used for 

air temperature modeling 

Usually, the normal monthly mean air 

temperature is estimated with the use of multiple 

linear regressions, and this method can be as 

effective as sophisticated local interpolation 

methods, especially when dealing with mean 

climatic data.  In Brazil, coefficients for linear 

models for estimating mean air temperature as a 

function of latitude, longitude and altitude are 

available for approximately 50% of the territory 

(Figure 2).  Based on this, our study aims to 

develop models for estimating monthly and 

annual maximum, minimum and mean air 

temperatures for the whole Brazilian territory. 

Material And Methods 
The study was conducted in several steps that 

included the data compilation, data 

consistency, exploratory analysis, compilation in 

a geodatadase using a geographic information 

system, geoprocessing techniques, static 

descriptive analyzes, multivariate statistics and 

geostatistics. 

  

 

 

 

 

 

 

 

Figure 2.  Location of all studied areas used in the evaluation 

of the equations obtained in this study 

The complete database used in this study comes 

from the Brazilian institutions as National Institute 

of Meteorology (INMET), National Department of 

Works against Droughts (DNOCS) and Northeast 

Development Superintendency (SUDENE), and 

also the Food and Agriculture Organization of 

the United Nations (FAO/ONU). After the phase 

of consistency and exploratory analysis we used 

2400 weather stations throughout the Brazilian 

territory. The models were developed based in 

weather stations 1800 and was used for 

validating the other 600 (25% of total). Among 

other indicators of fit quality and the models 

obtained we apply the ME (mean error), MAE 

(mean absolute error), RMSE (root-mean-square 

error) and MAPE (mean absolute percentage 

error). Finally, and as a second validation, we 

compare our national models with regional 

models of 16 previously published studies in Brazil 

(Figure 2). 

Results 
The correlations between air temperature and 

geographical coordinates and altitude were 

well defined: higher latitude, lower temperature, 

because of seasonal variation of incoming solar 

radiation; higher altitude, lower temperature, 

due to atmospheric pressure reduction and air 

rarefaction of the air. Longitude showed less 
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effect on temperature variation, since its effect 

on air temperature amplitude is associated with 

the position of the area in relation to the ocean, 

which varies with the regions of the country 

(Figure 3).  

 

 

 

 

 

 

 

 

Figure 3.  Pearson’s correlation coefficients for the 

relationships (monthly and annual) air temperature and 

altitude, longitude, and latitude  

 

All regression models were significant (α ≤ 0.01) 

as well as all independent variables at 1 and 5%. 

The indicators statistician showed that the 

models were of good quality, but were much 

better when the residues were added (obtained 

by kriging, Table 1). We evaluated a total of 3.67 

108 pixels (1 km2), between the results provided 

by the proposed models and other studies 

(Figure 2). The overall correlation obtained was 

0.93, showing that there is a high consistency 

between our national models with regional 

models. 

Table 1.  Errors of the temperature multivariate regression 

models using database from fitting and test sets considering 

kriging effects for the first validation 

 

 

 

 

 

 

 

 

 

 

 

 

 

Serrano Plateau (Santa Catarina state) was the 

coldest of Brazil; while the valleys of the Amazon, 

Araguaia, and Parnaíba rivers were the hottest 

regions (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.  Annual mean air temperature maps for Brazil, 

generated by models, bias by kriging and the final maps 

 

Conclusions 
Spatial and temporal variability of monthly and 

annual temperatures in Brazil were properly 

modeled through the relationship with latitude, 

longitude, altitude and their combinations, using 

multivariate regression equations, geostatistical 

analysis, and GIS. In these kinds of spatial 

modeling the bias should be treated properly 

and incorporated into the final maps. 
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Modeling Impact of Drought on Loblolly Pine Productivity Across the 

Southeastern US 
Jose Alvarez, Tom Fox, Jose Stape, Tim Albaugh, Colleen Carlson, Christine Blinn  

Background  
Large areas of the Southeastern United States 

were affected by severe drought and higher 

temperatures than normal during the last five 

years, with impacts on tree survival, fires, and 

tree health.  During 2011, there were 70 days 

with maximum temperatures above 100 °F. 

These drought events have been related to La 

Niña, a climatic oscillation in the Pacific Ocean 

that affects storms. A similar event occurred from 

1950 to 1957 in Texas, when the total rainfall was 

reduced by 40% and excessive high tempera-

tures increased the impact of the low rainfall. 

Consequently, forestry producers in the area are 

aware of this phenomenon and the correspond-

ing effect on tree growth and survival. In order to 

quantify the effect of the drought in Loblolly 

pine, we developed an analysis simulating the 

drought effect on tree growth using the 3-PG 

process-based model. 

Palmer Drought Severity Index (PDSI) 
This index reflects long term drought. It uses 0 as 

normal, and drought is shown in terms of minus 

numbers. For example, -4 is a extreme drought. 

The advantage of this index is that it is standard-

ized to the local climate, so it can be applied to 

any part of the country to demonstrate relative 

drought or rainfall conditions (NOAA, 2012). Fig-

ure 1 show the PDSI index for September 15, 

2012. On this date we observe a severe drought 

in the western part of the country and in parts of 

the southeast as well. Areas clearly affected by 

the drought include, GA, TX, AR and LA which 

are all a large part of the area where Pinus 

taeda is grown. 

Material and Methods 
The study area includes all states located in the 

Southeast of the US (latitudes 30° to 50°). The cli-

mate is type Cfa (Koeppen) with warm and hu-

mid summers and mild winters. These states, gen-

erally have a hot, humid, subtropical climate 

with high precipitation, but this pattern can be 

interrupted occasionally by polar fronts bringing 

short periods of sub or near-freezing tempera-

tures during winter. Atlantic Hurricanes are a 

threat to its coastlines. Severe thunderstorms are 

also commonplace across the region, and can 

occur at any time of the year. 

Using the database from PRISM, we generated 

monthly raster climate maps for the southeast 

US, including: rainfall, temperatures, and solar 

radiation. 

Dominant soil orders of the Southeast (NRCS, 

2010) are Ultisols; Spodosols;  Vertisols; Entisols; 

Inceptisols; Mollisols; Histosols; and Alfisols. These  

soils type have physical and chemical properties 

which help or limit the forest productivity. 

Using the physical and chemical properties of 

the NCRS-SSURGO database, we generated ras-

ter layers of the soil water holding capacity until 

1.5 m depth and also an index of fertility ( 0 to 1), 

depending the soil pH, organic matter content, 

and Cation Exchange Capacity. We calculated 

these values for any particular soil series polygon 

inside the Southeastern. 

All raster layers, climate and soil, were adjusted 

for a spatial resolution of 1 km2. 

The soil and climate information and the physio-

logical parameters of Loblolly Pine as well, were  

incorporated inside the 3-PG model. We run this 

model using actual monthly climate data from 

2005 to 2011. Among the output of the model 

Figure 1. Long term Palmer Drought Severity Index until 

September 15, 2012. (Long term  represents the cumulative 

effect for circulation patterns, e.g. several months or years). 
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were: Volume, Basal Area, DBH, LAI, Density. Us-

ing the estimations of Annual volume and LAI, 

we calculated annual Growth Efficiency (GE). 

We selected the period 2005—2011 in order to 

consider in our analysis a “normal” versus dry 

years (e.g. 2005 vs. 2011). During the analysis we 

observed that one area greatly affected by the 

lack of rainfall has been the eastern Texas. In 

2005, rainfall was near normal (long term aver-

age) while in 2011 rainfall was much less than 

normal and  consequently extremely dry. 

Growth Efficiency (GE) changes due to 
the drought 
Using the 3-PG model, we estimated changes in 

growth efficiency (cubic feet per acre per unit 

of Leaf Area Index) due to the drought in  the 

southeast of the US. In this paper, we are pre-

senting the details about eastern Texas, where 

the drought was more critical.  In 2005, the GE 

was not limited by the lack of water (Figure 2), 

however by 2011 we can see a strong reduction 

on GE (Figure 3). 

Hypothesis about causes of the drought 
on Loblolly pine 
Based on our analysis, we did observe a de-

crease in growth due to the increase in temper-

ature and the resulting increase in vapor pres-

sure deficit (lack of water in the atmosphere) 

(Figures 4 and 5).  Our analysis suggests that 

these are the driving factors in the recent 

droughts in TX. 

We found a strong relationship where high vapor 

pressure deficit resulted in a reduction of growth 

efficiency. Leaf area index was seriously re-

duced by the drought. We concluded that the 

driver in tree growth reduction was the pro-

longed elevated temperature during the sum-

mer, in addition to the lack of rainfall. 

Next steps 
We plan to continue our analysis to include 

changes in water use efficiency and to monitor 

changes in LAI using remote sensing. 

Figure 2. Growth Efficiency for year 2005 in eastern Texas. 

Figure 3. Growth Efficiency for year 2011 in eastern Texas. 

Figure 4. Vapor pressure deficit for July 2005 (~ “normal year”) 

in eastern Texas. 

Figure 5. Vapor pressure deficit for July 2011 (~ “extremely dry  

year”) in eastern Texas. 
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Modeling Potential Productivity of Pinus radiata in Chile 
Jose Alvarez, R. Rubilar, O. Mardones 

Background  
Climate variability and its temporal patterns can 

influence the productivity of forests. In Chile, 

where the rainfall is concentrated during the 

winter season, the availability of rain during the 

more active growing season (September-April) is 

critical. Traditional Growth and Yield models are 

unable to incorporate the dynamic of climate 

variation.  Process-based models can be tailored 

to estimate forest productivity based on plant 

physiological processes that control growth (i.e., 

photosynthesis, allocation, respiration, 

transpiration, nutrition and litterfall). Among 

several process-based models available for the 

estimation of forest productivity, the 3-PG model 

simplifies application because it requires only a 

few parameters that can be derived from 

literature or from field measurements. The 

monthly time step of the model requires average 

daily short-wave incoming radiation for each 

month, daily mean vapor pressure deficits (D), 

temperature extremes, total monthly 

precipitation, and estimates of soil water storage 

capacity and soil fertility (Figure 1). 

Absorbed photosynthetically active radiation 

(APAR) is estimated from global solar radiation 

and Leaf Area Index (LAI). The utilized portion of 

APAR is determined by a series of modifiers 

which include VPD, sub-freezing conditions and 

soil drought. In this work, we estimated the 

spatial variability of Pinus radiata productivity 

using a modified version of the 3-PG model for 

the south-central Chile. 

Material and Methods 
Climate data was obtained from long  term 

observations from 224 weather stations located 

in the study area. Using spatially applied 

statistical procedures, we generated monthly 

surface maps for rainfall (Fig. 2), and 

temperatures. Solar radiation was modeled 

using the r.sun tool of GRASS GIS software. The 

spatial resolution for these maps was 500 m2. Soil 

water holding capacity was obtained through 

spatial interpolation using available data from 

soil series. Fertility rating was fixed at 0.6. 

Physiological parameters for Pinus radiata were 

obtained either from the literature or from local 

research developed by Chilean organizations. 

The model was calibrated using detailed 

information from experiments belonging to 

Forestal Mininco. The validation of the model 

was developed with independent data from 48 

permanent sample plots of the Chilean Pinus 

radiata Growth and Yield model. To estimate 

possible changes due to climate change, we 

simulated a scenario of future reduction in 

rainfall. 

Figure 2. Average Rainfall for January and July  in central south 

of Chile. 

  

  

  

  

  

  

  

  

  

  

  

Figure 1. Structure of the 3-PG model showing driving variables 

(circles) and how they affect processes controlling growth and 

site water balance (from  Coops et al., 2005). 
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Results 
Considering long term average climate 

conditions, the potential productivity of Pinus 

radiata is between 165 to 825 m3/ha at 20 years 

old. The spatial distribution of the productivity 

follows a similar pattern as Flores and Allen 

(2004). Highest values are located near to the 

Pacific ocean at lower elevations, in the 

piedmont of the Andes Mountains, and the 

southern extreme of the study area. These sites 

have highest soil water content, high rooting 

depth and a stable temperature regime. Sites 

with lower productivity (central valley and 

northern extreme of the study area) have 

limitations in soil water holding capacity and 

especially high maximum temperatures during 

the growing season (high VPD). 

A small reduction of 15% annually in rainfall, 

represents an impact on productivity, moving 

the low estimations to the south and high 

elevations of the Coastal range and Andes 

Mountains. The main driver of these changes is 

the lack of water during the growing season, 

and the increase of maximum temperatures.  

Next steps 
 Improvement of soil fertility rating and soil 

water content values. 

 Simulation with long term climate change 

sceneries. 

 Improvement physiological parameters 

including varieties of Pinus radiata.  

  

  

  

  

  

  

  

  

  

  

  

  

Figure 3. Potential productivity of Pinus radiata in Chile (left), and simulating 15% less rainfall (right). 

  

  

  

  

  

  

  

Figure 4. Comparison between LAI observed and modeled for 

Pinus radiata in central south of Chile. 

  

  

  

  

  

  

  

 

Figure 5. Spatial distribution for long term average maximum 

temperature in January in central south of Chile. 

  

  

  

  

  

Figure 6. Temporal distribution for maximum temperature in 

January in central south of Chile for years 2005 to 2009. 
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Estimating LAI using Remote Sensing in Pinus radiata Plantations in Chile 
Jose Alvarez, H.L. Allen, C. Song 

Background  
Previous research has shown strong relationships 

between leaf area index (LAI) and red and near 

infrared radiation measured with remote sensors.  

Remote sensing offers the best method of 

estimating LAI over large areas and through 

time. For forestry the operational use of remote 

sensors to estimate LAI has been limited because 

of the lack of ground data to calibrate 

regression models. We determined LAI using 

Landsat Thematic Mapper (TM) data covering a 

5 year period (2005-2009) for a network of 

permanent sample plots in Pinus radiata 

plantations in Chile. In 2009, we calculated LAI 

from ground measurement using LI-COR LAI-2000 

on each one hectare plot. These values of LAI 

were regressed against Simple Ratio (SR), 

Normalized Difference Vegetation Index (NDVI) 

and Reduced Simple Ratio (RSR), derived from 

the TM 2009 data. Linear relationships were 

strong with R2 values of 0.65 for SR, 0.61 for NDVI 

and 0.67 for RSR.  

Material and Methods 
The study area was located in central Chile (34°

43’ S and 40°36’ S). About 90% of the 

commercial Pinus radiata (63%) and Eucalyptus 

spp. (28%) plantations of Chile are located in this 

area.  

We selected a set of 48 permanent sample plots 

from the network of the Chilean Growth&Yield 

Model that contained the most complete 

growth data, precise geographical location and 

covered the North-South, West-East gradient of 

the research area. For these plots, we measured 

LAI with LI-COR LAI-2000. Each plot was 

geographically located using a global 

positioning system with an average error of less 

than 10 m.  For each plot, 30 LAI measurements 

were made along several transects on the east-

north side of the plot at a height of 60 cm 

between 0700 and 1000 EST or between 1600 

and 1800 EST using a 45° view cap.  We used two 

sensors, one below (in the plot) and the second 

above, in an open field adjacent to the plot 

area where the light sensor had an unobstructed 

view of the sky. Both, below and above sensors 

were oriented in the same direction. The 30 

measurements were averaged to estimate the 

plot LAI for each individual plot.  

Satellite image pre-processing 
Twenty three scenes of Landsat TM were utilized 

for the period 2005 to 2009. Images for path/row 

233-85 (central north of the area) and 1-85 

(coast north) were not available for 2006. All 

images were cloud free. Absolute atmospheric 

correction of the images was done using the 

DOS3 method (Song et al. 2001) and the original 

pixel size (30m x 30 m) was maintained. The 

digital numbers from the Landsat TM scenes 

were first converted to radiance using the gains 

and offset values from the images header files. 

Then, the radiance values were converted to 

exo-atmospheric reflectance (reflectance at the 

top of atmosphere) (Chander 2009). We 

calculated the downwelling diffuse radiation of 

the surface using the public version of 6s 

(Second Simulation of Satellite Signal in the Solar 

Spectrum). Due to the topographic 

characteristics of the study area, we also 

developed topographic correction of each 

individual image. The complete sequence of 

image pre-processing is showed in Figure 1. 

