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Abstract

Empirical models alongside remotely sensed and station measured meteorological observations are employed to
investigate both the local and global direct climate change impacts of alternative forest management strategies within
a boreal ecosystem of eastern Norway. Stand-level analysis is firstly executed to attribute differences in daily, sea-
sonal, and annual mean surface temperatures to differences in surface intrinsic biophysical properties across conifer,
deciduous, and clear-cut sites. Relative to a conifer site, a slight local cooling of —0.13 °C at a deciduous site and
—0.25 °C at a clear-cut site were observed over a 6-year period, which were mostly attributed to a higher albedo
throughout the year. When monthly mean albedo trajectories over the entire managed forest landscape were taken
into consideration, we found that strategies promoting natural regeneration of coniferous sites with native deciduous
species led to substantial global direct climate cooling benefits relative to those maintaining current silviculture
regimes — despite predicted long-term regional warming feedbacks and a reduced albedo in spring and autumn
months. The magnitude and duration of the cooling benefit depended largely on whether management strategies
jointly promoted an enhanced material supply over business-as-usual levels. Expressed in terms of an equivalent
CO; emission pulse at the start of the simulation, the net climate response at the end of the 21st century spanned —8
to —159 Tg-CO,-eq., depending on whether near-term harvest levels increased or followed current trends, respec-
tively. This magnitude equates to approximately —20 to —300% of Norway’s annual domestic (production) emission
impact. Our analysis supports the assertion that a carbon-only focus in the design and implementation of forest man-
agement policy in boreal and other climatically similar regions can be counterproductive — and at best — suboptimal if
boreal forests are to be used as a tool to mitigate global warming.
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Introduction

Boreal forests cover roughly 14.5% of the land surface
and 27% of the forest area, making them the second
largest forest biome (Gower et al., 2001). The boreal for-
est is one of Norway’s largest renewable resources, the
majority of which is under active management. In addi-
tion to offering a variety of economic, environmental,
and socio-cultural benefits, active forest management
can contribute to climate protection through carbon
sequestration (Canadell & Raupach, 2008; Ciais et al.,
2008; Pan ef al., 2011; Rautiainen et al., 2011; Mackey
et al., 2013) and via the regulation of water and energy
fluxes between the forest surface and atmosphere
(Bonan, 2008; Jackson ef al., 2008; Anderson et al., 2010).
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Strategies to mitigate climate change involving forest
management are often evaluated in terms of their car-
bon sequestration potential without considering biogeo-
physical  implications  (Hudiburg et al, 2011;
Holtsmark, 2012; Lamers et al., 2013) — despite the over-
whelming evidence from climate simulation (Bala et al.,
2007; Bathiany et al., 2010; Davin & De Noblet-
Ducoudré, 2010; Swann et al., 2011) and observation-
based studies (Lee et al.,, 2011, West et al., 2011;
Houspanossian et al., 2013) that such considerations
can be of large importance, particularly at local and
regional scales. Changes in forest cover can alter turbu-
lent energy fluxes (sensible and latent heat) (Chapin
et al., 2000; Amiro et al., 2006, Bond-Lamberty et al.,
2009) as well as the aerodynamic roughness of the land
surface (Steyaert & Knox, 2008; Pongratz et al., 2010;
Pielke et al., 2011) which can have local direct (Juang
et al., 2007; Lee et al., 2011) and global indirect climate
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consequences (Bathiany et al., 2010; Davin & De Noblet-
Ducoudré, 2010; Swann et al., 2010, 2011). In many bor-
eal regions, top-of-the-atmosphere (TOA) radiative
imbalances from surface albedo perturbations can lar-
gely counteract those arising from concomitant changes
to the terrestrial carbon-cycle and atmospheric CO, con-
centrations (Betts, 2000; Randerson et al., 2006; Lohila
et al., 2010; Bright et al., 2011; Pongratz et al., 2011;
Cherubini et al., 2012; O’'halloran et al., 2012). Manage-
ment strategies with climate protection goals therefore
risk being counterproductive when key biogeophysical
factors — notably surface albedo changes — are excluded
from climate impact assessments in these regions (Betts,
2000, 2007; Marland et al., 2003; Jackson et al., 2008;
West et al., 2011; Anderson-Teixeira et al., 2012; Mah-
mood et al., 2013).

