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Abstract

Pine plantations in the southern US have been among the most intensively managed forests in the
world. Their productivity has been enhanced by intensive silvicultural treatments over the past 60
years, and our knowledge about their treatment response has been expanded through long-term
large-scale experimental studies. The analysis of nine long-term loblolly pine (Pinus taeda L.) field
trials resulted in several new findings. For loblolly pine in the southern US, there exist maximum
productivity and maximum response to silvicultural practices. The maximum response was inversely
proportional to the base site quality. The maximum stand basal area (BA) and maximum stand
density index (SDI) were redefined for individual stands. The average maximum stand BA and
maximum SDI were 46.2 m? ha! and 1002 tph, respectively, and both showed significant variation
(30.2—61.7 m? ha'* and 600-1410 tph, respectively). Stand aboveground net primary production
(ANPP) generally increased with increasing site quality, due to increased stand foliage biomass in the
early stage, and mainly due to increased growth efficiency in the late stages of stand development.
More intensive silvicultural treatments increased foliage biomass, thus increased ANPP at early ages;
thereafter silvicultural intensity did not affect foliage biomass, ANPP, and growth efficiency. The
trend of early age increases in both foliage biomass and ANPP resulting from increased planting
density did not hold true with stand development.
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Introduction, scope and main objectives

Pine plantations in the southern US are among the most intensively management 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, fertilization, and the
development of genetically improved seedling stock (Fox et al. 2007a, Jokela et al. 2010, Martin and
Jokela 2004, Zhao et al. 2009a,2009b, 2011). As more and more herbicide and fertilizers are being
used in pine plantations, forestland owners and managers may ask: how much more productivity
can we increase by additional silvicultural treatments, and is there maximum response?

In forestry, maximum stand basal area (BA) and maximum stand density index (SDI) are often used
to express stand carrying capacity or to calculate the relative stand density. However, their
definitions are inconsistent in literature. The previous definitions are associated with an upper
boundary or asymptote of BA observations of a group of stands, without considering development
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differences between individual stands. The second question is: can we define maximum stand BA
and maximum SDI for individual stands?

Numerous studies reported a strong positive relationship between foliage biomass or leaf area
index (LAI) and productivity in young stands. However, stand foliage biomass or LAl in mid- or late-
rotation pine plantations are relatively stable or decreasing. Results for young plantations are not
good predictors for fertilizers or herbicide treatment responses at mid- or late-rotation. The third
guestion is: what are the relationships among foliage biomass, ANPP, and growth efficiency in mid-
rotation plantations?

In this presentation, these three questions will be answered by analyzing long-term growth
monitoring data from nine loblolly pine field studies across the southern United States.

Methodology/approach

Six long-term field studies were used to evaluate growth response to silvicultural treatments, in
terms of site index (Sl) response. Sl response (ASl) was defined as the difference of the expressed Sl
of intensively managed plots minus the base Sl for a given planting density within the same

installations. Then the Sl responses to intensive treatments were regressed to the base Sl using

linear quantile regression: ASI = ér) +,81(T)SIbase +&
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Fig. 1: A scatterplot of 850 observations of change in site index (ASI) and the base site index (Slpase) with 0.99, 0.90, and

0.50 regression quantile estimates for the model AS| = ér) + ,Bl(T)S| base (Zhao et al. 2016).



For individual stands, the development of BA and SDI followed similar patterns: increase to a
maximal then decrease or increase to an asymptote. Therefore, the maximum BA could be defined
as the maximal or asymptotic BA of individual stands. The maximum SDI could be defined in the
same way.

The conditions for individual stands to achieve their maximum BA and maximum SDI were deduced
from the mathematical relationships among stand BA, SDI, the number of trees per hectare (N), and
guadratic mean diameter (Dq) trajectories. Then these conditions were verified using data from six
long-term loblolly pine research studies. The observed maximum stand BA and the ages at which
stands attained their maximum BA were shown in Fig. 2. Effects of silvicultural intensity, planting
density, site quality, and their interactions on the magnitude and timing of maximum stand BA were
analyzed with regression analysis.
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Fig.2: The magnitude and timing of maximum stand BA by silvicultural intensity (operational vs. intensive), site quality
class (H: high-quality; M: mid-quality; L: low-quality), and planting density (PLTPH) (Zhao et al. 2020a).

The relationship between ANPP and foliage biomass in mid-rotation loblolly pine plantations was
investigated using data from 15 non-thinned installations of two silviculture and density studies.
Each installation had 12 plots, a combination of 2 levels of silvicultural intensity (operational and
intensive) and 6 levels of planting density (741, 1483, 2224, 2965, 3706, 4448 TPH). Plots were
measured from 2 to 21 years. Stand aboveground net primary production (ANPP) and foliage
biomass (FB) were calculated for each plot at measurement points (Zhao et al. 2020b). The rules of
planting density, silvicultural intensity, and site quality on stand ANPP and growth efficiency were
investigated using an analysis of covariance (ANCOVA) with linear mixed-effects modeling approach.
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Fig. 3: Relationship between stand aboveground net primary production (ANPP) and foliage biomass when stand age >
15 years by planting density (PLTPH) and site quality class ((H: high-quality; M: mid-quality; L: low-quality) (Zhao et al.
2020b).