  

  

  

  

  

  

  

  

  

  

  

  

  

Figure 1. Diagram of main processing steps for geometric, 

atmospheric and topographic correction of  Landsat TM 

images. 
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Analysis of ground and satellite 
measurements 
A 100x100 m window of satellite data was 

extracted for each field plot to assess index 

responses to plot vegetation characteristics, 

including LAI. We selected at least a square of 

3x3 pixels in each image. The adjustment 

between the plot position (georeferenced from 

Global Positioning System) and each scene was 

obtained through the use of aerial photography.  

Spectral vegetation indices 
We used ground measurements of LAI (LAI-2000) 

collected between March 9, 2009 and April 29, 

2009, and compared these data to three 

different Spectral Vegetation Indices (SVI) 

calculated from Landsat TM scenes: Normalized 

Difference Vegetation Index (NDVI), Simple Ratio 

(SR), and Reduced Simple Ratio (RSR).  

Results 
The LAI ranged from 1.52 to 4.71. The LAI 

distribution was close to normal and was 

centered on 2.53. The highest LAI values were 

found in the coastal range and on recent 

volcanic ash soils) and lowest values in the north.  

Vegetation indices NDVI, SR and RSR were 

increased with atmospheric correction of 

Landsat TM images. A mean difference of 18 % 

for NDVI was obtained before and after 

atmospheric correction. For SR and RSR indices, 

the differences were 78% and 68% respectively. 

Figure 2 shows the differences between 

corrected and uncorrected Simple Ratio (SR) 

values compared with LAI-2000. 

NDVI, SR and RSR (after atmospheric correction) 

showed strong positive correlations with LAI from 

2009 measurement but differed with their 

predictive power as indicated by the sensitivity 

to changes in LAI (Table 1). NDVI presents 

saturation above LAI 2.5. RSR correlated slightly 

better with LAI (r2 = 0.67) (Figure 3), than SR (r2 = 

0.65) or NDVI (r2 = 0.61). In term of LAI estimation, 

RSR had a lower standard error (0.268) than NDVI 

(0.292) and SR (0.276).  

The estimated values of this model were well 

fitted with observed data (p=0.04). Using the 

relationship LAI between RSR, we calculated LAI 

for each site for each year between 2005 to 

2009. These estimations ranged from 1.2 to 4.2 

m2m-2. Sites with high growth rates in volume 

show higher peak values of LAI, especially those 

located in volcanic ash soils. Some wet sandy 

soils also presented high values. Sites with water 

limitations had low maximum estimated LAI.  

Conclusions 
Atmospheric corrections must be developed 

when working in temporal scales. Topographic 

corrections should be developed when  working 

in winter season. The RSR index was better 

correlated with LAI-2000 than SR and NDVI. 

Next steps 
Mapping LAI using multiple sensors. 

Calibrating other vegetation indices. 

 

  

  

  

  

  

  

  

  

Figure 5. Simple Ratio (SR) indices obtained before 

(ref_uncorrected) and after (corrected), atmospheric 

(●) and atmospheric and topographic correction (○). 

Table 1. Predictive regression relationships of LAI against 

  

  

  

  

  

  

  

Figure 3. Relationship between LAI and RSR for plots 

measured with LI-COR LAI-2000. 
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Estimating Monthly Solar Radiation in South-Central Chile 
J. Alvarez, H. Mitasova, H.L. Allen 

Background  
Solar radiation is a key component in process-

based models. The amount of this energy 

depends on the location, time of the year, and 

atmospheric conditions. Several equations and 

models have been developed for different 

conditions using historical data from weather 

station networks or satellite measurements. 

However, solar radiation estimates are too local 

since they rely on weather stations or have a  

resolution that is too coarse when working with  

satellites. In this study, we estimated monthly 

global solar radiation for the south-central region 

of Chile using the r.sun model and validated it 

with observations from automatic weather  

stations. We analyzed the performance of global 

radiation results with the Hargreaves-Samani (HS) 

and Bristow-Campbell (BC) models. Estimates 

from a calibrated r.sun model accounted for 

89% of the variance (r2 = 0.89) in monthly mean 

values for 15 locations in the research area. The 

model performed very well for a wide area and 

conditions in Chile when we compared it with 

the HS and BC models. With additional 

procedures, the r.sun model could be used to 

provide spatial estimates of daily, weekly,  

monthly, and yearly solar radiation. 

  

Material and Methods 
The study area included the south-central region 

of Chile, located between 34°43’ S and 40°36’ S 

(Fig. 1). The landscape includes the Coastal 

Range (mean elevation 550 m), the Central 

Valley, and the Andes Mountains foothills.  

The height of the Coastal Range greatly 

influences the Central Valley’s climate. There are 

224 weather stations within our study area that 

record hourly precipitation and temperature 

data. Few stations (15) have global radiation 

measurements, and 11 stations make 

observations of cloudiness (oktas), which are 

measured three times a day (0800, 1400, and 

2000 h).  

For interpolation processes, we used a Digital 

Elevation Model (DEM) obtained from a forestry 

company in Chile (originally from the Shuttle 

Radar Topographic Mission, SRTM). To speed up 

calculations and because cloudiness data were 

at a low resolution, the DEM’s spatial resolution 

was decreased to 500 m. Slope and aspect 

maps were obtained with the GRASS open 

source GIS tool. With the r.sun model, we 

estimated clear-sky global radiation for a 

horizontal surface following these steps (Fig. 2): 

a. Obtaining Linke turbidity index (TLK) data and 

spatial interpolation by Spline procedures. Products 

are monthly raster maps (500 m spatial resolution) for 

the research area. We employed the v.vol. rst 

procedure in GRASS. To incorporate the topography 

(aspect and slope), we applied the digital elevation 

model with the same spatial resolution. 

b. Construction of clear-sky map by means of the 

r.sun model. We ran the model with a script in GRASS. 

c. Calculation and spatial interpolation (Spline) of 

clear sky index (0 to 1) and computation of monthly 

raster maps for global solar radiation on a horizontal 

surface. We used cloudiness data (oktas) from a 

Chilean network of weather stations, and we 

generated monthly raster maps for the clear-sky 

index. 

d. Generation of monthly raster maps for overcast 

irradiation. These are the result of multiplying clear-sky 

irradiation by the clear-sky index. 

  

  

  

  

  

  

  

  

  

  

Figure 1. Research area , including weather stations with solar 

radiation sensors. 
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Results 
We determined monthly global solar radiation 

for horizontal surfaces of the south-central region 

of Chile, which is shown in 500 m spatial 

resolution raster maps. For r.sun results, Figure 3 

shows the overcast solar radiation) for four 

representative months (March, June, 

September, and December) in order to include 

low and high temperatures and vegetation 

development. Values varied during the year and 

were very low during the winter season (June). 

When compared with monthly observed data, 

the r.sun model performed very well (Fig. 4). 

The observed and simulated results were strongly 

correlated (r2> 0.85) for all the models (Table 1) 

with high slope coefficients and low RMSE, when 

compared all three models. The r.sun model 

presented a very good performance. 

Next steps 
We are running same spatial model for the 

Southeastern US. 

  

  

  

  

  

  

  

  

  

  

  

  

Figure 2. Sequence of activities developed for solar radiation modeling in Chile. 

  

  

  

  

  

  

  

  

  

  

  

Figure 3. Monthly means of overcast solar irradiation area for 

representative seasonal months in autumn (March), winter 

(June), spring (September), and summer (December). 

  

  

  

  

  

  

Figure 4. Global overcast sky solar irradiation on the study area. 

(Symbols represent observations from 15 locations and the solid 

line represents the mean from the r.sun model). 

Table 1. Summary of statistical performance of Hargreaves-

Samani (HS), Bristow-Campbell (BC), and r.sun models to 

predict irradiation at 15 sites in Chile. Monthly values of 

predicted irradiation were regressed against monthly mean 

values of observed irradiation (n = 180). 
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Estimating LAI and Light Use Efficiency of Pine Stands Using Remote 

Sensing in Brazil  
Juliana Munhoz, Clayton Alvares, Jose Stape, and Thomas Fox 

Justification  
The use of remote sensing to estimate loblolly 

pine forest growth or to allow recommendation 

regarding fertilization are common practices in 

some areas of the SE US.  

In Brazil, the use of vegetation index to estimate 

leaf area index (LAI) and productivity has been 

used for Eucalytptus plantations leading to a 

better understanding of the ecophysiological 

processes that control forest growth (Alvares et 

al., 2010; Maire et al., 2011). However, pine 

plantations in Brazil still lack knowledge in this 

area which limits the understanding of the main 

constraints to forest productivity. 

This study aims to characterize light interception 

and evaluate the relationship between the 

remote sensing MODIS time series with the 

absorption of light in Pinus taeda and Pinus 

caribaea var. hondurensis in Brazil and estimate 

their light use efficiency (LUE). Further analysis to 

associate LUE variation with edaphic and 

climatic factors will be performed.    

 

Study Design 
The study uses the quadri-plots experimental 

network of the Potential Productivity of Pine in 

Brazil project (ww.ipef.br/pppib). The control 

plot, which has no fertilization and no thinning, 

are the ones used. The 700 m² plots contains 

approximately 96 trees and ranges from 8 to 18 

years-old across 83 stands in a geographic 

gradient in southeastern and southern Brazil (64 

loblolly pine, 19 caribbean pine, Figure 1). The  

mean annual increment (MAI) varies from 14 to 

47 m³ ha-1 yr-1 for loblolly pine and 31 to 41 m³ ha
-1 yr-1 for caribbean pine (Table 1). Sites cover a 

wide soil and climate variation, with average 

annual temperature between 15 and 22 ° C 

(Alvares et al. 2012) and annual rainfall between 

1300 and 1800 mm (www.ipef.br/geodatabase) 

 

 

 

Temporal Series from MODIS 
A complete collection of MODIS Vegetation 

Index V005, 250 meters spatial resolution was 

downloaded and a geodatabase was 

compiled. This product is generated using 

reflectance data collected daily by MODIS Terra 

which are corrected for atmospheric effects. 

The study area covers the "tiles" h13/v10 and 

h13/v11. The base consists of more 300 images 

between February 18, 2000 and July 2012. All 

MODIS files downloaded were processed in 

MODIS Reprojection Tool software for data 

extraction, and to compile the mosaics of "tiles", 

and standardize the spatial resolution in 250 m of 

NDVI and EVI files. The 83 PPPIB stands were 

georeferenced and thus the best MODIS pixel 

was chosen to represent each one of them. 
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Leaf Area Index Measurements 
A Li-Cor LAI2000 plant canopy analyzer was 

used to measure the LAI of some plots and 

destructive samples are being done for 

calibration purpose in seven contrasting sites (5 

of P. taeda and 2 of P. caribaea). The first 

measurement campaign was done in February 

2013 for P. caribaea and between April/June for 

P.taeda to capture the peak LAI. The second 

campaign will occur in Sep/Oct 2013 to capture 

the lower LAI values.  

Results 
The estimated LAI using the LAI2000 in this study 

still requires calibrations. However, the results in 

Figure 2 show the variation within each site and 

the difference between the two species. Loblolly 

pine had the highest values of LAI, ranging from 

4.9 to 6.0 m² m-2. The average LAI of loblolly pine 

and Caribbean pine were 5.4 and 3.4 m²m-2, 

respectively. Besides its lowest LAI values, 

Caribbean pine had the largest growth, 

indicating a much higher light use efficiency. For 

loblolly pine alone, differences in LUE seems to 

be present given distinct growth rates for the 

same LAI (Table 1, Figure 2).  

NDVI and EVI series will be used to characterize 

LAI dynamic and a climatic effect on LAI and 

LUE seems likely given the observed patterns 

(Figures 4  and 5). 

Figure 4. Time series vegetation indices for P. taeda stand. 

Figure 5. P. taeda LAI simulated by Flores (2003) algorithm. 

 
Next Steps 
To calibrate LAI2000 using the destructive 

sampling and to estimate the LAI through the 

relationship between NDVI and LAI2000.  Finally, 

to calculate LUE for each plot and associate 

them with edaphic– or climatic variables. 

Table 1. Pine stands characteristics in the 2nd semester of  2011 

PTA = Loblolly pine; PCH = Caribbean pine. 

Site Species Region Age N BA MAI 

# - - # 
(tree 

ha-1) 

(m² 

ha-1) 

(m³ha-

1 yr-1) 

1 PTA Arapoti (PR) 10.1 1059 40.2 32.1 

2 PCH Nova Ponte (MG) 10.9 1512 47.3 40.9 

3 PTA Caçador (SC) 8.9 1638 50.0 32.7 

4 PTA 
Telêmaco Borba 

(PR) 
10.0 1314 47.2 33.1 

5 PTA Otacílio Costa (SC) 10.0 1326 56.0 34.5 

6 PCH Itararé (PR) 7.5 1121 39.1 33.6 

7 PTA Três Barras (SC) 11.0 1516 61.4 46.7 

8 PTA Itatinga (SP) 18.0 1432 38.4 14.4 

8 PCH Itatinga (SP) 18.0 1002 48.8 30.7 

9 PTA Rio Negrinho (SC) 10.8 1405 50.6 32.0 

10 PTA Jaguariaiva (PR) 11.2 1345 49.6 30.9 

 

 

 

 

 

 

 

 

 

 

Figure 2. Estimated Leaf area index (LAI) using Li-Cor LAI2000 
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Figure 3. LAI2000 measurement in loblolly pine plot. 
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Examples of Forest Structural Attributes which can be Estimated by 

Airborne Discrete-return LiDAR for Loblolly Pine Plantation Forest 

Matthew Sumnall, Thomas Fox, Randolph Wynne and Valerie Thomas 

Introduction 

A forest stand can be described in terms of its 

structural, compositional and functional 

properties, which are determined by the site 

factors and management objective applied. 

Quantification of forest structure is important 

because as vegetation structure is related to a 

wide variety of ecosystem processes. Forest 

management requires landscape-scale 

monitoring. The assessment of timber yields, for 

example, requires density of trees, species and 

size (e.g. height or DBH) and basal area. 

Airborne LiDAR remote sensing can characterize 

both horizontal and vertical structures within 

forested environments and has been used in 

estimating forest characteristics of importance 

to forest managers. 

Objectives 

Overall the aim of this research project was to 

develop methods to estimate important forest 

metrics for Loblolly pine (pinus taeda L.) 

plantation forest. The specific goals were to 

develop an approach to delineate Individual 

Tree Crowns (ITC); and to produce a method of 

detecting forest layers (e.g. the understory) at 

the plot and ITC scales. 

Study Design 

Both field plots and airborne LiDAR datasets 

were acquired for four study sites in Virginia and 

North Carolina, USA. In summary these sites were: 

(i) RW195501 trial (RW19) – Appomattox County, 

VA; (ii) RW180601 (RW18) – Brunswick County, 

VA; (iii) Southeast Tree Research and Education 

Site (SETRES) – Scotland County, NC; and (iv) 

Henderson long term site productivity study 

(Henderson) – Vance County, NC. The plots vary 

in size from approximately 400 to 1280m2 

between studies. Field data collected at each 

plot location included the total number of tree 

stems within each plot, total tree height and 

height to live crown (HTLC). Estimates of height 

were assessed using the Haglöf Vertex 

hypsometer. And finally the presence of 

absence of understory vegetation was 

recorded. 

Small-footprint, discrete-return, LiDAR data were 

acquired for all study sites in late August 2008. 

The system was an Optech ATLM 3100. 

Processing steps included the classification of 

ground elevation and the calculation of above 

ground heights for all points. Individual trees 

were located and crown horizontal areas 

delineated on the LiDAR derived high resolution 

(0.5×0.5m) Canopy Height Model (CHM) raster 

image by an automated processing approach 

(see Fig.1).  

Vertical layers were delineated by stratifying the 

number of LiDAR returns at defined vertical 

intervals at the plot and ITC scales, as illustrated 

in Fig. 2. Estimates of layer heights were 

developed for both individual tree and plot 

scales by analysis of the vertical profile shape. 

