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ARTICLE INFO ABSTRACT

Article history: With an increasing fraction of the world’s forests being intensively managed for meeting humanity’s need
Received 30 December 2014 for wood, fiber and ecosystem services, quantitative understanding of the functional changes in these
Received in revised form 4 May 2015 ecosystems in comparison with natural forests is needed. In particular, the role of managed forests as

Accepted 15 May 2015

Available online 26 June 2015 long-term carbon (C) sinks and for mitigating climate change require a detailed assessment of their car-

bon cycle on different temporal scales. In the current review we assess available data on the structure and
function of the world’s forests, explore the main differences in the C exchange between managed and
unmanaged stands, and explore potential physiological mechanisms behind both observed and expected
changes. Two global databases that include classification for management indicate that managed forests
are about 50 years younger, include 25% more coniferous stands, and have about 50% lower C stocks than
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Fertilization unmanaged forests. The gross primary productivity (GPP) and total net primary productivity (NPP) are
Soil carbon sequestration the similar, but relatively more of the assimilated carbon is allocated to aboveground pools in managed
Trade-offs than in unmanaged forests, whereas allocation to fine roots and rhizosymbionts is lower. This shift in

allocation patterns is promoted by increasing plant size, and by increased nutrient availability.
Long-term carbon sequestration potential in soils is assessed through the ratio of heterotrophic respira-
tion to total detritus production, which indicates that (i) the forest soils may be losing more carbon on an
annual basis than they regain in detritus, and (ii) the deficit appears to be greater in managed forests.
While climate change and management factors (esp. fertilization) both contribute to greater carbon
accumulation potential in the soil, the harvest-related increase in decomposition affects the C budget
over the entire harvest cycle. Although the findings do not preclude the use of forests for climate
mitigation, maximizing merchantable productivity may have significant carbon costs for the soil pool.
We conclude that optimal management strategies for maximizing multiple benefits from ecosystem ser-
vices require better understanding of the dynamics of belowground allocation, carbohydrate availability,
heterotrophic respiration, and carbon stabilization in the soil.

© 2015 Elsevier B.V. All rights reserved.

Contents
1. Background: the role of managed forests in land surface carbon exchange. . .. ... ... ..ttt ittt 125
1Y (53 o Lo T P 127
2.1, Defining “Managed forests” . . ... ..ttt et e e e e 127
D 0 1<) - Lo U (B (U 127

* This article is part of a special issue entitled “Carbon, water and nutrient cycling
in managed forests”.
* Corresponding author.

E-mail addresses: anoorme@ncsu.edu (A. Noormets), daniel.epron@
univ-lorraine.fr (D. Epron), jdomec@ncsu.edu (J.C. Domec), steve_mcnulty@ncsu.
edu (S.G. McNulty), trfox@vt.edu (T. Fox), ge_sun@ncsu.edu (G. Sun), john_king@
ncsu.edu (J.S. King).

http://dx.doi.org/10.1016/j.foreco.2015.05.019
0378-1127/© 2015 Elsevier B.V. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.foreco.2015.05.019&domain=pdf
http://dx.doi.org/10.1016/j.foreco.2015.05.019
mailto:anoorme@ncsu.edu
mailto:daniel.epron@univ-lorraine.fr
mailto:daniel.epron@univ-lorraine.fr
mailto:jdomec@ncsu.edu
mailto:steve_mcnulty@ncsu.edu
mailto:steve_mcnulty@ncsu.edu
mailto:trfox@vt.edu
mailto:ge_sun@ncsu.edu
mailto:john_king@ncsu.edu
mailto:john_king@ncsu.edu
http://dx.doi.org/10.1016/j.foreco.2015.05.019
http://www.sciencedirect.com/science/journal/03781127
http://www.elsevier.com/locate/foreco

A. Noormets et al./Forest Ecology and Management 355 (2015) 124-140 125

b0 O @) (oo | I - Y 1< P 127

2.4, Data coverage and analyses . . . ...ttt e e e e e e e e 127

3. Results and diSCUSSIONS . . . . ..ottt ettt ettt e e e e e et e e e e e e e e e e e e e e e e e e e e 128
3.1. Key differences between managed and unmanaged forests’ carbon cycles. . .......... .. . i e 128

S B 1<) = L 3 (PP 129
4.1. Climate effects on productivity, belowground flux and soil carbon. . .. ......... ... e it 129

4.2, Factors altered by management and their effect on carbon Cycling . ....... ... e et 130
4.2.1. Nutrient availability/fertilization. . . .. ... ... . e 130

4.2.2.  Soil distUrbanCe . . . .. ... .o e e 130

4.2.3. Stand structural disturbance and age . ... ... .. . i e e e 131

424, Genetic and SPecies SEleCtION . ... ... .ttt e e e e e e 132

0 TR |V T 1 00 13 v L 132
4.3.1. Allocation, heterotrophic respiration and soil Carbon .. .. ... .. ...ttt e 132

4.3.2. Net ecosystem productivity and long-term carbon sequestration in soil............. .. .. i 134

4.4, SOil CarbOn AYMAIMICS . .\ ottt ittt ettt et ettt e e e e e e e e e e 134

S TR 11 10105 T 1 /AP 135
6. Final remarks. Balancing forest productivity with carbon sequestration inthe soil ... ...... ... ... ... . . i, 135
ACKNOWIBA@EIMEIIES . . . . ittt ettt ettt e et e et e et e e e e e e e e e e e e e e e e e e 136

