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1. Background

As the intensity and true expanse of the effect of human activ-
ities on forests comes to ever sharper focus (Hansen et al., 2013), so
does recognition that the functioning of these affected forests may
differ from unperturbed ones in important ways. In fact, our esti-
mates of global carbon, water and nutrient budgets may depend
on how well we can explain and attribute observed responses of
forest ecosystems to various disturbances and environmental forc-
ing. Birdsey and Pan (2015) review in the current issue the ways
and extent to which forests have changed over recent decades
and summarize the expected implications for global carbon stocks.
Although direct effects through forest management activities are
only one and, as of now, still spatially limited (7% of global forest
area; FAO, 2010) mode of human influence on forest function, for-
ests cultivated for timber and wood products production represent
a significant point on the spectrum, and offer some insight to how
land surface processes may change as human demands on these
ecosystems increase (Fig. 1).

Although studies of specific management activities, including
fertilization regime, genotypes and species, site preparation and
competition control have been the staple of industrial field trials
for decades, the effect of these changes to ecosystem-level pro-
cesses and land-atmosphere interactions has typically not been
in the focus. Explicit comparisons of management effects through
paired sites are rare (but see Herbst et al., 2015 in current issue).
More often extrapolations are based on land use gradients
(Domec et al.,, 2015). Consequently, the differences in the biogeo-
chemical functioning of forests with contrasting management sta-
tus are not very well understood. The first assessments suggest
that the structural differences associated with management may
also explain many functional differences (Herbst et al., 2015;
Noormets et al., 2015; Figs. 2 and 3). That being said, there remain
large uncertainties and inconsistencies how human activities,
including management, are documented in different databases.
Several of the papers included in this issue raised this concern
(Birdsey and Pan, 2015; Foote et al., 2015; Masek et al., 2015;
Noormets et al., 2015). Thus, for faster progress in attributing man-
agement effects and understanding their interactions with envi-
ronmental factors and biological agents, standardized metadata
types will need to be developed and included with major
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databases. Two recent studies have recently called attention to
problems in interpreting global carbon balance estimates that
can be traced to the lack of consistent terminology about land
use history, including management activities (Houghton, 2013;
Pongratz et al., 2014). Standardization and universal classification
across databases would facilitate faster transfer of knowledge from
case studies and site-based parameterization in models (Gonzalez-
Benecke et al., 2015; Templeton et al., 2015; Tian et al., 2015) to
regional and global scales (Masek et al., 2015).

2. Key findings

Among the papers in the current special issue, two common
themes emerged: (i) the contribution of active forest manage-
ment to drought tolerance, including the interaction between
water and nutrient availabilities, environmental factors and biotic
agents (Domec et al., 2015; Law and Waring, 2015; Ward et al.,
2015), and (ii) the potential trade-off between biomass produc-
tion and long-term carbon sequestration (Birdsey and Pan,
2015; Foote et al, 2015; Law and Waring, 2015; Noormets
et al,, 2015). As future climate projections forecast greater vari-
ability in rainfall and longer, more pronounced droughts, forests
are expected to suffer more from both the direct effect of water
limitation, as well as indirect, drought-stress-related pest out-
breaks and mortality. In particular, the greater water needs and
lower root area of fast-growing plantation species (Noormets
et al., 2015) will likely result in narrower safety margin to handle
stress events (Domec et al., 2015), especially in heavily fertilized
plantations (White et al., 2009; Battie-Laclau et al., 2014). Safety
margins are also likely to decrease with increasing stand density
(McDowell and Allen, 2015). The sustainability of fast-growing
plantations may also be compromised when the large amounts
of nutrients removed with biomass at the end of the rotations
are not compensated by nutrient inputs through fertilization,
atmospheric deposition, or nitrogen biological fixation (Laclau
et al., 2010). These findings highlight the need to re-evaluate
the optimization models that guide our assessment of environ-
mental risk factors and the economic costs and benefits of wood
production. In this issue, several authors emphasized the signifi-
cance of interactions between management, environmental and
biological factors (Foote et al., 2015; Law and Waring, 2015;
Vogel et al,, 2015; Ward et al., 2015), which all affect biomass
allocation, and thus exposure and sensitivity to different stresses.
Law and Waring (2015) also emphasized the significance of polit-
ical context that can either facilitate or undo both biological and
management processes.
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Fig. 1. A mosaic of forests of different ages, ownership status and management
levels. Mary’s Peak, Oregon, USA. Photo by Beverly Law.