Figure 1.  A sample of a Canopy Height Model (CHM) with 

the location of LiDAR derived trees, and estimates of 

(simplified) crown horizontal area.  
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the RW18 site, which also has the lowest plot stem 

density.  

 

Conclusions 

The current study demonstrated a method to fit a 

function to a discreet return LiDAR height-bin 

derived vertical profile to estimate dominant 

canopy top height, HTLC and the detection of the 

presence and absence of understory vegetation 

at the field-plot level for Loblolly pine plantations.  

The ITC method estimated stem density within the 

plot extent with an accuracy of 69-81%. The ITC 

delineation performed better in areas which had 

on overall lower density of stems, such as those 

which had been thinned. 

 

Figure 2.  The detection of local maxima and minima from 

the fitted line applied to the LiDAR vertical profile (plot-scale). 

Local maxima are delineated in red, while minima are 

delineated in blue. The dominant canopy is visible at 

approximately 15-25m, and two layers within the mid-story (5-

 

Results 

Estimates of dominant canopy characteristics, 

average canopy top height, and average HTLC is 

summarized Table 1. Average canopy height was 

estimated with an accuracy of ±1.6m RMSE. Field 

measured plot average height was typically larger 

than LiDAR derived estimates. HTLC accuracy was 

±1.2m RMSE. HTLC measured in the field was 

typically higher than LiDAR derived estimates. At 

the Henderson plot locations, understory layers can 

be identified. 

Since field measurements did not include spatially 

explicit measurements for individual trees, LiDAR 

derived ITC metrics were summarized to the plot 

level for comparison (Table 2). ITC plot summary 

metrics for average tree height and HTLC are 

comparable to those in plot vertical profile metrics, 

where estimates of tree top height varied from 

±1.03m to 1.79m RMSE (overall R2 = 0.95) and HTLC 

were ±0.81 to 1.69m RMSE (overall R2 = 0.93). 

Estimates of the number of tree stems is more 

variable however and can vary from an RMSE of 

7.8 to 24.6 stems. Higher RMSE values are present in 

locations where stem density is higher, for example 

the RW19 study site the maximum number of stems 

in a plot was 186). The smallest RMSE is present at 

Site name Field 
average 
canopy 
height (m) 

Average 
canopy 
height 
RMSE 
(m) 

Field 
average 
HTLC (m) 

Average 
HTLC 
RMSE 
(m) 

Henderson 21.38 1.16 15.11 1.21 

RW18 16.84 0.51 9.62 0.84 

RW19 13.43 0.69 6.06 1.00 

SETRES 16.47 1.02 9.58 1.17 

Site No. Stems 
in plot 
RMSE 

No. Stems 
in plot 
accuracy 
(%) 

Plot mean 
tree top 
height 
RMSE 
(m) 

Plot mean 
HTLC 
RMSE 
(m) 

Henderson 14.52 76.6% 1.51 1.69 

RW18 7.76 81.3% 1.03 0.81 

RW19 21.49 68.7% 1.49 0.87 

SETRES 24.56 76.4% 1.79 1.45 

Table 1. LiDAR vertical profile derived metrics of the dominant 

canopy layer at the plot level.  

Table 2. Plot averaged LiDAR Individual Tree Crown (ITC) 

derived estimate RMSE for the number of stems within the 

defined plot boundaries, average tree height and average 

Height to the Living Crown (HTLC).  
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Estimation of Leaf Area Index at Multiple Levels within the Understory 

Component of Loblolly Pine Plantation Forests using Airborne           

Discrete-return LiDAR 

Introduction 
Leaf area index (LAI) is an important parameter 

and has been related to canopy-gas exchange 

processes, such as to photosynthesis. LAI is 

considered a crucial vegetation structural 

characteristic and is used as a primary or 

intermediate variable for a number of processed

-based models for forest growth and 

productivity. The most common methods of 

estimating LAI over wide areas are typically 

limited by time, cost and spatial coverage. 

These techniques typically involve either 

fieldwork or the analysis of spectral information 

from either airborne or satellite based imagery. 

These techniques have limitations which will 

affect the validity of estimates. 

An alternative method would use airborne 

LiDAR. The use of LiDAR has rapidly come into 

prominence in estimating forest biophysical 

characteristics and mapping features beneath 

the forest canopy. Airborne discrete-return LiDAR 

data is made up of a ‘cloud’ of 3D points. The 

main focus of this research project was to 

develop methods to accurately estimate LAI for 

Loblolly pine plantation forest at three vertical 

levels within the vertical profile of the forest 

canopy (0-3m above ground) using airborne 

discrete-return LiDAR technology. 

 

Study Design 
A total of 28 field plots were installed in Loblolly 

Pine stands at the sites of Parker Tract (8 sites) 

and Duke Research forest (20 sites), North 

Carolina, USA (Fig.1), between the 23rd and 27th 

of October 2013. At each location two 15m 

north-to-south transects were established and 

measurements taken using a LiCOR LAI2200. 

LAI2200 measurements were taken at three 

heights, when the sensor was at ground level 

(0m), 1.5m, and 2.5m above ground.  

 

Small-footprint discrete-return LiDAR data were 

acquired for both study sites coincident with 

field data capture. The data was provided by 

the NASA G-LiHT team (further information can 

be found at http://gliht.gsfc.nasa.gov/). 

Processing steps included the classification of 

ground elevation and the calculation of above 

ground heights for all points. Various plot-level 

(15×15m) statistics were generated based on the 

vertical distribution of LiDAR return points and 

were statistically regressed against field 

recorded LAI. 

Results 
Strong and significant (p < 0.01) regression 

relationships were developed for LAI above 

0.0m, 1.0m and 2.5m from ground level. A ratio 

of points above and below a specified height 

threshold was developed for three elevations 

(0.2, 1.5 and 2.5m) analogous to the 

measurement height at which LAI was recorded 

in the field provided the highest correlations 

between LiDAR and field metrics (Fig. 2).   

The regression model could then be applied 

over the complete LiDAR data spatial extent 

and mapped, for example in Fig. 3.  

 

Figure 1.  Locations of Parker Tract and Duke Forest 

study sites within North Carolina. 

http://gliht.gsfc.nasa.gov/
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Conclusion 
The analysis of LiDAR data holds great promise for 

estimating LAI with higher accuracies and finer 

spatial resolution than multispectral satellite data 

imagery over a larger range of LAI values. The 

current study demonstrates the ability of LiDAR 

based estimates of LAI to be produced at three 

different levels above ground (0.0, 1.0 and 2.5m) 

within the understory portion of the forest plot 

vertical profile in two plantation Loblolly pine 

dominated regions in North Carolina, USA, 

encompassing a variety of stand ages and 

understory presence. The LiDAR metric which 

provided the strongest correlation (R2 = 0.739-

0.772) was calculated as a ratio of points above 

and below a specific height value corresponding 

to each of the three heights of field measurement.  

Figure 2. Scatter-plots of predicted LAI values 

against field plot values.  

Figure 3. Map of predicted LAI at 1.5m above 

ground at a spatial resolution of 15×15m for 

Parker Tract.  
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Predicting Loblolly Pine Site Index from Soil Properties Using Partial Least 

Square Regression 

Santosh Subedi, Thomas Fox 

Introduction 

immense variability in properties and characteristics of 

soils within relatively small geographic areas. 

Method and Results 

Ordinary least square method of multiple regression 

selected the model with K, Ca, and the sand percentage  

as the best model to predict site index. The model 

explained about 74% of the variability in the site index. 

Partial least square regression selected N, C, Ca, Mg and 

sand percentage as the significant predictors of site 

index. Surprisingly N was excluded in the model selected 

by ordinary least square method of multiple linear 

regression, even though N was highly correlated with site 

index. Multicollinearity caused erroneous exclusion of N 

which might have high true significance.  

When tested on an independent dataset, the best fit 

multiple linear regression model with K, Ca, and sand 

percentage predicted site index and site index from 

independent dataset had an R2 value of 0.02. Which 

suggests that multiple linear regression based on ordinary 

least squares regression  produces misleading predictions 

in soil-site studies beyond the range of sites sampled. 

In contrast, when tested on an independent dataset, the 

best fit PLSR model with N, C, Ca, Mg, and sand 

percentage as the predictors  predicted site index and 

site index from independent dataset had an R2 value of 

0.65 (Figure 3).  

Summary 

The PLSR approach accurately predicted site index 

based on physical and chemical properties of A-horizon. 

Multicollinearity was a problem in the ordinary least 

squares method of multiple linear regression and limited 

the usefulness of ordinary least squares method. 

Multicollinearity makes the regression coefficients highly 

unstable in multiple linear regression. PLSR effectively 

addressed the effect of multicollinearity and thus allowed 

inclusion of important soil variables that determine site 

index in the southeastern US. PLSR selected N, Ca, Mg, C, 

and sand percentage as the significant predictors of site 

index. These results showed that PLSR is a better 

approach than the ordinary least squares method  of 

multiple linear regression approach in modeling site index 

based on soil properties. This suggests that PLSR may also 

have utility in other situations where soil properties are 

used to predict ecosystem properties.  
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 Figure 2. Scatter plot showing the relationship between site index and estimated site index using multiple linear regression with K, 

Ca, and Sand (left) and partial least square regression using N, C, Ca, Mg, and sand percentage (right)  

Figure 3. Scatter plot showing the relationship between site index from an independent dataset and estimated site index using 

multiple linear regression with K, Ca, and sand (left) and partial least square regression using N, C, Ca, Mg, and sand 

percentages (right)  

  



 

 87 

Determination of Fertility Rating (FR) in the 3-PG Model for Loblolly Pine 

Plantations in the Southeastern US Based on Site Index 
Santosh Subedi, Thomas Fox 

Introduction 
Soil fertility is an important component of forest 

ecosystems, yet evaluating soil fertility remains one 

of the least understood aspects of forest science. 

Fertility rating (FR) is a site specific variable in 3-PG 

that relates soil fertility to stand productivity. 3-PG is 

a process based model that calculates gross 

primary productivity (GPP)  from absorbed 

photosynthetically active radiation (APAR) using 

canopy quantum efficiency which is constrained 

by environmental factors such as vapor pressure 

deficit, temperature, soil moisture, frost days, and 

site fertility.  3-PG then uses empirical relationships 

derived from measured dataset to provide foresters 

with  outputs like basal area and volume.  

FR is used as an index of nutrient availability and 

the effects of FR on GPP are determined by the 

impact of FR on LAI which affects APAR, canopy 

light use efficiency, and canopy conductance.  FR 

also has a direct effect on the partitioning 

coefficient which is used to calculate partitioning 

to roots. There are two important problems related 

to estimating FR in 3-PG. First, there are few 

forested areas for which good quality information 

relating soil physical and chemical properties to 

productivity is available to determine FR. Second, 

the relationship between soil properties and tree 

growth is complex and can vary among different 

sites and stand conditions. This makes estimation of 

fertility rating, a major challenge. In the past FR has 

been assigned using subjective procedures or as a 

tunable parameter to match the simulated values 

from 3-PG with the observed data despite the 

degree of sensitivity of productivity towards soil 

fertility. Our study attempted to  use site index for 

the a priori prediction of FR that could be used as a 

set rather than a tunable parameter. 

 

Method and Results 
21 study sites that were part of the RW18 loblolly 

pine fertilization  trial established by Forest 

Productivity Cooperative were selected across the 

southeastern United States from Virginia to Texas 

(Figure 1). We used data from the control plots at  

each study site to determine the baseline FR and 

predict growth.  Our goal was to use site index to 

calculate a FR value that could be used as a fixed 

parameter in 3-PG to accurately predict stand 

growth. We did this in a 3-step process: First we 

calculated site index in each plot using the 

observed data on the tree height. Then we 

determined the relationship between site index 

and stand volume in each plot. Finally, we used the 

relationship between site index and stand volume 

to determine the relationship between FR and site 

index. 

A dynamic site index model (suggested on 

pinemap protocol) was used to calculate site 

index at base age 25 from dominant height at age 

11 or 12. Some of the plots in the study areas were 

thinned at age 12, so volume at age 11 was used 

to develop a relationship between SI (m) and 

volume (m3 ha-1 ). Linear, exponential, and 

asymptotic model were fitted separately for the 

dataset  (Figure 2)and tested for fit using R2 and 

cross validation techniques. The asymptotic model 

was selected based on its fit criteria and 

performance when extrapolated beyond the 

regressor variable hull i.e. region containing original 

observations . The final model to estimate volume 

from SI was selected as: 

After the selection of relationship between site 

index and volume, an expression for FR based on SI 

was derived.  Based on the range of site index 

computed on the control plots, an assumption was 

made that site index of 10.7 m (35 ft) corresponded 

to FR=0 and site index of 30.5 m (100 ft) 

corresponded to FR=1. Then the difference in 

volume between these two site indices was used to 

derive the relationship between site index and FR. 

Past work on the relationship between fertilizer 

intensity and productivity showed that there exists 

a linear relationship between productivity and 

fertilizer intensity before reaching the maximum 

productivity. So , we assumed that the difference in 

yield from 30.5 to 10.7 m was linearly related to FR 

to derive the equation to predict FR from site index 

(Table 1). The relationship between FR and site 

index was determined using a sigmoid model (Figure 

3) with the following form: 

 

 

 

. 
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Figure 2: Scatter plot between volume (m3ha-1) and site index (m). Left, middle, and right diagram showed 

exponential, sigmoidal, and linear relationships, respectively. 

Figure 3:  Sigmoidal relationship between FR and site index based on the 

relationship between stand volume and site index illustrated in Table 1. 

Volume  

(m3 ha-1)  

Site index 

(m) 

Fertility rating 

26.70 10.7 0 

52.03 14.73 0.1 

77.55 17.34 0.2 

128.53 21.09 0.4 

179.70 24.15 0.6 

205.61 25.61 0.7 

230.72 27.11 0.8 

281.78 30.48 1 

Table 1: Relationship between Site index and fertility 

rating based on linear incremental assumption 

between Fertility rating and volume. 

Figure 1: Location of study sites used to develop and test fertility rating for loblolly pine in 3-PG model 
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Validation of the Relationship Between Fertility Rating and Site Index 

Using 3-PG and RW 18 and RW 13 Sites 

Santosh Subedi, Thomas Fox 

Introduction 

Soil fertility is an important property that determines 

productivity of forest ecosystem.  A quantifiable estimate 

of soil fertility is required as the driving variable in many 

deterministic process based models and the empirical 

growth and yield models to estimate growth and yield for 

forest crops. However, quantification of soil fertility in 

forested ecosystem is complicated by the complex 

relationship between soil properties and stand 

productivity and the deep rooting systems of trees which 

are capable of exploring  soil deep in profile.  Site index, 

defined as the average height of the dominant and co-

dominant trees at a specified age, is the most  widely 

used measure of site quality in empirical growth and yield 

models. The primary reasons for using site index in growth 

and yield model s are the low correlation between site 

index and stocking and higher correlation between site 

index and productivity.  

In this study, we evaluated  the soil fertility rating (FR) in 

the 3-PG model derived a priori from site index for loblolly 

pine plantations in the southeastern United States. The 3-

PG model has been calibrated, tested, and proven to 

work on many commercially important tree species.  Our 

objective  was to evaluate the performance of 3-PG  

from FR derived a priori from site index in Regionwide 18 

and Regionwide 13 sites. 

 

Method and Results 

21 study sites that were part of loblolly pine RW18 

fertilization trial established by the Forest Productivity 

Cooperative were selected  as  the calibration sites and 

the model to estimate FR  from site index was derived as: 

The FR values derived from above equation were used as 

inputs into 3-PG to predict growth in the control plots at 

the 21 study sites of RW18  trial. Weather data were 

obtained from Daymet Surface Weather and Climatic 

Summaries. Stand initialization data were obtained from 

data collected in each plot.  These data and the FR 

value calculated from measured site index were input 

into 3-PG and output was generated for total 

aboveground biomass (AWB), stem number, and LAI for 

each site. The predicted values were then compared 

with the observed values. A linear model was fitted 

between observed AWB and model simulated AWB and 

the null hypothesis of slope is equal to 1 was tested. 