0 23S 1 Lo PP 136

1. Background: the role of managed forests in land surface
carbon exchange

Increasing global population and expanding land use mean that
an ever greater percentage of human need for wood products is
being met by managed forests (Foley et al., 2005; see Section 2.1
for definitions). Currently, about 7% of world’s forests are planta-
tions and 57% are secondary forests recovering from anthropogenic
disturbance (FAO, 2010). From 2000 to 2005 the rate of increase in
the area of planted forests was 2% yr~! and is accelerating (FAO,
2009), whereas total forest area decreased at a rate of about 2%
per decade. A recent analysis of Landsat TM data series concluded
that forest use is intensifying in time (Hansen et al., 2013). For
example, 30% of the forestland in the southeastern US was
harvested and re-grown between 2000 and 2012. While the exact
interplay between factors effecting forest cover change vary by
region, and can respond to both local development and global eco-
nomic forces (Drummond and Loveland, 2010), the trends
described above are likely to continue unless the valuation of forest
products and services changes dramatically.

As the primary metric of a forest’s value has been its mer-
chantable volume, plantation forestry has long selected species
and genotypes to maximize productivity. For the most intensively
studied species, such as loblolly pine (Pinus taeda), it has been esti-
mated that a typical plantation is about 3-5 times more productive
than a natural stand, and that growth gains of up to 20-fold can be
achieved in intensive culture and outside the species’ natural range
(Cubbage et al., 2007; Ryan et al., 2010). Fox et al. (2007a) esti-
mated that, on average, the productivity of commercial P. taeda
plantations is more than 4-fold higher than of natural P. taeda
stands, with planting, site preparation, competition control, fertil-
ization and genetic improvement contributing 13%, 10%, 13%, 17%
and 23% of the total productivity, respectively. The productivity
of eucalypts in Brazil has nearly doubled over the past 20 years,
owing to intensive management techniques (Goncalves et al.,
2013). However, in global databases the management effects are
confounded with temperature (Litton et al., 2007), and it remains
unclear, whether or how the contribution of forests to global C
cycling may change with their transition from natural to managed
state (Piao et al., 2009; Stinson et al., 2011). It is the goal of the
current study to review the evidence of the effects of
management-induced changes on the shifting background driven
by climate change factors, so as to allow for an improved
mechanistic understanding of the causes of differences between
the forests of the pasts and those of the future.

Of the explicit management-related effects, the increased
frequency of disturbance makes for a very dynamic and rapidly
changing biogeochemical exchange, such that where age-related
variability may be the predominant source of spatial variation
(Desai et al., 2008), which on the global scale explains more than
90% of the variability in net ecosystem productivity (NEP;
Pregitzer and Euskirchen, 2004). Furthermore, much of the high pro-
ductivity of the forests in eastern USA over the past half a century is
attributed to the wide-spread conversion of forests to and later
abandonment from agricultural use (Birdsey et al., 2006). The aggra-
dation effect has been amplified by global change factors like
increasing CO, concentration, temperature and nitrogen deposition,
but harvesting and age-related recovery dominate as drivers of C
fluxes in comparison with resource availability and genetic factors.

There are significant changes in forest structural and functional
traits as related to age (Law et al., 2001a,b; Noormets et al., 2006,
2007), which have been recognized as having far greater influence
on forest productivity and C exchange than climate (King et al.,
1999a; Pregitzer and Euskirchen, 2004; Magnani et al., 2007).
However, it is not only productivity that is altered during the
harvesting and management cycle. Long-term accumulation/
sequestration of carbon in the ecosystem is determined by the
magnitude and types of input (which is part of the management
strategy), and the magnitude and pathway of losses, which in turn
depend on various C stabilization mechanisms. The allocation of
carbon to the production of different organs changes dramatically
during stand development, with greater allocation belowground
early in the development (King et al., 1999a, 2007; Genet et al.,
2010). Second, the stimulation of ecosystem respiratory losses
following a harvest is well documented, and results from a
number of causes, including (i) disturbance of soil (Diochon and
Kellman, 2008; Diochon et al., 2009; Diochon and Kellman,
2009), (ii) production of large amount of dead biomass (Harmon
et al., 1986), (iii) change in the stoichiometry of carbon pools
(Harmon et al., 2011), (iv) changes in the C:N stoichiometry of
the detritus, and (v) changes in the microclimate (Chen et al.,
1993; Noormets et al., 2007). These changes have both short-
and long-term consequences, as they affect both the pool sizes,
and fluxes of carbon between these pools. However, the decompo-
sition of harvest residues sustains both tree growth and soil prop-
erties (Laclau et al., 2010; Versini et al., 2013) and thus contributes
to maintaining ecosystem C stocks (Huang et al., 2013). As none of
these effects are included in the global land surface models, their
estimates of allometric proportions between different C pools are
often inconsistent with observations (Wolf et al., 2011a and
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