Results

26% of the 850 plots that received increased silvicultural inputs did not respond to treatment or
even had a negative response (Fig. 1). The potential Sl increase due to intensive silviculture was
inversely proportional to the base S, indicating greater response on lower quality sites. The
maximum response was defined by the 0.99 conditional quantile given the base SI:

ASI =25.74—-0.81SI. ... There is a maximum Sl for loblolly pine in the southern US that is around 31

m at base age 25 years.

base

Based on the mathematical relationships among stand BA-, SDI-, N- and Dg-age trajectories, it is
derived that stands would achieve their maximum BA only after reaching their maximum SDI. The
observed difference between the age to achieve maximum BA and the age to maximum SDI ranged
from 0 to 12 years with a mean of 1.5 year, which confirmed again that stands would achieve
maximum BA when or mostly after achieving their maximum SDI.

The observed maximum BA ranged from 30.2 — 61.7 m?hal with an average of 46.2 m?ha’; the ages
to attain maximum BA ranged 8 — 30 years with a mean 20 years (Fig. 2). Maximum SDI also showed
significant variation (600 — 1410 TPH) with an average 1002 TPH. Stands that achieved higher
maximum SDI would achieve higher maximum BA. With information of site quality, initial density
and silvicultural treatments, the magnitude and timing of maximum BA could be estimated (Zhao et
al. 2020a).



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; after age 12 this trend did not hold true.

Regardless of initial density, silviculture and site quality, the ANPP-FB relationship in loblolly pine
plantations was very strong before age 8 years, moderately strong over ages 8-15 years, and very
weak after age 15 years. Further analysis indicated that the ANPP-FB relationship after age 15 years
was significantly affected by site quality, but not by silvicultural intensity or planting density (Fig. 3).
Loblolly pine plantations on higher quality sites had higher growth efficiency.

Discussion

The positive responses to silvicultural treatments observed on many sites are consistent with results
from past research on the positive impacts of competition control (Miller et al. 2003) and
fertilization (Fox et al. 2007b) on loblolly pine productivity. We found the growth response to
silvicultural management decreased as the base site index increased. Our analysis also found a lack
of a growth response, or a decrease in growth, after silvicultural treatments were applied to some
plots across the range of the base site index. The lack of a marked positive response may be because
the treatment did not provide limiting resources (e.g., fertilization on a site where nutrients are not
limiting productivity or vegetation control on a site with no or very low competition vegetation) or
the trees are limited by some resources other than that provided by the treatment (e.g., fertilization
on a site where soil moisture strongly limits growth).

In most previous studies, the maximum stand BA was used in two different ways: the maximum
stand BA at any age or the greatest maximum stand BA (Yang and Burkhart 2017, 2018). Our new
definition of maximum stand BA from the aspect of stand dynamics can not only provide an actual
(rather than potential) value of the greatest maximum stand BA for a group of stands or region, but
also, more importantly, provide the magnitude and timing of maximum BA and maximum SDI in
individual stands so that we can analyze how site and stand conditions influence them.

Loblolly pine productivity is a function of foliage quantity (Vose and Allen 1988, Albaugh et al. 1998,
Jokela and Martin 2000). The changed growth efficiency with stand development or caused by
silvicultural practices or natural site variability should also be taken into consideration for describing
the relationship. After age 15, for example, operationally managed loblolly pine stands on low-
quality sites maintained considerably more foliage biomass but still had lower ANPP than intensively
managed stands on high-quality sites, because of lower growth efficiency on low-quality sites. More
intensive treatments increased foliage biomass, thus increased ANPP at early ages (i.e., before age
10), thereafter did not affect foliage biomass, ANPP, and growth efficiency. This early “push” effect,
especially on higher quality sites did not guarantee higher yields, because site quality and most
silvicultural treatments that increase early growth of pine stands are associated with increased
mortality rates.

Conclusions/ wider implications of findings

For loblolly pine plantations in the southern US, there are a maximum Sl and a maximum response
to silvicultural treatments. Maximum Sl and maximum response mean that the productivity



potential and thus carbon sequestration potential of loblolly pine plantations may be finite and can
be defined. A large potential response to silviculture on poor quality sites and a small response on
high quality sites suggest we can optimize silvicultural prescriptions for specific sites (precision
silviculture).

New maximum stand BA and maximum SDI are defined for individual stands. Stands would achieve
their maximum BA only after reaching their maximum SDI, which has been theoretically proved and
empirically verified. Although both maximum stand BA and SDI showed significant variation, their
magnitude & timing could be estimated with the information of site quality, initial density, and
silviculture. The maximum stand BA and maximum SDI identified from the aspect of individual stand
development could provide a realized carrying capacity for individual stands, which are critical for
developing site-specific (even stand-specific) management regimes such as thinning intensity and
timing.

Loblolly pine ANPP increased with increasing site quality, due to increased foliage biomass at early
ages, and thereafter due primarily to an increase in growth efficiency. More intensive treatments
increased foliage biomass and thus increased ANPP at early ages. Thereafter more intensive
treatments did not alter stand foliage quantity, ANPP and growth efficiency. Both foliage biomass
and ANPP increased with increasing planting density at early ages, and thereafter density-induced
differences in foliage biomass, ANPP, and growth efficiency were less pronounced.

As pine plantation management is shifting from short-rotation production of fiber back to long(er)-
rotation management for high-value solid wood products, intensive silvicultural practices currently
implemented in young stands need to be modified and optimized. The new findings of long-term
responses to intensive silvicultural treatments and responses to mid- or late-rotation treatments
help us develop site-specific management regimes.
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