Similarly, a linear model was fitted between observed 

stem density and fitted stem density and the null 

hypothesis of slope is equal to 1 was tested using the 

predicted value as a regressor. 

After the model performance was tested in the 

calibration study sites, the performance of 3-PG was 

evaluated against the independent data not used in the 

model development. We used six sites from the  loblolly 

pine RW13 midrotation fertilization trial located in the 

southern United States to validate the model results. 

3-PG accurately predicted yield and mortality. Overall, 

using FR determined  a priori  from site index , The 

observed AWB and predicted AWB from 3-PG had an R2 

value of 0.89 and the measured stem density and 

predicted stem density also had an R2 value of 0.89. The 

slope of the relationship between measured AWB and 

predicted AWB was not significantly different from 1 

(p<0.001). Similarly, the slope between measured values 

of stem density and modeled values of stem density was 

not different from one (p <0.001). 3-PG  predicted yield 

well at 17 sites.  Among the four sites where 3-PG 

prediction didn’t match well the observed values were 

the sites dominated by Leon sands and Lakeland sands. 

3-PG also performed  well when evaluated against the 

independent data from the midrotation stands not used 

in FR development. 3-PG explained 73% of the variations 

in the  observed AWB and 86% of the variations  in the 

measured stem density in the independent dataset 

(Figure 2).  

In addition to AWB and stem  density, 3-PG also 

produced reasonable estimates of  LAI. The predicted LAI 

from 3-PG increased as FR increased reaching peak LAI 

of 5.5, 4, and 2 for FR values of 0.96, 0.64, and 0.21, 

respectively. When LAI values measured on some of the 

sites  were compared against the predicted values form 

3-PG, 53% of the variation in measured LAI was described 

by predicted LAI (Figure 3). 

 

Summary 

In our study 3-PG performed well at most of the sites with 

finer textured Alfisols and Ultisols. 3-PG predictions of yield 

were less accurate in sandy Spodosols and Entisols.  On 

these soils 3-PG predictions were generally accurate at 

younger ages and then declined with time. Temporal 

variation in nutrient availability may cause the poorer 

prediction on the sandy soils. Future refinement that 
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Figure 2: Relationship between observed aboveground biomass and modeled aboveground biomass and 

measured stem density and modeled stem density in the control plots of mid-rotation sites which are independent 

form the study sites used  for FR calibration 

Figure 3:  Relationship between measured LAI and 3-PG predicted LAI (left) and LAI simulations from 3-PG across fertility gradients (right). 

Figure 1: Relationship between observed aboveground biomass and modeled aboveground biomass (left) and 

measured stem density and modeled stem density across the Regionwide 18 sites. 
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3-PG Model for Regional Productivity Estimation 

Santosh Subedi, Thomas Fox 

Introduction 

Site index is a realized measure of site quality 

and is widely used in many traditional growth 

and yield models as a driver of productivity. Site 

index is a function of soil fertility, soil moisture, 

and climate. Although there is a strong relation 

between rainfall and forest productivity, previous 

research has shown that soil fertility has a 

stronger impact on productivity of loblolly pine in 

the southeastern US. Within the natural range of 

loblolly pine, rainfall exceeds evapotranspiration 

and the majority of soils have a udic moisture 

regime. 

The USDA NRCS SSURGO dataset has detailed 

data on all soils mapped in the US. The SSURGO 

database includes site index  values for loblolly 

pine on the majority of soil types on a county by 

counties basis for the entire southeastern US. We 

tested the potential to predict loblolly pine 

productivity across broader regions in the 

southeastern US using site index derived for 

individual soil series in the SSURGO dataset. To 

illustrate the utility of this approach, Kemper 

County, Mississippi was selected and loblolly pine 

productivity was estimated spatially in that 

county with the 3-PG model using the FR values 

derived from the site index values in the SSURGO  

SSURGO dataset. 

 

Methods and Results 

SSURGO dataset has site index values of loblolly 

pine at base age 50 years. We converted it to 

site index base age 25 using base age invariant 

site index model developed by Dieguez-Aranda 

et al. (2005).  Site index values in the SSURGO 

database and observed site index at the study 

sites were highly correlated. An R2 value of 0.75 

was observed when linear regression was carried 

out between  site index values in RW18 sites and 

SSURGO site index (Figure 1 ).  Table  1 shows the 

major soil series mapped in Kemper County, 

Mississippi, the SSURGO estimate of site index, 

SSURGO site index adjusted fro base age 25 

using base age invariant SI model developed by 

Dieguez-Aranda et al. (2005), and the predicted 

FR values from adjusted SI using equation: 

 

Figure 2 shows the spatial pattern of 

aboveground biomass for 12-years-old loblolly 

pine in Kemper County, Mississippi predicted by 

3-PG using SSURGO and site index information. 

The 3-PG model produced realistic values of 

aboveground productivity when FR values were 

derived using site index values from the SSURGO 

dataset. For example, in Kemper County, 

Figure 1. The relationship between SSURGO 

site index and the site index in the study sites 
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Mississippi 3-PG predicted aboveground 

productivity ranging from 40-85 Mg ha-1 at 

12 years.  These values corresponded well 

with the previously reported range in the 

southeastern US.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Series SI Adjusted SI FR 

Bibb 30.48 20.67 0.36 

Daleville 28.96 19.42 0.29 

Freest 27.43 18.19 0.23 

Jena 30.48 20.67 0.36 

Kinston 30.48 20.67 0.36 

Kipling 27.43 18.19 0.23 

Kirkville 28.96 19.42 0.29 

Mantachie 29.87 20.17 0.33 

Mayhew 27.43 18.19 0.23 

Mooresville 28.96 19.42 0.29 

Oktibbeha 23.17 14.84 0.11 

Ora 25.30 16.50 0.16 

Prentiss 26.82 17.71 0.21 

Table 1:  Soil Series, site index at base age 50, site index adjusted for 

base age 25 using Dieguez-Aranda et al. (2005), and FR values 

derived from site index in Kemper County, Mississippi. 

Figure 2. Map of 3-PG predicted aboveground biomass (Mg ha-1) for 12-year-old loblolly pine in Kemper County, 

Mississippi. The top left diagram shows soil series mapped in Kemper County, Mississippi based on SSURGO 

database. The Top right diagram shows site index at base age 25 calculated from SSURGO site index at base age 

50 using base age invariant model developed by Dieguez-Aranda et al. (2005). The bottom left diagram shows FR 

values based on site index and the bottom right diagram shows 3-PG predicted aboveground biomass based on 

FR values calculated from SSURGO site index. 
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Using 3PG to Estimate Short Rotation E. camaldulensis Plantation 

Biomass Potential for Bioenergy in Chile 
Edwin Esquivel, Rafael Rubilar, Simón Sandoval, Eduardo Acuña, Jorge Cancino,  

Abstract 
Ecophysiological models, such as 3PG, predict 

the productivity of forest plantations using 

environmental parameters and species 

ecophysiological characteristics. The 3PG model 

has been used several times on estimations for 

Eucalyptus traditional plantations. However, few 

experiences exist using this model to evaluate 

highly stocked plantations for bioenergy 

production, and parameterization estimates for 

traditional plantations have been not validated 

to estimate productivity from plantations at site-

specific level. To evaluate the prediction 

capacity of the model, a combination of 3PG 

parameters from the literature and local 

allometric information was used to evaluate 

Eucalyptus camaldulensis biomass potential 

estimates for bioenergy production in the south-

central valley of Chile. Plantations  were 

established at high stockings of 5000, 7500 and 

10000 trees per hectare at a marginal site for 

traditional forest production in granitic soils of 

the Bio Bio Region, Chile. Our results suggest that 

3PG successfully estimated biomass production 

for 7500 and 10000 tph stockings, but failed at 

5000 tph stockings due to enhanced mortality by 

competing vegetation due to poor weed 

control  at this treatment. Specific allometric 

equations calibrations at specific stockings were 

key to obtain  appropriate biomass estimates. 

Our results suggest the need for incorporating a 

competing vegetation factor parameter to 

calibrate operationally 3PG estimations. 

Introduction 
Forest biomass can be considered a sustainable 

alternative for clean energy production 

(Richardson and Verwijst 2007). A source of 

clean energy such as biomass from dedicated 

energy plantations can both fix carbon as well 

as  become an important energy source 

(Berndes et al., 2003, Sartori et al., 2006). Short 

rotation crops for bioenergy may consider 3 to 5 

years and a commercial rotation up to 30 years 

(Aylott et al., 2008). High levels of variation on 

yield depend on site factors and silvicultural 

practices, especially for stands established on 

marginal sites (Richardson 2006). Under these 

conditions, the benefits that wood energy 

plantations may have are: protection of soil 

erosion (Feikema et al 2010) and organic matter 

acculation at impoverished sites.  

The aim of this research was to parametrize 

and evaluate weaknesses and strengths of 

3PG process based model as an effective tool 

for biomass estimation of Eucalyptus 

camaldulensis  bioenergy plantations 

established at high stockings on marginal soils 

of the Biobío Region, Chile. 

Methodology 
The field study was established as a randomized 

complete block experimental design with 3 

replicates (n=3). Plantation was fertlized at 

establishment and weed control was applied 1 

year after planting. Individual tree 

measurements of H and DBH were obtained at  

2, 4, 11, 16, 23, 28, 36, 40  and 48 months of stand 

development in order to evaluate seasonal and 

climatic effects on tree growth. Biomass 

sampling was estimated at 11, 23, 36 and 48 

months, and nutritional analyses were obtained 

at each instance for major biomass components 

considering stem, branch and foliage biomass 

for N, P, K y B concentrations. 3PG model 

parametrization was calibrated with local 

biomass equations for each stocking level, and 

ecophysiological parameters were obtained 

from the literature. Climatic data was obtained 

from the nearest weather station.  

Results 
Our results suggest that 3PG successfully 

estimated biomass production at 7500 and 

10000 tph stockings, but failed at 5000 tph. The 

model in all cases estimated accurately 

plantation survival (data not shown) and major 

differences in productivity, at each stocking 

level, were explained by individual tree growth. 

Unfortunately weed control did not effectively 

limited competing vegetation growth at the 

lowest stocking (5000 tph) and caused a major 

reduction in individual tree growth explaining 

differences in model prediction.  
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As shown in Figure 1, specific allometric 

equations calibrations at specific stockings 

were key to obtain appropriate stand biomass 

estimates and individual tree size parameters 

such as diameter and height for each stocking 

level. The model estimates resulted in accurate 

estimates for 10000 trees ha-1 stocking 

treatment and had a minor overestimation for 

the 7500 ha-1. 

Conclusions 
3PG successfully estimates biomass production 

for short rotation bioenergy plantations of E. 

camaldulensis at high stockings.  

Accurate biomass estimates are only possible 

with 3PG under no competing vegetation 

effects.  

Stocking specific biomass allometric 

relationships are key to obtain accurate 

estimates from 3PG.  
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Figure 1. 3PG estimates for Eucalyptus camaldulensis stem biomass (Mg ha-1) and DBH (cm) at 5.000 (A), 

7.500 (B) y 10.000 (C) trees ha-1. Grey squares represent actual biomass estimates at each stcoking level.  
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Eucalyptus Potential Productivity 
Timothy Albaugh, Clayton Alvares, Thomas Fox, Rafael Rubilar  

Objectives 
Tree growth has been linked to light interception 

in many research publications.  Modeling efforts 

and empirical evidence from studies installed by 

the Forest Productivity Cooperative and other 

groups support these findings.  This information 

gives managers a tool to quantify the response 

observed from applying silvicultural treatments 

like fertilization and vegetation control.  

However, to put productivity estimates in 

perspective managers also need to know 

potential productivity.  This information will let 

managers determine how close they are to 

potential growth and help determine 

appropriate silvicultural treatments in their 

particular situation. 

To meet this need the Cooperative estimated 

potential productivity for Eucalyptus species 

commonly used for all member countries.   

Methods 
Spatial 3PG was used to estimate potential 

productivity.  The model requires radiation, 

vapor pressure deficit, rainfall and temperature 

(Figure 1).  Outputs are leaf area index, stem 

growth, mean annual increment and stocking.  

Mean climate data were determined and 

climate was the only constraining factor in the 

modeling runs.   

Results 
Static maps of Eucalyptus potential productivity 

are available on the website for all nine 

member countries at this location: http://

forestproduct iv i tycoop.net/data -maps/

geodatabase/ and the spatial datasets are Figure 1. Driving variables in the 3PG spatial version model are 

radiation, rainfall, vapor pressure deficit (VPD) and nutrition.   

Figure 2. Leaf area for Eucalyptus in the southeast US (top), in 

Brazil (middle) and in Chile (bottom). 
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available from the Cooperative Data Manager 

(Tim_Albaugh@vt.edu).   

Leaf area index varies considerably across the 

nine countries with e.g. Eucalyptus in the US 

having relatively modest 

amounts of leaf area when 

compared to Brazil and Chile 

(Figure 2).  Eucalyptus is an 

exotic in all three countries. In 

the US, growth can be 

significantly limited by cold 

events and the RW24 has 

identified the northern limit for 

E. benthamii  corresponds to 

plant cold hardiness zone 8a.  

M a x i m u m  p o t e n t i a l 

productivity was 54.4, 69.5 

and 68.1 m3 ha-1 yr-1, for the 

US, Brazi l  and Chi le, 

respectively (Figures 3, 4 and 

5 respectively).  Eucalyptus 

does well in the coastal 

regions of Brazil and the 

central valley of Chile 

between 34o43’ and 40o36’ S.    

 

 

Future Work 
Future work will include map validation and 

developing productivity maps for specific 

Figure 4. Eucalyptus potential productivity in Brazil. 

Figure 3. Eucalyptus potential productivity in the southeast United States.   

Figure 5. Eucalyptus potential productivity in Chile. 
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Modeling Monthly Mean Air Temperature for Brazil 
Clayton Alvares, José Stape, Paulo Sentelhas, José Gonçalves 

Introduction 
Air temperature is one of the major effects of 

solar radiation in the lower Earth atmosphere. In 

agriculture and forestry, air temperature 

together with rainfall are the main factors 

defining crop zoning, sowing dates, and the 

expected yield levels. The Brazilian territory 

comprises a wide area, occupies nearly 48% of 

South America, and has a wide climate diversity. 

However, the density of weather stations in Brazil 

is very low and in some areas there is no stations 

at all (Figure 1).  

 

 

 

 

 

 

 

 

 

 

 
Figure 1.  Location of the Brazilian weather stations used for 

air temperature modeling. 

Usually, the normal monthly mean air 

temperature is estimated with the use of multiple 

linear regressions, and this method can be as 

effective as sophisticated local interpolation 

methods, especially when dealing with mean 

climatic data. In Brazil, coefficients for linear 

models for estimating mean air temperature as a 

function of latitude, longitude and altitude are 

available for approximately 50% of the territory 

(Figure 2). Based on this, our study aims to 

develop models for estimating monthly and 

annual maximum, minimum and mean air 

temperatures for the whole Brazilian territory. 

Material and Methods 
The study was conducted in several steps that 

included the data compilation, data 

consistency, exploratory analysis, compilation in 

a geodatadase using a geographic information 

system, geoprocessing techniques, static 

descriptive analyzes, multivariate statistics and 

geostatistics. 

  

 

 

 

 

 

 

 

Figure 2.  Location of all studied areas used in the evaluation 

of the equations obtained in this study 

The complete database used in this study comes 

from the Brazilian institutions as National Institute 

of Meteorology (INMET), National Department of 

Works against Droughts (DNOCS) and Northeast 

Development Superintendency (SUDENE), and 

also the Food and Agriculture Organization of 

the United Nations (FAO/ONU). After the phase 

of consistency and exploratory analysis we used 

2400 weather stations throughout the Brazilian 

territory. The models were developed based in 

weather stations 1800 and was used for 

validating the other 600 (25% of total). Among 

other indicators of fit quality and the models 

obtained we apply the ME (mean error), MAE 

(mean absolute error), RMSE (root-mean-square 

error) and MAPE (mean absolute percentage 

error). Finally, and as a second validation, we 

compare our national models with regional 

models of 16 previously published studies in Brazil 

(Figure 2). 

