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Highlights

• Maximum response to silviculture 

• Maximum stand basal area (BAMAX) & 
maximum stand density index (SDIMAX)

• Stand foliage biomass, aboveground 
net primary production (ANPP), & 
growth efficiency during mid-rotation 
stage 
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• Southern pine plantations are among the most intensively managed 
forests in the world

• Over the past 60 years, the productivity of pine plantations has 
tripled, due to intensive silvicultural treatment including site 
preparation, competition control, and fertilization 

Introduction  

• Question I: How big potential of site productivity 
can we increase? 
• Is there maximum response to silvicultural treatment 

in the southern US?

• How the responses change in different sites?
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• SDIMAX and BAMAX are often used to express stand carrying capacity or to 
calculate relative stand density – SDI/SDIMAX or BA/BAMAX

• SDIMAX of 1100 TPH (450 TPA) for loblolly pine, not necessarily typical 

• Observed SDIMAX: 600 – 1410 TPH

• %SDI used to set thinning intensity and timing, which SDIMAX should be 
used?
• 1100 TPH or stand-specific SDIMAX

• BAMAX: the highest stand BA, asymptotic BA, or stand-specific BAMAX

• Question II: How to define and estimate BAMAX & SDIMAX for individual 
stands?

Introduction  
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• Numerous studies reported a strong positive relationship between foliage 
biomass or leaf area index (LAI) and productivity in young stands
• Most silvicultural treatments that increase growth of pine stands are 

associated with increased foliage biomass

• As stands develop, however, foliage biomass or LAI become relatively stable

• Thus, the early-age strong positive relationship might no longer hold 
true

• Question III: What are the relationships among foliage quantity, ANPP, and 
growth efficiency, as effected by planting density, cultural intensity and site 
quality during mid-rotation stage 

Introduction  
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Methods for answering question I

• Data from six long-term studies were analyzed using linear quantile regression to 
estimate changes in SI as a function of the base SI: 

• ∆SI as the difference of the expressed SI of intensive managed plots minus the 
base SI for a given planting density within the same installation

( ) ( ) ( )

0 1 base
SI SI     = + +
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Results – Maximum Response

➢26% of the 850 plots that received 
increased silvicultural inputs did 
not respond to treatment or even 
had a negative response.  

➢The potential SI increase due to 
silviculture is inversely proportional 
to the base SI.
➢Higher response on lower quality 

sites.

➢The maximum response line 
defined by the 0.99 conditional 
quantile given the base SI

25.74 0.81 baseSI SI = −
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➢There is a maximum SI for 
loblolly pine in the South that 
is around 31 m (100 ft).

➢The realized maximum site 
index: 25.74 0.19 baseSI+

Results – Maximum Response
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Sub-summary

• Maximum site index and maximum 
response mean that the productivity 
potential and thus carbon sequestration 
potential of loblolly pine plantations 
may be finite and can be defined.

• The potential SI increase due to 
silviculture is inversely proportional to 
the base SI

• We can optimize silvicultural 
prescriptions for specific sites (precision 
silviculture)  
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• BA and SDI of individual stands have similar development patterns: a unimodal 
curve with a maximal value or an increasing curve with an asymptote 

• Thus, BAMAX (or SDIMAX) can be defined as the maximal or asymptotic BA (or SDI) in 
individual stands 

Methods for answering question II – BAMAX & SDIMAX
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• First, from relationships among BA-, SDI-, N-, & Dq-A trajectories, we derive 
the conditions for individual stands to achieve their BAMAX & SDIMAX

Methods – Theoretical Analysis
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• Theoretically proved that stands would achieve their BAMAX only after 
reaching their SDIMAX
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Methods – Empirical Verification

551 unthinned plots that were planted at the density of ≥ 741 TPH with genetically improved 
planting stock and last measured at age ≥ 18 years were selected; and grouped into three 
classes: Low-quality (SI < 24.0 m), Mid-quality (24.0 ≤ SI < 28.0 m), High-quality (SI ≥ 28.0 m)

• Then, using six long-term loblolly pine experimental studies to verify 
these conditions
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•

Results – Maximum BA & Maximum SDI

BAMAX ranged 30.2–61.7, average 46.2 m2 ha-1 

ABA_MAX ranged 8–30 years, average 20 years

1 2 3 2

1 1 2 2 3

38.966 5.381 12.083( ) 3.056 6.219

                                4.012 6.052 8.519( )