Management disturbance like clear-cut harvesting or
species switching alters important biophysical proper-
ties which can have direct consequences on local cli-
mate. For instance, forests have been shown to
dissipate sensible heat to the atmospheric boundary
layer more efficiently relative to open landscapes, owed
to their larger aerodynamic roughness (Rotenberg &
Yakir, 2010; Lee et al., 2011). Forests can also dispel
latent heat more efficiently from the surface relative to
open areas, depending on ambient moisture conditions
and temperature (Baldocchi et al., 2000; Eugster et al.,
2000; Von Randow et al., 2004). Local surface tempera-
tures are affected not only by albedo changes but also
by energy redistribution through convection and
evapotranspiration (Juang et al., 2007; Lee et al., 2011;
Rocha & Shaver, 2011). Their relative contributions
depend on environmental- (i.e. solar radiation, air tem-
perature, water supply) as well as vegetation-depen-
dent physical and structural attributes [i.e. stomatal
conductance, rooting depth, leaf area index (LAI), can-
opy height, etc.]. The latter are modified and shaped
directly by forest management, thus a deeper under-
standing of the relative importance of the various bio-
physical components likely to be affected is required in
the design of climate-effective management policy.

Few studies have integrated biogeophysical compo-
nents alongside carbon-cycle considerations when eval-
uating alternative management strategies directed at
climate protection. Changes to forest management deci-
sion variables affecting harvest age (rotation period) or
regeneration efforts (delayed planting) have been
shown to optimize climate mitigation benefits when
albedo change considerations are taken into account
alongside carbon (Thompson et al., 2009). In addition to
changes in harvest or silviculture regimes, species con-
version has also been proposed as an alternative strat-
egy to leverage biophysical climate benefits of managed
forests in some regions, particularly when deciduous

species replace conifers (Anderson et al., 2010). Summer
and winter albedo of deciduous forests in boreal
regions is generally higher than in conifer forests (Betts
& Ball, 1997; Eugster et al., 2000; Bright et al., 2013;
Lukes et al.,, 2013), and deciduous broadleaf species
typically have higher canopy conductance to heat and
water vapor transfer than conifers in summer (Baldoc-
chi et al., 2000; Eugster et al., 2000; Blanken et al., 2001;
Wang & Dickinson, 2012). Across the boreal forest, the
succession dynamics on upland sites after a natural or
human-induced disturbance is rapid colonization of
deciduous pioneer species (betula spp., populus spp.),
which over time, is replaced by more shade-tolerant
conifer species (picea and abies spp)(Chen &
Popadiouk, 2002). Such rapid colonization by decidu-
ous species can make dominant contributions to surface
energy and carbon fluxes (Van Cleve et al., 1996; Beck
et al., 2011). However, the prevailing industrial forest
management regimes introduced post-1950 in both the
Fennoscandic and Canadian boreal forest have pro-
moted pure conifers (through planting and vegetation
control) after harvest due to a higher economic value,
and on average, higher wood production (Kuuluvainen,
2009). Despite current practice, the literature illustrates
that management regimes that more closely resemble
the natural dynamics where deciduous species are suc-
ceeded by conifers over time can be economically advan-
tageous (Lieffers & Beck, 1994; Macdonald, 1995; Burton
et al.,2006) and beneficial for ecosystem services such as
biodiversity (Christensen & Emborg, 1996; Fries et al.,
1997; Angelstam, 1998). Hence, in Norway (Granhus &
Fleistad, 2010) and across the boreal belt in general, there
is a significant interest in exploring management strate-
gies that favor deciduous tree species.