Results 
The correlations between air temperature and 

geographical coordinates and altitude were 

well defined: higher latitude, lower temperature, 

because of seasonal variation of incoming solar 

radiation; higher altitude, lower temperature, 

due to atmospheric pressure reduction and air 

rarefaction of the air. Longitude showed less 
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effect on temperature variation, since its effect 

on air temperature amplitude is associated with 

the position of the area in relation to the ocean, 

which varies with the regions of the country 

(Figure 3).  

 

 

 

 

 

 

 

 

Figure 3. Pearson’s correlation coefficients for the 

relationships (monthly and annual) air temperature and 

altitude, longitude, and latitude. 
 

All regression models were significant (α ≤ 0.01) 

as well as all independent variables at 1 and 5%. 

The indicators statistician showed that the 

models were of good quality, but were much 

better when the residues were added (obtained 

by kriging, Table 1). We evaluated a total of 3.67 

108 pixels (1 km2), between the results provided 

by the proposed models and other studies 

(Figure 2). The overall correlation obtained was 

0.93, showing that there is a high consistency 

between our national models with regional 

models. 

Table 1. Errors of the temperature multivariate regression 

models using database from fitting and test sets considering 

kriging effects for the first validation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Serrano Plateau (Santa Catarina state) was the 

coldest of Brazil; while the valleys of the Amazon, 

Araguaia, and Parnaíba rivers were the hottest 

regions (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.  Annual mean air temperature maps for Brazil, 

generated by models, bias by kriging and the final maps. 

 

Conclusions 
Spatial and temporal variability of monthly and 

annual temperatures in Brazil were properly 

modeled through the relationship with latitude, 

longitude, altitude and their combinations, using 

multivariate regression equations, geostatistical 

analysis, and GIS. In these kinds of spatial 

modeling the bias should be treated properly 

and incorporated into the final maps. 
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Stand-level Patterns of Carbon Fluxes and Partitioning in a Eucalyptus 

grandis Plantation Across a Gradient of Productivity,                                  

in São Paulo State, Brazil 
Otávio Campoe, José Stape, Jean-Paul Laclau, Claire Marsden, Yann Nouvellon 

Introduction 
Wood production represents a large but 

variable fraction of gross primary production 

(GPP) in highly productive Eucalyptus 

plantations. Assessing patterns of carbon (C) 

partitioning (C flux as a fraction of GPP) 

between above- and belowground 

components is essential to understand 

mechanisms driving the C budget of these 

plantations. Better knowledge of fluxes and 

partitioning to woody and non-woody tissues in 

response to site characteristics and resource 

availability could provide opportunities to 

increase forest productivity. 

Our study aimed at investigating how C 

allocation varied within one apparently 

homogeneous 90  ha stand of Eucalyptus 

grandis in Southeastern Brazil. 

Material and Methods 
We assessed annual aboveground net primary 

production (ANPP: stem, leaf, and branch 

production, eq. 1), total belowground C flux 

(TBCF: sum of root production and respiration 

and mycorrhizal production and respiration, eq. 

2) and GPP (computed as the sum of ANPP, 

TBCF and estimated aboveground respiration, 

eq. 3) on 12 plots representing the gradient of 

productivity found within the stand (Figure 1). 

Carbon fluxes were assessed during the last year 

of the rotation before harvesting (from 6 to 7 yrs 

after planting) and the C partitioning was 

studied on a gradient of productivity.  

ANPP = FA + Δ(CW + CF)  [eq. 1] 

FA: literfall, ΔCW: change in carbon content on 

aboveground wood biomass (stem, bark and 

branches), ΔCF: change in carbon content on 

foliage in the canopy. 

TBCF = FS - FA + Δ(CR + CL + CT)  [eq. 2] 

FS: soil respiration, FA: literfall, Δ (CR, CL, CT): 

change of carbon content in coarse roots, litter 

layer and stumps. 

GPP = ANPP + TBCF + RP  [eq. 3] 

RP: aboveground autotrophic respiration was 

estimated as a fraction of ANPP (53%)  

The methodology applied was based on 

Giardina and Ryan (2002) and Ryan et al. (2010). 

Results 
The spatial heterogeneity of topography and 

associated soil attributes (Figure 1) strongly 

affected  the component fluxes of GPP and C 

partitioning across the area. Stand GPP ranged 

from 2971  g C m-2 yr-1 to 4132 g C m-2 yr-1 (+39%). 

These contrasting plots were also the most 

contrasted for ANPP, which attained 1208  g C 

m-2 yr-1 versus 1791 g C m-2 yr-1 (+48%), and for 

stem wood NPP (554 g C m-2 yr-1 versus 923 g C 

m-2 yr-1 (+ 67%).  

  

  

  

  

  

  

  

  

  

  

  

Figure 1. Experimental area topography and plot 

location. The arrow indicates the trend of increase 

in soil clay content from  ≈20 to  ≈ 40% across the 

site. Plots are classified by ascending order of 

elevation.  
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Total belowground carbon flux ranged from 497 

g  C m-2 yr-1 (low elevation and median GPP) to 

1235 g C m-2 yr-1 (higher elevation and high GPP) 

and showed no significant relationship with GPP 

(P=0.33) or ANPP (P=0.36). Carbon partitioning to 

stem production ranged from 0.19 to 0.23, 

presenting a trend of linear increase with GPP 

(Figure 2). In contrast, the fraction of primary 

production partitioned belowground was not 

correlated with GPP, while C partitioning to leaf 

production showed a significant negative 

correlation with GPP (Figure 3). 

  

  

  

  

  

  

  

  

  

  

   

  

Figure 2. Linear increase in stem NPP (A) and C 

partitioning to stem NPP (B) as a function of 

increasing GPP. Numbers represent plots. 

Comparing the two most contrasting plots in 

terms of GPP, the 67% difference in stem wood 

NPP was a combined result of higher 

photosynthesis and higher C flux. 

Figure 3. Linear increase in leaf NPP (A) and 

decrease in C partitioning to foliage NPP (B) as a 

function of increasing GPP. Numbers represent 

plots. 

Conclusion 
Stem production across the gradient of 

productivity observed at our experimental site 

was a combined result of the variability in GPP,  

and carbon partitioned to stem NPP.  

Comprehensive studies focusing on the 

components of C budgets in forest plantations 

are required to improve our understanding of 

the processes driving wood production and 

carbon fixation, and develop our capability to 

predict forest responses to environmental 

changes. 
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Stem Production, Light Absorption and Light Use Efficiency Between 

Dominant and Non-dominant Trees of Eucalyptus grandis Across a 

Productivity Gradient in Brazil 
Otavio Campoe, Jose Stape, Yann Nouvellon, Jean-Paul Laclau, William Bauerle,              

Dan Binkley, Guerric Le Maire 

Introduction 
Brazilian Eucalyptus plantations are some of the 

most productive forest plantations in the world, 

sustaining mean growth rates of 25 Mg  ha-1 year-

1 (50 m3 ha-1 year-1) over the 4.7 million hectares 

planted across the country. To better 

understand forest productivity, studies at the 

stand scale need to be coupled with tree level 

evaluations of the production ecology. 

Study Design 
We measured (from 6 to 7 years after planting) 

stem wood dry biomass growth and estimated 

light absorption and light use efficiency at the 

tree level with a three-dimensional array model 

(MAESTRA) in 12 plots within a seed-origin 

Eucalyptus grandis plantation. The soil clay 

content (from ~20% to ~40%) and topography of 

the experimental site generated a natural 

gradient in productivity (Campoe et al. 2012). 

Radiation absorption for each tree was 

simulated with MAESTRA (Medlyn, 2004), a three 

dimensional ecophysiological model that 

estimates radiation absorption, photosynthesis 

and transpiration at the individual tree level. 

MAESTRA accounts for the influence of shading 

from leaves within a crown and by those of 

neighboring crowns. From destructive sampling, 

we measured tree crown structural 

characteristics to parameterize MAESTRA (Figure 

1). 

We investigated the hypothesis that dominant 

trees (the 20% largest) are more productive than 

non-dominant trees (the 20% smallest) as a result 

of greater light absorption and light use 

efficiency; and that with increasing productivity 

across plots, dominant trees would show larger 

increases in light use and light use efficiency in 

comparison to non-dominant trees. 

  

Results 
The 20% smallest of the trees averaged 10.6 kg of 

stem wood dry biomass (1.6 kg of stem wood 

growth during the last year of the rotation), 

compared with 185 kg per stem wood in the 20% 

largest of trees (34 kg of stem wood growth over 

the same period). The smallest trees contained 

7.2% of the leaf area as compared to the largest 

trees (3.0 m2 versus 41.7 m2), and they absorbed 

only 6.7% as much light (2.2 versus 32.8 GJ year-

1, Figure 2). The smallest trees grew at about 

4.7% of the rate of the largest trees, which is a 

smaller percentage than the difference in 

  

  

  

  

  

  

  

  

 

Figure 1.  Schematic representation (in scale) of the positioning 

and size of trees present in plot 1 with elevation of 726 m (A: 

frontal view, B: orthogonal view). The red crown trees are the 

focal trees used in MAESTRA simulations, and the outer five rows 

of green crown trees were included in the simulation only for 
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absorbed photosynthetically active radiation; 

therefore the light use efficiency was lower for 

the smallest trees (0.75 kg GJ-1 versus 1.03 kg GJ-

1).  

Averaging by plot, higher growth rates showed 

higher light absorption and stem wood growth 

increased with increasing light interception 

across all size classes of trees. Highergrowth rates 

also showed greater LUE, and the effect of LUE 

on growth rate was higher for small trees than for 

large trees (Figure 3). 

Canopy view of the 7 years old Eucalyptus 

grandis plantation studied in  São Paulo-Brazil. 

Conclusion 
The significant  contribution of dominant trees to 

stand productivity and the importance of 

evaluating production ecology at the individual 

tree scale show the relevance of further  studies 

should focus on understanding the impact of 

tree dominance on planted forest productivity.  
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Figure 2.  Stem wood dry biomass growth and 

absorbed photosynthetically active radiation 

(APAR) as a function of tree stem wood dry 

biomass (A and B), and as a function of tree 

ranking (C and D) for all trees and plots. The 

pattern of increasing stem growth and APAR 

with larger or high ranking trees was consistent 

among the 12 plots. 

Figure 3.  Averaging by plot, higher growth rates showed 

higher light absorption (A). Higher growth rates also showed 

greater efficiency of light use (B), and the difference in 

efficiency was much stronger for small trees than for medium 

and large trees. 
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Comparative Water Use in Short-Rotation Eucalyptus benthamii  

and Pinus taeda Trees in the Southern United States 
C.A. Maier, T.J. Albaugh, R.L. Cook, K.B. Hall, D. McInnis, K.H. Johnsen, J. Johnson, R.A. 

Rubilar, J.M. Vose 

Study Objective 

Southern United States forest plantations are 

dominated by Pinus taeda which makes it a 

prime candidate for bioenergy feedstock 

production. However, other alternatives are 

being considered including Eucalyptus species.  

Eucalyptus can be more productive than pine 

(35 m3 ha-1 yr-1 vs 25 m3 ha-1 yr-1 for pine), has a 

short rotation (6-8 years) and can coppice.  

Typically intolerant to frost, recent work has 

demonstrated that Eucalyptus benthamii may 

do well in plant hardiness zones 8b and higher.  

At the same time, Eucalyptus are known to have 

some of the highest evapotranspiration rates of 

all tree species and Eucalyptus plantations have 

been linked to high water use and off-site water 

yield reductions in other parts of the world.  The 

potential for high growth and water use have 

important implications for the potential 

sustainability of short rotation Eucalyptus 

production in the southern US.   

It is unknown how water use for intensively 

managed pine and Eucalyptus will compare in 

the southern United States. Our objective was to 

compare tree water use and water use 

efficiency (WUE) over one year in adjacent 

9  year-old stands of E. benthamii and P. taeda 

plantations growing in the coastal plain of South 

Carolina. We hypothesized that Eucalyptus 

would have higher tree  water use, but because 

of greater growth and more efficient stomatal 

regulation, Eucalyptus would have greater WUE. 

Treatments and Experimental Design 

The experiment was completed at the MWV 

Ravenel Nursery Site with adjacent 9-year-old E. 

benthamii and P. taeda stands. Twelve trees of 

each species were instrumented with Granier-

sap flow probes and automated dendrometer 

bands to measure sap flow and diameter 

growth.  Potometric estimates of sap flux density 

calibrated the probes given the potential for 

error when using the standard Granier equations 

(Figure1). Temperature, radiation, precipitation, 

relative humidity, soil moisture, and wind speed 

and direction were measured on site.  At year 

end, 6 trees in each species were destructively 

harvested to generate species-component 

specific allometric equations. 

Results 

Probe calibration deviated substantially from 

published equations for Eucalyptus where the 

Figure 1. To improve 

water use estimates, 

sap flow probes were 

calibrated for each 

species.  There was 

considerable deviation 

from the standard 

equation used in 

estimating water use. 

Figure 2. Mean cumulative water use measured with a 

whole tree potometer.  The Granier (1985) standard 

equation does not fit the Eucalyptus data well. 
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potometer measurements were 2.6 times greater 

than the standard equation would estimate 

(Figure 2). There was no difference in diameter 

growth between species. There were seasonal 

differences where pine completed 95% of 

diameter growth by October whereas 

Eucalyptus grew throughout the year  (Figure 3). 

Tree transpiration (total daily water use per tree) 

was higher in Eucalyptus than pine (24.6 and 

15.2 L day-1, respectively) (Figure 4). On a 

monthly basis tree transpiration was 39% greater 

in Eucalyptus than in pine (0.76 and 0.46 m3 H2O 

month-1, respectively) (Figure 5).  There was no 

relationship between WUE and tree size, but, 

WUE was negatively correlated with tree height 

(Figure 6).  WUE was greater in Eucalyptus than in 

pine (2.86 and 1.72 kg m-3 H2O year-1, 

respectively).     

Conclusions 

Results support our hypothesis, Eucalyptus had 

94% greater stem growth, 32% greater tree water 

use, and 40% greater WUE than pine. We only 

measured tree transpiration, and understanding 

which species has a greater impact on water 

resources must include losses from canopy 

interception and soil evaporation.   

Additional Resources 

Maier et al. 2017. For. Ecol. Man. 397:126-138.     
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Figure 3. P. taeda completed most diameter growth 

before day 280, E. benthamii growth was evenly 

distributed through the year.   
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Figure 4. E. benthamii typically had higher mean daily 

tree transpiration than P. taeda. 
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 Figure 5. Monthly transpiration for E. benthamii 

averaged 39% greater than P. taeda in 2013. 
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Figure 6. Water use efficiency (WUE) was negatively 

correlated with tree height but greater in E. benthamii 

than in P. taeda. 
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Tamm Review:  Light Use Efficiency and Carbon Storage in Nutrient and 

Water Experiments on Major Forest Plantation Species 
T. J. Albaugh, J. M. Albaugh, T. R. Fox, H. L. Allen, R. A. Rubilar, P. Trichet, D. Loustau, S. Linder  

Objectives 
Our interest was in examining data from the 

nutrient and water optimization studies to 

quantify light use efficiency relative to 

aboveground (LUE-A), stem (LUE-S) and total 

(LUE-T) biomass production.  Light use efficiency 

is defined as growth per unit of intercepted light 

and is distinct from growth efficiency which is 

defined as growth per unit foliage.  Specifically, 

we tested the hypothesis that site (in this case a 

combination of species and location), 

fertilization and irrigation treatments and their 

interactions would influence LUE-A, LUE-S and 

LUE-T.  Additionally, we wanted to determine the 

amount of additional carbon that would be 

stored in aboveground biomass if the nutrient 

and water optimization treatments were applied 

at a landscape scale.   