MAXBA d d d S M

d M d S d d M

= + + + − +

− + − +

_ 2 3 1 221.779 2.768 4.407 2.156( )BA MAXA d d S S M= − − − +

• With information of site quality, initial 
density and silvicultural treatments, the 
magnitude & timing of BAMAX could be 
estimated:
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• SDIMAX showed significant variation (600–
1410 TPH) with an average 1002 TPH
• Recall, Reineke proposed a SDIMAX of 1110 TPH 

for loblolly pine

• Stands that achieved higher SDIMAX would 
achieve higher BAMAX

• Stand BA & SDI are linked through Dq-(2+b)

Results – Maximum BA & Maximum SDI
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• Comparison of ABA_MAX and ASDI_MAX confirmed that stands would achieve BAMAX when or 
mostly after achieving their SDIMAX

• Comparison of BAMAX and BASDI_MAX confirmed that when stands reach their SDIMAX, their BA 
still increase 

Results – Maximum BA & Maximum SDI
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• BAMAX (SDIMAX) is defined as the maximal or 
asymptotic BA (SDI) in individual stands

• The new definitions could provide a 
realized carrying capacity for individual 
stands

• BAMAX ranged 30–62 with a mean 46 m2/ha

• SDIMAX ranged 600–1410 with a mean 1000 
TPH  

• The magnitude & timing of BAMAX (or 
SDIMAX) could be estimated with the 
information of site quality, initial density, 
and silviculture

Sub-summary
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• The relationships between ANPP and crown structure, especially during mid-
rotation stage

• 15 non-thinned installations from two culture/density studies

Methods for answering question III
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• 2 × 6 plots per installation: 2 levels of cultural intensity (Operational vs. 
Intensive) and 6 levels of planting density (741, 1483, 2224, 2965, 3706, 4448 
TPH)
• Each tree tagged

• Measured at 2, 4, 6, 8, 10, 12, 15, 18, 21 years

Methods for answering question III
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Results – Average stand height (H), crown length (CL) & crown ratio (CR)
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• More intensive treatments increased both H & CL, did not affect CR
• Stands on higher quality sites had larger H & longer CL, but site quality did not affect CR
• Planting density did not significantly affect H before age 8; after age 10, H decreased with increasing 

planting density
• Planting density significantly affected CL & CR; lower planting density, longer CL 



• No significant effects of cultural intensity or planting density on RFB, but site quality significantly affected 
RFB; stands on higher quality sites had smaller RFB

• RSCB was significantly affected by site quality and planting density, but not by cultural intensity; stands 
planted at higher densities or on higher quality sites had greater RSCB
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Results – Foliage to branch biomass ratio (RFB) & stem to crown 
biomass ratio (RSCB)
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More intensive culture or high-quality sites 
were associated with more foliage biomass at 
early ages, thereafter the relationship became 
more complex

More intensive stands or stands on more 
productive sites raised to a smaller maximum 
FB in earlier ages and then flattened  

Planting density significantly affected FB in 
early ages, then not significant in operational 
stands or on low-quality sites 

Results – Foliage Biomass (FB)
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ANPP of operational stands increased over age 
4-18 years, thereafter, decreased

ANPP of intensive stands flattened before age 
12 on high-quality sites, or increased until age 
12 then decreased on low-quality sites

In general, ANPP increased with increasing site 
quality

ANPP increased with increasing planting 
density at early ages, then  the trend did not 
hold true anymore

Results – Aboveground Net Primary Production (ANPP)
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• Regardless of initial density, 
culture and site quality, the 
ANPP-FB relationship was
• very strong before age 8 

years

• moderately strong over age 
8-15 years

• very weak after age 15 years

Results – Relationship between ANPP and FB over time
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• Higher growth efficiency on higher quality sites

Results – Relationship between ANPP and FB after age 15 years

H:  2.628

M: 5.5 8

3.

06 2.29
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NPP FB

= +

= +

= +
After age 15, the ANPP-FB relationship was 
significantly affected by site quality, but not 
by culture or planting density.

2 12.628 2.878 (2.298 1.318 )ANPP SI SI FB= + + +
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• Loblolly pine ANPP increased with increasing 
site quality, due to increased FB at early ages, 
and thereafter primarily due to increased 
growth efficiency.

• More intensive treatments increased FB and 
thus increased ANPP at early ages, and 
thereafter did not alter stand FB, ANPP, & 
growth efficiency.

• Both FB & ANPP increased with increasing 
planting density at early ages, and thereafter 
density-induced differences in FB, ANPP, & 
growth efficiency were less pronounced.  

Sub-summary
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