Aims

By focusing on boreal Norway, we illustrate how regio-
nal forest management strategies might be better
designed for climate protection when important
biophysical considerations are included alongside car-
bon-cycle dynamics. We firstly execute a stand-level
analysis whereby the relative importance of radiative,
aerodynamic, and physiological properties to devia-
tions in local surface temperature across deciduous,
coniferous, and clear-cut sites are explored analytically
using a combination of meteorological and remotely
sensed observation. The analysis is meant to acquire an
improved understanding of the fundamental drivers of
surface temperature afforded by different forest types
possessing stand attributes shaped by typical manage-
ment practice throughout the case study region. Sec-
ondly, we carry out a regional simulation to investigate
a business-as-usual (BAU) and three alternative forest
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management scenarios for boreal Norway and their
global direct climate consequences when empirically
based predictive harvest and albedo models are
employed in the analysis. The investigated alternative
management strategies involve changes to harvest lev-
els and regeneration regimes that include shifts toward
a higher reliance on natural deciduous regeneration
strategies. Thirdly, we investigate the magnitude of the
future climate-albedo feedback under projected regio-
nal warming linked to representative concentration
pathways (RCPs) 4.5 (Thomson et al., 2011) and 8.5
(Riahi et al., 2011).

The scope of our analysis is restricted to physical
effects resulting from management-induced changes
occurring within the forest; climate impacts linked to
changes in the global supply and demand of wood
products or to emissions connected to wood-product
life cycles are excluded from the analysis as they
require separate, detailed treatment.

Material and methods

Regional Geography and Climate

Inland regions of the south and east have historically been the
most important forestry regions in Norway and are currently
producing almost 75% of the domestic commercial timber
supply. The forest in these regions may be considered part of
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the boreal forest that extends as an almost continuous belt
around the upper northern hemisphere. Managed forests of
the region (Fig. 1) are dominated by Norway spruce (Picea
abies H. Karst.), Scots pine (Pinus sylvestris L.) and Birch (Betula
pendula Roth and B. pubescens Ehrh.), with understory vegeta-
tion often dominated by bilberries (Vaccinium myrtillus L.),
other Vaccinium species, and various herb communities
(Granhus ef al., 2012). Pine is dominant on dryer and poorer
site types, while spruce is often found on more fertile sites.
Birch is a pioneer deciduous species that is found throughout
the forest, and continuous, low-productive birch forests domi-
nate the high elevation areas of the region.

The region experiences a continental climate (‘Subarctic/
Boreal’) characterized by long cold winters with short mild
summers and moderate, seasonally distributed precipitation
(Peel et al., 2007). Where logging activities are concentrated,
snow covers the ground from December through early April
in the lower elevations of the central, southern, and eastern
parts of the region (ca. 200 m) — and from late October
through early May in the northern and western parts of the
region (ca. 800 m) (Norwegian Meteorological Institute, 2013).

Relative contributions to local surface temperature change

Using surface temperature as a metric for the stand-level
analysis, the relative local direct climate change contributions
resulting from perturbations in radiative, aerodynamic, and
physiological properties in forests are explored analytically
following the approach of Lee et al. (2011) with the following
expression:

> O

Study sites
Meteorological station

Counties
Bl Productive forest

0 30 60 90km

Fig. 1 2D spatial signature of the managed forest area included in the assessment which includes all areas labeled ‘Productive forest’
within the three highlighted counties shown (2.53 Mha in total). Sites included in our stand-level analysis are also indicated.
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where the first, second, and third terms on the right-hand side
of Eqn. (1) give us the approximate contributions to a surface
temperature change from an external albedo change forcing,
an internal energy redistribution linked to aerodynamic
roughness change, and an internal energy redistribution
linked to Bowen ratio (i.e. the ratio of sensible to latent turbu-
lent heat flux) changes, respectively. By identifying sites
within close proximity to a regional meteorological station
and to each other, we are able to combine meteorological and
remote sensing datasets to attribute the relative contributions
by the three main intrinsic biophysical mechanisms to the
observed differences in surface temperature across a young
clear-cut site (harvested 2003), an 80-year coniferous-domi-
nant stand, and a 50-year deciduous-dominant stand over the
period January 2004-December 2009. The sites are assumed to
share the same background climate state, that is, they receive
equal amounts of incoming short- and longwave radiation
and share identical ambient climate parameters like air tem-
perature, vapor pressure, relative humidity, etc. See Support-
ing Information for additional site and methodology details
surrounding the stand-level analysis and our reformulation of
the Lee et al. (2011) equation [Eqn. (D].