 

Treatment and Experimental Design 
We examined data from nine experiments 

where nutrients and water were applied to 

optimize resource availability in a 2 x 2 factorial 

design (Table 1).  Treatments at each site were  

control (C, no additions), irrigation applied to 

eliminate water stress (I), fertilizer applied to 

eliminate nutrient limitations (F) and the 

combination of fertilization and irrigation (FI).  We 

examined LUE as biomass production per unit of 

intercepted light for stem, aboveground (stem, 

leaves and branches), and total (aboveground 

plus roots) biomass.  Biomass production was the 

additional biomass produced in one year and 

the measurement of intercepted light was from 

the same year.  Biomass and light data were 

from published sources.  In some cases light data 

were not available and we estimated it from 

independent sources.  Aboveground production 

data were available for all sites, stem production 

data were available for 7 sites (BR, FR, GA, NC, 

PT, SE, ZA) and total production data were 

available for 5 sites (FR, GA, NC, SE, and ZA)  

We estimated the additional carbon that would 

be stored in aboveground biomass in response 

to treatment by subtracting the aboveground 

biomass production of the control from that of 

the treatments at each site.  The result was 

converted into CO2 equivalents and  averaged 

across years.  This calculation was only 

completed for sites (AU, FR, NC, PT, SE, ZA) that 

had all four (C, I, F, FI) treatments.   

 

Results  
Site, site by fertilization, site by irrigation and site 

by fertilization by irrigation were not significant 

factors for any of the biomass versus intercepted 

light relationships examined.  When converted to 

g MJ-1, the slopes for the aboveground, stem 

and total biomass versus intercepted light 

relationships were 1.51, 1.21, and 0.85 g MJ-1, 

respectively (Figure  1 top, middle and bottom, 

respectively).  The total LUE value was lower than 

that for stem and aboveground LUE because a 

different population was used for the analysis 

(only five of the nine sites had total production 

data), and the total LUE relationship had a zero 

intercept whereas the stem and aboveground 

LUE relationships had a negative intercept.  

 

The average amount of additional carbon that 

could be stored in aboveground biomass by the 

Table 1. Site location, species, age, years measured and citation for the nine nutrient and water experiment sites 

where we examined light use efficiency and carbon storage. 

Site Site code Latitude Longitude Species Age Year Citation

Australia AU -35.34 148.94 Pinus radiata 10-14 1983-1987 Raison and Myers 1992

Brazil BR -11.97 -38.12 Eucalyptus grandis x urophylla 4-5 2000 Stape et al.,  2008

France FR 44.70 -0.77 Pinus pinaster 7-9 1999-2001 Trichet et al.,  2008

Georgia GA 30.80 -84.65 Pinus taeda 4 1998 Samuelson et al.,  2004

North Carolina NC 35.90 -79.48 Pinus taeda 8-16 1992-2000 Albaugh et al.,  1998

Portugal PT 39.03 -9.25 Eucalyptus globulus 1-3 1987-1989 Pereira et al.,  1994

South Africa ZA -27.23 30.55 Eucalyptus grandis 2-4 2000-2002 Campion et al.,  2006

Sweden FL 64.12 19.45 Picea abies 32-33 1995-1996 Bergh et al.,  1999
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I, F, and FI treatments was 3.9, 6.8 and 13.4 Mg 

CO2 equivalents ha-1 yr-1, respectively (Figure 2).   

  
Conclusions 
We did not detect site or treatment effects on 

the biomass production versus intercepted light 

relationship. Consequently, effects on biomass 

production per unit intercepted light were 

represented with one relationship at a scale 

covering a wide range in species, environments 

and resource availability. Treatment effects on 

growth efficiency (stem growth per unit leaf 

area) were evident in the studies included in this 

analysis and have been reported in other 

studies.  Examining intercepted light, rather than 

leaf area index, likely incorporated the 

treatment effect in the independent variable, 

thus eliminating treatment as a significant 

regressor.  Additionally, the nutrient applications 

may have increased foliar nitrogen content, and 

the nutrient and water treatments may have 

increased leaf area index such that there was a 

compensatory mechanism among PAR, leaf 

area index and leaf nitrogen that resulted in 

similar LUE values across site (Medlyn, 1998).  

 

Additional Resources 
Albaugh et al.  2016.  For. Ecol. Manage. 376:333

-342. 

Figure 1. Aboveground biomass production (top panel), 

stem biomass production (middle panel), and total 

biomass production (bottom panel) versus absorbed 

photosynthetically active radiation (PAR) for sites where 

nutrient optimization and irrigation studies were installed 

with four treatments (C—control with no addition (red 

symbols), I—optimum irrigation (gray symbols), F—

optimum fertilization (green symbols, FI—optimum 

fertilization and irrigation (blue symbols).  Multiple points 

for a site-treatment combination indicate different years 

where measurements were completed.  The regression 

lines (REG) are for all data in a given panel.  There were 

no significant site, treatment or interactive effects on 

these relationships. 
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Figure 2. Additional aboveground carbon stored in 

response to treatment for six sites (Australia-AU, France-

FR, North Carolina-NC, Portugal-PT, Sweden-SE and 

South Africa-ZA)  where nutrient and irrigation 

optimization studies were installed with four treatments 

(C-control, I-optimum irrigation, F-optimum fertilization, 

FI-optimum irrigation and fertilization.  Data are treated 

minus control and negative values indicate the control 

grew better than treated.  
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Introduction 
Sequestering atmospheric carbon in plant 

biomass and soil organic matter can both 

improve soil quality and potentially mitigate 

climate change.  However, the effects of 

tropical plantation forestry on soil carbon 

dynamics, and therefore on soil quality and long

-term sustainability, requires further examination 

to determine what factors drive changes.  

Because impacts of intensive forestry practices 

on soil organic carbon are highly variable, we 

require a better understanding of trends to 

determine the sustainability of these operations.  
The objectives of this research are 1) to 

determine the tree species effects on soil carbon 

from reforestation of cattle pasture to Conifer or 

Broadleaf (primarily pine and Eucalyptus) forest 

plantations, and 2) quantify the turnover and soil 

carbon dynamics following reforestation. 

Methods 
We collected soils in 2009 at the Anhembi 

Research Station (Figure 1), in the state of Sao 

Paulo, Brazil, across 622 ha of reforested pasture. 

Transects were sampled across 21 paired plots (1 

Reference-Pasture, 10 Pasture-Broadleaf, and 10 

Broadleaf-Conifer pairs) to see the effect of 

reforestation on soil organic carbon due to tree 

species. The plots were organized as a 

chronosequence, substituting space for time 

with stand ages of 6-34 years.  By examining a 

sequence of increasing stand ages, we can 

eliminate the need to wait thirty years for 

resampling by substituting space for time.  Soils 

were sampled at the O-horizon and mineral soil 

layers of 0-15 cm, 15-30 cm, and 30-45 cm. To 

examine soil carbon turnover rates between 

vegetation types, we analyzed stable carbon 

isotopic signatures to differentiate residual 

pasture carbon (C4 plants with higher 13C 

accumulation) from new forest-derived carbon 

(C3 plants with lower 13C accumulation). 

Results 
Analyses of total soil carbon (O-horizon plus 

mineral soil to 45 cm) from the Anhembi 

Research Station showed an average (± 

standard error) of 36.0 ± 1.7  Mg C ha-1  for 

pasture paired with 36.8 ± 1.9 Mg C ha-1 for 

Broadleaves, and 38.3 ± 1.9 Mg C ha-1 for  

Broadleaves paired with 36.0 ± 1.6  Mg C ha-1 for 

Conifers (averaged across all ages of stands).  

Soil carbon was not statistically different 

between Pasture-Broadleaf paired plots, but 

Broadleaves had 6% higher soil carbon than 

Conifers (Figure 3) in those pairs.  The reduction 

in soil carbon from the Reference forest to 

pasture is likely due both decomposition and 

erosion following original land-use change.  

Soil Carbon Dynamics Following Reforestation of Tropical Pastures in 
Brazil 

R. Cook, D. Binkley, J. Stape, and J. C. T. Mendez 

Figure 1. Anhembi Research Station, located in Sao Paulo 

State in southeastern Brazil, was converted from pasture 

(left) to various plantation forest species (right) since 1972 

Figure 2. Field Sites for effects of species on soil carbon.  
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To estimate annualized soil carbon change 

after reforestation, we divided mean soil carbon 

by mean age of Eucalyptus (22.5 yrs) or Pine (29 

yrs) and can be 95% confident that the change 

in  total soil carbon falls in the interval of –0.13 to 

0.36 Mg C ha-1 yr-1 for conversion to Broadleaf 

plantations, and –0.26 to 0.50 Mg C ha-1 yr-1 for 

conversion to Conifers.  

While there was no significant soil carbon 

accumulation over time based on the 

chronosequence approach, stable carbon 

isotopes showed the loss of forest-derived C3 

soil carbon decreased with depth.  Particularly 

interesting was that forest-derived carbon gains 

were offset exactly with pasture-derived soil 

carbon losses in the 0-15 cm layer. Results 

showed a significant decrease in pasture-

derived soil carbon in each soil layer, but slower 

decomposition as depth increased (Figure 4).  

Summary 
Results indicate that tree species of forest 

plantations have little effect on soil carbon 

stocks up to 34 years following reforestation in 

Southeastern Brazil.  Stable carbon isotope 

results   illustrate slower rates of pasture derived 

soil carbon decomposition with increasing 

depth and that accumulation of forest-derived 

soil carbon is offset by pasture-derived soil 

carbon losses.  These results improve our 

understanding of soil carbon dynamics 

following land-use change.   

 
 
 
 

Additional Resources 
 
Cook, R.L., Mendes, J.C.T., Binkley, D., Stape, J.L. 

2014. Soil carbon stocks and forest biomass 

following conversion of pasture to broadleaf 

and conifer plantations in southeastern Brazil. 

Forest Ecology and Management. 324: 37–45. 

Cook, R.L., J.L. Stape. D. 

Binkley, 2014. Soil carbon 

dynamics following 

reforestation of tropical 

pastures. Soil Science 

Society of America Journal. 

78: 290–296.  
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Figure 3. There was no significant difference in mean total soil 

carbon after reforestation between Pasture-Broadleaf paired 

plots, but a small increase (5.6%) in total soil carbon in 

broadleaf plantations compared to conifers.  

Figure 4. Stable carbon isotopes show that forest derived 

carbon accumulation offsets pasture carbon losses in the 0 -

15 cm layer. Pasture carbon losses slightly outweigh forest 

carbon gains in the 15-30 and 30-45 cm soil layers 
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Integrated Biomass Supply Systems —Comparative Water and Nutrient 

Use in Eucalyptus benthamii and Pinus taeda plantations 
Timothy Albaugh, Chris Maier, Kurt Johnsen, Jose Stape, Thomas Fox, Steve Patterson,      

John Johnson  

Study Objective 
The Southeast Partnership for Integrated Biomass 

Supply Systems (IBSS) is supported by the 

Agriculture and Food Research Initiative from 

the US Department of Agriculture National 

Institute of Food and Agriculture.  The overall IBSS 

goal is to demonstrate real world solutions to 

economically and environmentally sustainable 

production and conversion of biomass to biofuel 

in the southeast United States.   

We work with the USDA Forest Service to focus 

on understanding the biology of Eucalyptus to 

examine the species as a biofuel crop 

alternative in the region.  Eucalyptus is grown in 

other regions of the world and can be very 

productive however it has been associated with 

high water consumption.  Water requirements for 

Eucalyptus plantations in the SE US are largely 

unknown.  Generally, then, our objective is to 

quantify water as well as nutrient use for 

Eucalyptus benthamii.   

More specifically our objectives are to:    

1.Quantify stand water use, water use efficiency 

(WUE), nutrient use, nutrient use efficiency 

and tree growth for nine year old stands of E. 

benthamii and Pinus taeda. 

2.Define mechanisms for regulating stand water 

use.  Mechanisms examined will be 

physiological (photosynthesis, stomatal 

conductance), morphological (leaf area, 

specific leaf area, crown shape), and 

structural (biomass allocation, rooting 

depth). 

3.Parameterize the 3-PG process model for E. 

benthamii in the US. 

Treatments and Experimental Design 
We are working at the MWV Ravenel Nursery Site 

where adjacent nine-year-old E. benthamii 

(Figure 1) and P. taeda stands are planted.  

Twelve trees of each species were instrumented 

with Granier-sap flow probes and automated 

Figure 1.  Nine-year-old Eucalyptus benthamii stand in South 

Carolina. 

 

Figure 2. To improve water use estimates, sap flow probes were 

calibrated for each species.  There was considerable deviation 

from the standard equation used in estimating water use. 
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dendrometer bands to measure sap flow and 

diameter growth.  Plots were established around 

sap flow trees to measure stand growth and 

permit scaling to an area basis.  Modeling work 

requires meteorological data so temperature, 

radiation, precipitation, relative humidity, soil 

moisture and wind speed and direction are 

measured on site.     

Current Status 
Trees were instrumented in January 2013 and  

meteorological equipment was installed in April 

2013.  A destructive harvest was completed on 

adjacent trees to quantify above and below 

ground biomass and rooting depth in April 2014.  

Probe calibration was completed in Summer 

2014 for both species (Figure 2).  Our site is an  

installation in the RAFES network which is 

described in a separate report.  Monitoring and 

maintenance of the study continues.   

 

Results 
Probe calibration deviated substantially from 

published equations.  Monthly transpiration on a 

ground area basis was higher for E. benthamii 

than for P. taeda in 2013 especially in late 

summer and fall (months 9 and 10) (Figure 3). 

Annual water use in 2013 was 27% greater in E. 

benthamii than P. taeda (Figure 4).  Annual stem 

increment was correlated with water use 

however E. benthamii had 21% greater WUE 

than P. taeda (Figure 5).  Eucalyptus benthamii 

had higher leaf scale transpiration and less strict 

stomatal regulation than P. taeda.  Annual 

water use as a fraction of precipitation was  0.92 

and 0.67 for E. benthamii and P. taeda,, 

respectively. Although the same age, E. 

benthamii was at a later stand development 

stage (growth was slowing).  A freeze in 2014 

killed all E. benthamii foliage but more leaves 

were produced in spring.     

Future Plans 
We monitored  E. benthamii foliage recovery in 

2014 after the freeze.  We plan similar work on a 

younger stand of eucalyptus and pine to 

quantify how these traits vary during the rotation.  

Nutrient determinations will be completed on 

tissue samples from the biomass harvest.     
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 Figure 3. Monthly transpiration for nine year old Eucalyptus 

benthamii (black circles) and Pinus taeda (red circles) for each 

month in 2013.  E. benthamii monthly transpiration was 29% 

greater than P. taeda. 

Figure 4. Total annual water use for E. benthamii was 27% greater 

than P. taeda in 2013. 

 Figure 5. Eucalyptus benthamii had greater water use 

efficiency than P. taeda. In 2013.   
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*Sentinel-2 Leaf Area Index Estimation for Pine Plantations in the 

Southeastern United States 
Chris W. Cohrs, Rachel L. Cook, Josh M. Gray, Timothy J. Albaugh 

Introduction  

Leaf area index (LAI) is an important biophysical 

indicator of forest health that is linearly related 

to productivity, serving as a key criterion for 

potential nutrient management. A single 

equation was produced to model surface 

reflectance values captured from the Sentinel-2 

Multispectral Instrument (MSI) with a robust 

dataset of field observations of loblolly pine 

(Pinus taeda L.) LAI collected with a LAI-2200C 

plant canopy analyzer. Sentinel-2 refers 

specifically to two satellites—Sentinel-2A and 

Sentinel-2B—which have both been 

operationally in-orbit since the launch of 

Sentinel-2B in early 2017. Most recently, the LAI 

of loblolly pine was calculated via Landsat 8 

satellites using the simple ratio (SR) index. 

Compared to Landsat 8, an advantage Sentinel

-2 provides for forest management is its four 10 

m spatial resolution bands, which are sensitive 

to near-infrared (NIR), red, green, and blue 

electromagnetic radiation. Furthermore, the five

-day revisit time of Sentinel-2 creates a higher 

probability of producing cloudless imagery in 

the winter compared to the 16-day return rate 

for Landsat 8. Because visible background is a 

known issue for the retrieval of LAI and similar 

biophysical variables, classification may allow 

for the discrimination of sites saturated by 

undesired background content. Support vector 

machine (SVM)-supervised classification was 

used to improve the model fit by removing plots 

saturated with aberrant radiometric signatures 

that would not be captured in the association 

between Sentinel-2 and LAI-2200C.  