In addition to affecting root area and access to water resources,
changing allocation patterns (especially belowground) in response
to environmental and management stimuli also has implications
for soil C input, microbial activity, and long-term C sequestration
(Fig. 4). Although belowground C inputs increase with overall pro-
ductivity, the proportional allocation varies as a function of differ-
ent environmental constraints and stand characteristics (Chen
et al, 2013), and the expected correlations between allocation
and pool size may not always be detectable due to time lags and
disturbance effects (Vogel et al., 2015). In the current volume, four
studies report evidence suggesting a trade-off between productiv-
ity and carbon sequestration (Birdsey and Pan, 2015; Foote et al.,

Fig. 2. Unmanaged (top, Hainich) and managed (bottom, Leinefelde) beech forests
in Thuringia, Germany. Management affects the distribution of carbon between
different pools, with implications for fluxes. Photos by Mathias Herbst.

2015; Law and Waring, 2015; Noormets et al., 2015). Although
these two fluxes are correlated and functionally related, equating
them as sometimes mistakenly is done, leads to overestimating
the climate mitigation potential of forests. Quantifying below-
ground carbon pools and fluxes, and understanding their dynamics
under changing environmental and management forcing remains a
topic of large uncertainties. Reducing these will be possible by con-
sidering processes integrated over the entire life (or rotation) cycle
of the forest (Noormets et al., 2012; Nouvellon et al., 2012), which
is easier done in short-lived plantations than in natural forests.
Forests contain large amount of carbon in both plant and soil pools,
and their use in climate mitigation must strive to conditions that
maximize both. Birdsey and Pan (2015) report that the area of for-
ests managed for non-timber products has risen significantly in
recent decades. The full implications of this are not clear at this
point, although some forfeiting of biological and economic produc-
tivity may be required. Four studies in the current issue suggest
extended rotation cycles that would help minimize the distur-
bance-driven losses through heterotrophic respiration (Birdsey
and Pan, 2015; Foote et al, 2015; Law and Waring, 2015;
Noormets et al., 2015). Increasing the rotation length would also
increase the biomass carbon stock (Gonzalez-Benecke et al.,
2015), averaged over stands of different ages that typically consti-
tute managed forest areas (Fig. 1). An assessment of the full poten-
tial of this, and other potential changes to management activities
to balance economic productivity with other ecosystem services
such as carbon sequestration, sustaining soil health and water
resources, is urgently needed. As illustrated in three studies
(Birdsey and Pan, 2015; Law and Waring, 2015; Noormets et al.,
2015), there are costs to pursuing different management goals,
but no ready tools to evaluate the tradeoffs.

Fig. 3. Open canopy structure a year after a thinning operation at the US-NC2
Ameriflux site (lower coastal plain of North Carolina, USA). Gaps left by removing
every third row of trees, as well as subdominant trees within remaining rows allow
vigorous development of understory, which unlike in a typical commercial setting,
was not controlled in this stand. Photo by Bruce Cook.
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Fig. 4. The disturbance from harvest and subsequent site preparation (e.g. bedding)
can trigger a substantial pulse of CO, emissions, lasting for a few years. Long-term
sequestration of C in soils is possible only if carbon inputs to soil over the rotation
cycle offset the harvest-related and baseline emissions. US-NC3 Ameriflux site.
Photo by Michael Gavazzi.

3. Vision of the future

Taken together, these recent studies dealing with the carbon,
water and nutrient cycling in forest ecosystems suggest that man-
aged forests may become more vulnerable to environmental and
biological stresses (McNulty et al., 2014; Law and Waring, 2015;
McDowell and Allen, 2015), and that balancing this risk requires
compromises in economic productivity. As suggested by Birdsey
and Pan (2015), these demands may lead to further specialization
in forest management, whereby the productivity (and the intensity
of management) may continue to grow on elite lands, whereas
managing for non-timber products may prove optimal on more
marginal lands. To capture the biogeochemical dynamics of forests
along the management spectrum with different structural and
functional traits (Noormets et al., 2015), and quantify their contri-
bution to the regional exchange, the next generation earth system
models include capability for species-specific parameterizations
(Pavlick et al., 2013), using both in situ and remotely sensed obser-
vations (Law and Waring, 2015; Masek et al., 2015).
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