 

Study Objectives 

1.Identify and model surface reflectance values 

captured from Sentinel-2 with field 

observations of loblolly pine LAI collected 

with a LAI-2200C; 

2.Conduct sensitivity analysis to quantify model 

variance incurred from silviculture intensity, 

density, and genetics. 

 

Research Sites and Field Data 

Our model incorporated a high number of 

validation plots (n = 292, see Tables 1 and 2) 

spanning from southern Virginia to northern 

Florida across a range of soil textures (sandy to 

clayey), drainage classes (well drained to very 

poorly drained), and site characteristics 

Figure 1. Location map of the three sites used for field 

validation in this study. Latitude and longitude coordi-

nates indicate the approximate center location(s) for 

each site.  
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common to pine forest plantations in the 

southeastern United States (Figure 1).  

 

T h e t ra in ing 

d a t a s e t (Tables 1 

and 2) included plot-level treatment metrics—

silviculture intensity, genetics, and density—on 

which sensitivity analysis was performed to 

inform model fit behavior.  

Results 

The following equation was determined to be a 

generally applicable base model for loblolly 

pine plantations in the southeastern United 

States:                 

 

 

The resulting equation displayed good 

performance (R2 = 0.81, RMSE = 0.36) at 

estimating the LAI for loblolly pine within the 

analyzed region at a 10 m spatial resolution 

(Figure 2). Plot density, particularly when there 

were ≤618 trees per hectare, was shown to 

impact model performance, causing LAI 

estimates to be overpredicted (to a maximum 

of Xi + 0.16). Silviculture intensity (competition 

control and fertilization rates) and genetics did 

not markedly impact the relationship between 

SR and LAI. Based on our analysis, a reasonable 

range of accuracy in estimating LAI at a 10 m 

spatial resolution is ± 0.4  Results indicate that 

Table 1. Silvicultural and generalized management history of datasets used in analysis.  

Dataset ID 
Year Planted 

(Tree Age) 

Planting Density  

(Trees per Hectare) 
Silvicultural Activities Genetics 

RW19-FL 2000 (18) 250, 500, 750, 1235, >1235 
Thinning; 

Fertilization 
Open pollinated 

RW20-VA 2009 (9) 618, 1235, 1835 
Competition Control; 

Fertilization 

Mass-control polli-

nated; 

Open pollinated; 

4 Clones 

RW20-NC 2009 (9) 618, 1235, 1835 
Competition Control; 

Fertilization 

Mass-control polli-

nated; 

Open pollinated; 

4 Clones 

Dataset ID 
(County) 

LAI2200C Range Number of Plots 

RW19-FL 
(Nassau) 

0.81–2.36 40 

RW20-VA 
(Patrick) 

0.89–5.09 144 

RW20-NC 
(Bladen) 

0.92–5.64 108 

Table 2. General location and collection overview of 

field datasets used in analysis.  

Figure 2. Simple Ratio model performance, post-SVM 

and outlier removal. Model-estimated LAI values are 

on the x-axis and field-observed LAI-2200C values are 

on the y-axis. Residuals are visualized by lines drawn 

from the primary linear regression line.  

Figure 3. Comparing the model produced in this article 

(Sentinel-2) against two prior industry standard models 

(using Landsat 7 and Landsat 8) . 
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*Estimating Leaf Area Index from Terrestrial Laser Scanner datasets—

work in progress  

Introduction  

Leaf Area Index (LAI) influences many biological 

and physical processes, such as photosynthesis, 

respiration, transpiration, and light and rain 

interception. There are two main categories of 

methods to derive in situ LAI: direct and indirect 

ones. Direct methods consist of leaf collection, 

such as destructive sampling and litterfall 

collection. These direct methods are generally 

laborious and time-consuming. Indirect 

methods using optical instruments such as LI-

COR LAI-2000, TRAC or digital hemispherical 

photography have been widely used for the 

estimates of LAI. These instruments and models 

are less laborious and can be readily applied 

across large reference sites. The LAI directly 

obtained from these optical instruments is, in 

fact, a plant area index (PAI) which consists of 

both woody and foliar components, however. 

The differentiation between the green and non-

green vegetation versus the background (sky or 

soil) is rather unreliable, since the radiometric 

information from the images is affected by light 

and shadow conditions within a forest. 

Terrestrial laser scanners (TLS) are capable of 

yielding detailed three-dimensional canopy 

structure information when data is collected 

with a high enough pulse density. Because TLS is 

an active sensor, the data can be collected 

without sun illumination, and shadow can be 

ignored. In addition, non-photosynthetic 

materials such as stems and branches can be  

potentially differentiated, so LAI can be 

retrieved instead of PAI.  

Study Objectives 

The goal of this research project was to 

develop methods to analyze TLS data in order 

to estimate the three-dimensional (3D) extent of 

the understory and height of the main pine 

canopy in range of the sensor and assess their 

ability to estimate LAI at the field plot extent.  

Materials and Methods 

A total of 40 field plots were established in the 

Buckingham-Appomattox state forest, VA. The 

overstory species in field plots was exclusively 

loblolly pine (Pinus taeda L.). This is also the 

location of the nitrogen isotope (15N) 

application study. Each field plot was in a 3-by-3 

planted pine tree arrangement, with a 

surrounding 16 tree stems as a buffer. Understory 

presence was variable, from none to dense (40 

ft2 ac-1). Understory species were a mix of 

deciduous and herbaceous species.  

Each field plot was subdivided into quadrants. A 

commercial grade Leica TLS (BLK 360) was set 

up in the center of each quadrant and 

recorded 0-360° horizontally and 0-130° 

vertically (where 0° is vertical). This resulted in 

four point clouds per plot. These clouds could 

be merged based on common reference 

targets. All pre-processing tasks were performed 

using the open source software CloudCompare 

(https://www.danielgm.net/cc/).  

The first step was to explore methods to filter the 

data into photosynthetic and non-

photosynthetic material. In addition to the 

geometric information the TLS sensor returns, 

specifically the 3D coordinates, return-intensity is 

also stored. The TLS used functions on a 

wavelength of 830 nm (infrared). Generally, 

reflectance returned from non-photosynthetic 

material is different than photosynthetic. A  

simple classification of returns based on intensity 

is possible using an automated method (Fig. 1).  

Similar to airborne laser scanner analysis, we 

can aggregate the return points together into a 

3D grid, or voxels, to provide some inference of 

volume. Analysis of the vertical voxel density 

allows us to find the general vertical location of 

overstory and understory. Analysis can then be 

implemented for these layers. For example, Fig. 

2. illustrates the method used to estimate 

understory extent within a field plot via voxel 

density.  

There are currently two methods being assessed 

for the estimation of LAI from TLS datasets. Both 

will be trialed with: (i) all returns and (ii) only 

those returns classified as photosynthetic.  

The first method uses voxels to represent the 

occupied space of photosynthetic and/or 
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woody material. The density of horizontal cover, 

relative to ground cover, should approximate 

our definitions of LAI, i.e. the one-sided green 

leaf area per unit ground surface area. This 

approach will be applied to the datasets 

created from aggregating all four TLS point 

clouds in order to the maximum sampling from 

plot features and ensure occlusion effects are 

minimized. 

The second method is intended to emulate the 

existing methods of estimating LAI from passive 

optical sensors, such as the LAI2200 device. The 

coordinates would be reprojected to a polar 

system, as in Fig. 3. The amount of light, or visible 

sky, could then be estimated. Clumping and 

non-photosynthet ic  mater ia l s  could 

conceivably be accounted for. This approach 

would be applied to point clouds created from 

single TLS scans in order to maintain pulse 

geometric relationships relative to the sensor. 

Conclusions 

The research presented here is intended to 

develop methods for people to quickly 

generate accurate useful metrics. Future work 

will include additional methods, such as the 

automated detection of stem locations, and 

estimating characteristics such as stem taper. 

Additional Resources  

Bremer, M., Wichmann, V. and Rutzinger, M., 2017. 

Calibration and validation of a detailed architectural 

Figure 1. An example of filtering TLS return intensity to classify general materials, such as bark. 

Figure 3. ALS above the sensor returns reprojected to a 

polar projection, emulating passive LAI estimation meth-

ods. Colored by return intensity (Bremer et al., 2017). 

Figure 2. Inferring understory presence and volume using 

3D voxels. This plot of horizontal voxels density allows us to 

infer the presence of the deciduous understory layer. 
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Delineation of individual tree crowns and metric estimation from high pulse 
density airborne laser scanning for variable planting density Loblolly 

pine—Region Wide 20.   

Introduction  

Accurate inventories of forest resources are of 

great economic importance. Such inventories 

require large quantities of spatially explicit 

information, often guided by the current forestry 

management objective. In an attempt to 

reduce costs and potentially sample more of 

the environment, methods have been 

developed for individual tree crown (ITC) 

delineation, an automatic procedure that 

allows the detection of the position, the size, 

and the shape of ITCs in a remote sensing 

scene. Airborne laser scanning (ALS) has 

demonstrated its ability to estimate three-

dimensional (3D) metrics for forest plots with 

high accuracy, and given appropriate pulse 

density should provide sufficient data for this 

task.  

Study Objectives 

The overall goal of this study  was to develop 

new methods of ITC delineation from ALS data 

with a particular focus on estimating tree 

location, height, horizontal extent, and leaf 

area index in an intensively managed Loblolly 

pine (Pinus taeda L.) plantation in the 

southeastern US.  

Materials and Methods 

The study site was established in an 

experimentally varied  Loblolly pine site, located 

at the Region Wide 20 (RW20) trial, Bladen 

Lakes, North Carolina, USA. The site was 

established in 2009. The site was located at an 

ongoing research trial concerning the effects of 

planting density, genetics and silvicultural 

treatment. A total of 72 field plots were 

established equally within this location using 500 

and 750 stems per acre (SPA). Each field plot 

could contain a total of 63 stems (7 rows of 9 

stems). This location provides many types of 

canopy structures, including crown closures, 

within a relatively small spatial extent. 

ALS data was acquired in the summer of 2017 to 

coincide with peak-leaf area. The UAV platform 

used was a Vapor-35 helicopter. A Yellowscan 

LiDAR system was mounted on this craft and 

used to collect data over approximately 1km2. 

the LiDAR system could record up to 2 returns 

per pulse. Data was recorded to the following 

specifications: (i) high positional accuracy 

(<3cm); (ii) a high laser pulse density (>300 

ppm2); and (iii) ±60° scan angle. 

An automated method was developed in the R 

software for the delineation of the 3D extent of 

the individual tree crowns from the ALS point 

cloud data. This process is summarized as 

follows: (i) finding local maxima (tree top start 

positions); (ii) evaluating 3D density of ALS 

returns surrounding these points and classifying 

the 3D extent of the crown; (iii) estimating tree  

crown top height and estimation of horizontal 

extent through alpha-hull fitting; and (iv) light 

penetration indices were computed at the ITC 

level and aggregated to generate estimates of 

LAI using previously published methods (Sumnall 

et al, 2021).  

Results 

An example of the initial results of the new ITC 

classification method are illustrated in Fig. 1.  

ITCs were related to GPS positions of stems in 

the field. The correspondence of correctly 

classified ITCs and field recorded stems ranged 

from 60-100% across all plots with an overall 

average success rate of 80% and root mean 

square error (RMSE 4.8). Error was more 

prevalent in plots with higher stem density (>750 

SPA).  

Field measurements of individual stem height 

were compared to those of estimated for each 

ITC (Fig. 2.). An R2 value of 0.91 was observed 

(RMSE 0.45 m). Field measurements were 

recorded for the horizontal extent in 

perpendicular directions. The area of an ellipse 

was calculated. These generalized elliptical 

areas were compared to ITC alphahull areas 

(Fig 3.) which produced an RMSE 6.6 m2. The 

comparison is unfortunately not equivalent, 

however the statistical relationship was 

significant (p < 0.001). 
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Finally, LAI was estimated per tree and 

aggregated to correspond to plot level field 

estimates of LAI. The comparison yielded an R2 

of 0.92 (RMSE 0.77) (Fig. 4). 

Conclusions 

The ability to accurately account for every tree 

within a given plot was variable due to the 

complex arraignment of interlocking features 

and variability of top heights. Future work will 

need to account for this. Estimates of tree top 

height and LAI, however, were relatively well 

estimated. Future work will experimentally vary 

the pulse density and evaluate the accuracy of 

the metric estimation method for lower 

densities. The intention would therefore be to 

determine the lowest pulse densities while 

maximizing accuracy in order to provide 

recommendations for operational ALS data 

collection, and therefore reduce acquisition 

costs.  

Additional Resources  

Sumnall et al., 2021, Estimating the overstory 

and understory vertical extents and their leaf 

area index in intensively managed loblolly pine 

(Pinus taeda L.) plantations using airborne laser 

scanning. Remote Sensing of Environment, 254, 

p.112250. https://doi.org/10.1016/

j.rse.2020.112250  

Figure 1. An example of a classified ALS point cloud. Each 

color represents a unique ITC ID.  

Figure 2. Corresponding field and ITC measurements of 

individual stem top height. 

Figure 3. Corresponding field and ITC measurements of 

individual crown horizontal area. 

Figure 4. Corresponding field and LiDAR estimates of 

LAI. 
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An example approach for mapping flooded area using Sentinel-1 satellite 

Synthetic Aperture Radar in Google Earth Engine.  

M.J. Sumnall 

Introduction  

Sentinel-1 is a satellite constellation conducted 

by the European Space Agency. This mission is 

composed of a constellation of two satellites, 

Sentinel-1A and Sentinel-1B, which share the 

same orbital plane. They carry a C-band 

synthetic-aperture radar (SAR) instrument which 

provides a collection of data in all-weather, day 

or night. Thus, overcoming a significant limitation 

of satellite multispectral sensors, such as 

Landsat. This instrument has a spatial resolution 

of down to 5 m and a swath of up to 400 km. 

The orbit has a 12-day repeat cycle (8-days in 

tandem).  

There are a wide range of applications for the 

data collected via the Sentinel-1 mission. A few 

of these uses include the estimation of soil 

moisture, flood detection,  subsidence, crop 

height, and leaf area index. Sentinel-1 datasets 

are freely available through the internet. 

Google Earth Engine (GEE) is one such data 

source. 

GEE is a powerful web-platform for cloud-based 

processing of remote sensing data on large 

scales. The advantage mainly lies in its 

computational speed, as processing is 

outsourced to Google’s servers. The platform 

provides a variety of constantly updated 

datasets. No download of raw imagery is 

required. The data is free of charge for research 

purposes, commercial access does require a 

license however. 

Study Objectives 

The goal of this research is to demonstrate the 

usefulness of incorporating Sentinel-1 into future 

projects.  In this basic example, I used SAR data 

to detect areas of potential flooding on or near 

a study site.  

Materials and Methods 

This example will take place in the general 

vicinity of the Regionwide 20 site located in 

Bladen Lakes, NC, USA. A location which saw 

major flooding in September 2018 due to 

Hurricane Florence (Fig.1).  

Two datasets of Sentinel-1 data were therefore 

gathered prior to and after flooding (August 

a n d  O c t o b e r , 

respectively). All 

suitable Sentinel-1 

Leve l -1  G round 

Range Detected 

(GRD) datasets were 

as sem bled and 

merged into before 

and after (Fig.2). The 

p i x e l  v a l u e s 

represented the 

magnitude of SAR 

backscatter (i.e. 

reflection) from a 

feature, which is  

dependent upon a 

variety of surface 

c h a r a c t e r i s t i c s , 

including structure, 

surface roughness, 

and water content.  Figure 1. Trial location encompassing the Bladen Lakes State Forest, NC, USA. 
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If significant changes were detected  between 

the imagery, these pixels were considered 

flooded. A digital elevation model (WWF 

HydroSHEDS) was used to exclude areas with a 

slope ≥ 5°. In addition, the MODIS Land Cover 

Type product available through GEE was 

queried to highlight potentially flooded forested 

areas. 

Results 

The resultant queried datasets and calculations 

input to GEE took less than 30 seconds to 

complete. This time included the generation of 

a map showing the potentially flooded areas 

(Fig 3.)  

 

Conclusions 

This brief overview should help illustrate the 

wealth of potential datasets and analyses 

which can be performed through GEE which 

would be of benefit to various management 

objectives. Future work must explore the 

capability of Sentinel-1 datasets to provide the 

assessment of forest canopy metrics, such as 

height and leaf area index.  

Figure 2. An example of the Sentinel-1 Level-1 GWD backscatter for the cur-

rent area of interest. 

Figure 3. An example of the potentially flooded areas surrounding the State Forest site. Basic land cover types: Co-

niferous (Con.) and Deciduous (Dec.) which intersect the flooded regions are noted. 
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Predicting LIDAR-derived Leaf Area Index in Loblolly Pine Plantations Via 

Satellite Remote Sensing 
 

A. Trlica, R.L. Cook, V. Pasquarella, C. Brown, M. Sumnall 

Introduction  

Leaf area index (LAI) is a key canopy structural 

metric that partly controls the productivity 

potential of forests. Information on LAI in managed 

stands of Loblolly pine (Pinus taeda)can be used to 

predict timber volume increment and assess 

management needs. Traditionally measured from 

ground-based instruments, there is growing interest 

in developing remote sensing techniques to 

accurately estimate LAI on a more routine and 

wider-scale basis. These efforts include approaches 

relating satellite surface reflectance observations 

to ground-based LAI via  linear regression (e.g. 

Cohrs et al. 2020), as well as retrieval algorithms 

developed recently to derive features like LAI from 

LIDAR point clouds (Sumnall et al., 2021). A growing 

body of LIDAR data in the possession of the FPC, 

and the free availability of global-coverage 

satellite data, offer the chance to develop 

predictive techniques for generating current maps 

of canopy LAI from satellite data which could 

prove useful to the forester. 

Study Objectives 

This study pairs data from recent LIDAR flights over 

Loblolly pine plantations in the SE United States with 

Sentinel-2 multispectral imagery to explore the 

scope for using Sentinel-2 to estimate LAI features 

in Loblolly plantations more generally. 

Study Approach 

In January 2018 nine aerial LIDAR acquisitions were 

flown over FPC member forest plantations. 

Corresponding plot boundary and management 

information was provided to the FPC by the 

members. The LIDAR point cloud data was 

processed to produce 20 m estimates of canopy 

LAI and other structural features and identify pixels 

falling within Loblolly stands (Figure 1). We obtained 

simultaneous Sentinel-2 10 m and 20 m resolution 

reflectance data covering these LIDAR flightpaths 

from the ESA Copernicus repository. Sentinel-2 data 

were processed to generate 21 vegetation indices 

(VIs) previously shown to relate to canopy structural 

features.  

We evaluated the linear 

model of Simple Ratio (SR) vs. 

LIDAR-derived canopy LAI, 

shown in previous studies to 

be well correlated with 

ground-based LAI. We then 

used machine learning 

techniques to explore more 

c o m p l i c a t e d  l i n e a r 

predictive models based on 

multiple VIs. We finally 

developed an Artificial 

Neural Network (ANN) 

framework for predicting LAI, 

leveraging training data 

sampled directly from the 

Sentinel-2 archive via 

Google Earth Engine. The 

predictions from the resulting 

Figure 1. Example of plot boundary (A) and LIDAR-derived canopy-only LAI data (B) used 

in this study. 
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“MLAI” 

model 

w e r e 

compared along accuracy metrics to the  

traditional linear models. 

Results 

The Simple Ratio was the best single linear predictor 

of canopy LAI (RMSE 0.691 at 20 m pixel) with a 

similar numeric relationship and error as in previous 

studies (Figure 2). An automated search algorithm 

for multivariate models resulted in an optimal linear 

model with more terms but only slightly improved 

prediction error (RMSE 0.644). Prediction error at the 

scale of individual 20 m pixels was higher than when 

predicting mean values at the stand scale (RMSE of 

0.428 and 0.362 for SR and Optimal models, 

respectively). 

Preliminary predictions made using the MLAI 

model (Figure 3) showed 35% lower error at a 

higher 10 m resolution (10 m pixel RMSE 0.450). 

Improvement in accuracy at the stand scale was 

not as sharp, probably due to the spatial 

convolution inherent in the model training, but was 

still higher than other models (stand RMSE 0.290). 

The MLAI offered the advantage of tapping into 

the online Google data archive and cloud-based 

processing architecture, allowing predictions to be 

rapidly generated for any place and time with 

Sentinel-2 data coverage. 

Conclusion  

This work demonstrates an approach for estimating 

LAI from Sentinel-2 imagery that appears  

reasonably accurate and flexible, especially at the 

stand scale, and may be adapted for understory 

detection with further analysis. The comparative 

difficulty and expense of performing either ground– 

or aerial LIDAR-based LAI measurements offer an 

incentive for developing alternative proxies with 

lower barriers to entry. Our Sentinel-2 modeling 

efforts offer one such bridge. 

References  

Cohrs et al. 2020. Remote Sensing 12: 1406.  

Sumnall et al. 2021. Remote Sensing of Environment 

254: 112250. 

Figure 2. Predicted canopy-only LAI based on a single-

term linear model using the Sentinel-2 Simple Ratio (SR). 

Small dots show individual 20 m pixel values, large dots 

show stand means, and dashed line shows ideal 1:1 pre-

diction line. 

Figure 3. Comparison of LIDAR to Sentinel-2 based estimates of canopy LAI (L to R): LIDAR-derived canopy LAI; 

predictions based on Simple Ratio (SR); predictions from Optimal model using several Sentinel-2 VIs; and predic-

tions generated from the MLAI artificial neural network model. Pixels are 10 m scale. 
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Evaluating remote sensing indices as potential productivity and stand 

quality indicators for Pinus radiata plantations 
 

V.V. Brito, R.A. Rubilar 

Introduction  

Leaf Area Index (LAI) is an important 

physiological parameter that is related to many 

forest ecosystem processes, such as light 

interception, evapotranspiration, nutrient 

cycling and photosynthesis. LAI is also related to 

climate, site factors and stand density at early 

ages, and can therefore be considered a 

measurement of site occupancy, being  usually 

positively related to forest productivity.  Due to 

the importance of LAI,  a substantial amount of 

research has focused on the development of 

tools to indirectly estimate LAI through satellite-

based remote sensing technologies. In order to 

characterize canopy metrics from optical 

remote sensing data, numerous spectral 

vegetation indices (SVIs), have been 

developed to empirically estimate LAI and 

biomass, including Normalized Difference 

Vegetation Index (NDVI), Soil-Adjusted 

Vegetation Index (SAVI), Simple Ratio (SR) and  

Reduced Simple Ratio (RSR). 

Study Objectives 

Since SVIs have been demonstrated to 

correlate well with LAI, which has been 

extensively related to forest productivity, the 

objective of this study was to evaluate the use 

of Landsat 7 imagery derived SVIs ability to 

estimate Monterey pine (Pinus radiate) annual 

productivity from stand establishment to 12 

years of age. In addition, we evaluated their 

potential as complementary tools for improving 

inventory and/or its use as dynamic variables 

for input on hybrid growth and yield models. 

Treatments and Experimental Design 

We conducted the experiment using growth 

measurement data obtained from a Monterey 

pine trial (La Reforma) located in the Central 

Valley of Chile (region wide 7). The stand was 

established in July 2000. Tree height and 

diameter at breast height (DBH) were measured 

annually from 2004 to 2012 for all trees in each 

measurement plot. The RW7 experiment 

investigated the long-term effects and 

interaction of soil preparation (subsoiling), weed 

control up to 2 years, and fertilization treatments 

at establishment on Pinus radiata growth. Four 

different SVIs (NDVI, SAVI, SR and RSR) were 

calculated  for each plot from coincidentally 

acquired Landsat 7 ETM+ datasets. Linearized 

logarithmic models, with volume and volume 

increment as independent variables, were used 

to analyze the relationships with each one of 

the SVIs. Additionally, the coefficient of variation 

(CV) of each SVI was calculated to evaluate its 

value for indirect assessment of stand variability. 

Results 

Field growth measurements showed that, since 

the beginning of the experiment, one year after 

treatment, there were significant differences 

between  weed control (W1) and no weed 

control (W0) treatments (Fig. 1). Mean volume 

Figure 1. Cumulative volume (m3) observed in the experi-

mental trial for W1 (black dots) and W0 (gray dots) plots. 
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response due to weed control was 2 m3 ha-1 at 

year 3 (a 485% difference compared to the no-

weed control treatment) and 35 m3 ha-1 at year 

11 (a 52% difference).   

SVI values were calculated over time, as shown 

in Fig. 2. Since the second year, SVIs at the W1 

plots were significantly higher than at W0 plots, 

reaching a maximum difference of 18% for NDVI 

and SAVI, 21% for SR and 61% for RSR. The higher 

and statistically different (p-value < 0.0001) 

values of SVIs in W1, compared 

to W0 plots, followed the results 

observed for volume responses.  

Al l  the SVIs presented 

significant correlations with 

volume (p<0.0001). They 

differed with respect to their fit 

and goodness of prediction 

however. NDVI and SAVI 

presented narrow ranges 

(respectively 0.18-0.65 and 0.09

-0.31) across the range of 

volume values, but SR and RSR 

were more sensitive to volume 

variation, presenting ranges of 

1.44-4.74 and 0.03-4.61, 

respectively (Fig. 3). 

Volume variability expressed by 

CV differences between 

treatments (weed control vs no 

weed control) were 

e v a l u a t e d  b y 

analyses of SVIs´ CVs 

as indicators of stand 

uniformity. Estimates 

of volume CV over 

time in W1 plots were 

generally lower than 

in W0 plots, but no 

strong relationship 

b e t w e e n  t h e 

evaluated SVI’s CVs 

and volume CV was 

found. Possibly, this 

result is due to the 

small number of pixels 

that constitutes each 

plot, ranging from 2 to 

4 different pixels only.  

Conclusions 

SR and RSR showed 

the highest potential 

to evaluate response 

to weed control effects on LAI. Despite this, SVI´s 

did not present a strong correlation with 

homogeneity in this study, they should be 

considered for larger areas to explore spatial 

variation in wood production. Sensors with a 

higher spatial resolution may provide consistent 

estimates of stand uniformity predictors using 

SVIs and better estimates of silvicultural 

treatment response. 

Additional Resources  

Figure 3. Relationship between NDVI (A), SAVI (B), SR (C) and RSR (D) and an-

nual stemwood volume growth. 

Figure 2. Comportment of NDVI (A), SAVI (B), SR (C) and RSR (D) over time, since the es-

tablishment. Black color represents W1 plots and gray color refers to W0 plots.  
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Special Study: Growth and productivity estimation using the Simple Ratio 

index from Landsat in a Pinus radiata stand at a red clay soil site in Chile 

Introduction 

Leaf area index (LAI) can be used as an 

indicator of forest site productivity, an may be 

considered as a critical factor in forest 

management. LAI is defined as the amount of 

leaf area per unit of ground surface and is 

considered the most important factor in 

absorption of light by forest canopies explaining 

green vegetation ecosystem production. Given 

the great importance of LAI for many ecological 

p r o c e s s e s  ( l i g h t  i n t e r c e p t i o n , 

evapotranspiration, photosynthesis), numerous 

studies have been carried out to estimate this 

index using information derived from remote 

sensing and Spectral Vegetation Indices (SVI). 

To improve the ability to interpret data through 

remote sensors, mathematical operations are 

carried out among bands with the aim of 

obtaining a new band that estimate a 

combined Spectral Vegetation Index (VIs)which 

it is possible to empirically relate to properties of 

forest canopies such as leaf area, leaf biomass 

and light absorption. 

 

One of the first studied vegetation indices was 

the Simple Ratio (SR) showing strong 

relationships with leaf area index (Jordan 1969). 

Later studies in loblolly pine plantations (Flores et 

al. 2006 & FPC RS studies) have also shown the 

applicability of this relationship between SR and 

LAI with great success using Landsat. Given the 

strong relationship validated in several studies, 

we propose the direct use of Vis (SR) as a tool 

for monitoring stand development for 

management decisions and to support local 

relationships with stand productivity. 

 

Study Objectives 

To evaluate growth and productivity changes 

over time and SR from Landsat, as a potential 

tool to monitor stand development that may 

support management decisions in radiata pine. 

Treatments and Experimental Design 

The monitored stand was a RW7 study located in 

the Central Valley of Chile near Mulchén town 

(37° 50´ 43´´S, 72° 20´ 5´´W) at 261 masl. Soil type 

is an old volcanic ash well drained red clay, with 

a mean annual temperature and rainfall of 13.3 

°C and 1100 mm year-1 respectively. The trial was 

established in year 2000 aiming to examine the 

long-term effect of soil preparation, fertilization 

and weed control combinations at 

establishment of radiata pine plantations. The 

experiment considered a complete randomized 

block design with 3 replicates  planted at 1000 

trees ha-1 (2 x 5 m) with measurement plots of  

100 trees. 

Summer free cloud Landsat 5 and Landsat 8 

imagery since year 2000 until 2019 were 

acquired for a 30 x 30 m resolution to provide 

the necessary data to estimate SR over time. For 

each image, Digital Number were converted to 

at-sensor spectral radiation and calculated at 

top of atmosphere reflectance for Simple Ratio 

(SR) estimation consisting of the ratio  between 

the near Infra-red and red bands.  

Given the single and strong response to weed 

control of the trial, we compared the weed 

control treatment response (2 first years of weed 

control) against the control treatment (no 

herbicide applied).  

Preliminary results 

Volume response of the stand showed since the 

beginning significant differences between the 

control and weed control treatments (p <0.05), 

with an increase in volume due to weed control 

ranging from 39% at year 10 to 22% at year 19 

(representing a difference of 68 m3 ha-1,Figure 

1A). The current annual increment (CAI) also was 

greater on the weed control treatment over  the 

time (Figure 1B). The same trend was observed 

for the Simple Ratio from year 4 (p <0.05, Figure 

1C). 

Our results showed two behaviors in the 

relationships between Simple Ratio and CAI. The 

first was a linear trend between both variables 

from age 4 to age 6. A higher slope of the line 

was observed for the weed control treatment 

than in the control for its SR, which is related to 
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higher LAI levels for weed control and higher 

stand growth rates (Figure 2).  

Between year 7 to year 19, the relationship 

presented an asymptotic behavior in both 

evaluated treatments, suggesting that weed 

control treatments may present higher growth 

efficiency than control plots Figure 3). 

Conclusions and Future Direction 

The Simple Ratio index showed strong 

relationships with stand growth at different ages 

and stages of development of plantation 

development, providing interesting information 

on weed control response and opportunities for 

adjusting operational management. SR is a 

simple and quick index that may be used as a 

monitoring tool understanding its value at 

different stages of stand development for 

supporting managers on decision-making. Other 

VIs (eg NDVI, SAVI, among others) will be used to 

evaluate their value using the same approach 

we tested including additional sites to evaluate 

the reliability of these indirect management 

supporting tools. 

 

 

Additional Resources 
Jordan, C. 1969 Derivation of Leaf Area Index 
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Flores et al., 2006 Using multispectral satellite 

imagery to estimate leaf area and response to 

silvicultural treatments in loblolly pine stands. 
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Figure 1. Responses for Stand volume (A), Current annual increment  for Stand volume (B) and Simple Ratio index (C) 

over time for control and weed control treatments in a Pinus radiata plantation at red clay soil site.  

Figure 2. Relationship between Current annual  

increment (CAI) and Simple Ratio index until 6th years in 

a Pinus radiata plantation at red clay soil site. 

Figure 3. Relationship between Current annual  

increment (CAI) and Simple Ratio index since 7th years 

until 19th years in a Pinus radiata plantation at red clay 

soil site. 