MODIS 8-day Albedo/BRDF product MCD43B3 (Schaaf
et al., 2002) provides gridded estimates of black-sky short-
wave broadband albedo at ca. 1 km? resolution and is used to
compute changes in surface shortwave radiation (ASW) and
net radiation (R,,). Net radiation R, is the difference between
incoming net shortwave radiation and outgoing net longwave
radiation calculated following Allen et al. (1998) using daily
insolation and clearness index data obtained from the NASA
Langley Research Center POWER Project (NASA, 2013). The
8-day composites of MODIS diurnal mean surface tempera-
ture (MOD11A2) (Wan, 1999; Wan & Li, 2008) at ca. 1 km?
resolution are used to estimate the climate sensitivity (1) and
energy redistribution expressions (f) of Eqn. (1).

Bowen ratios (f) are estimated with the sensible heat flux as
the residual of the surface energy balance equation:

_ (R\—LE-G)
b=~ (2)

where LE is the latent heat flux from evaporation and transpi-
ration estimated with an updated 8-day MODIS global evapo-
transpiration algorithm (MOD16A2, ca. 1 km? resolution) (Mu
et al., 2011) and G is the ground heat flux estimated using the
Fraction of Absorbed Photosynthetically Active Radiation
(FPAR) (MOD15A2, ca. 1 km? resolution) (Knyazikhin ef al.,
1999) as a surrogate for fractional vegetation coverage (Los
et al., 2000) together with a soil heat flux ratio for a fully vege-
tated canopy of 0.05 (Monteith & Unsworth, 2008) and a soil
heat flux ratio for bare soil of 0.315 (Kustas & Daughtry, 1990).

Aerodynamic resistance (r,) to heat and momentum trans-
fer is estimated for neutral conditions (stability parameters for
heat and momentum equal zero) following refs. (Allen et al.,
1998; Liu et al., 2007):

)R] e

where z is a reference height of 10 m, k is the von Karman con-
stant (0.41), u the wind speed at reference height (ms™"), d the
zero-plane displacement height (m), or the height at which
wind speed becomes essentially zero in the canopy, z, the
roughness length for momentum transfer, and z, the rough-
ness length for heat transfer. Roughness lengths for momen-
tum z,, and zero-plane displacement heights d are calculated
using empirical models developed by Nakai ef al. (2008) that
are based on stand density SD (trees ha™1), LAI (m? m?), and
mean tree height h(m):

qe <1 B {1 - e);(}l)éthSD)} {1 - e);(I:]E;I(IZLAI)} )h @)

where k; and k, are parameters and LAl is leaf area index, also
taken from MOD15A2 (ca. 1 km? resolution) (Knyazikhin ef al.,
1999). For the deciduous site, a stand density of ca.
1400 trees ha™' and average tree height of 9 m are applied; for
the coniferous site, a stand density of ca. 750 trees ha ! and
average tree height of 15 m are applied; the clear-cut site has a
stand density of ca. 10 trees ha~' (due to tree retention policy)
with a mean tree height from 2004-2010 of 2 m. Roughness
length for momentum is then estimated with the zero-plane
displacement height, tree height, and an empirical constant:

Zm = 0.264(1 — g)h (5)

Following Allen et al. (1998), we assume the roughness length
for heat, z},, is 1/10th of zy,.

The remote sensing products (MODIS) are employed in
their native spatial and temporal resolutions and filtered for
quality, with single pixels centered over each stand. Missing
data are imputed using means of available data for the same
composite date from other years in the 6-year time series In
the rare case when no high quality data for the full 6-year time
series exist for a given composite date, values are linearly
interpreted between the previous and succeeding high quality
values. The gap-filled 8-day MODIS composites are applied
together with the daily meteorological data for each of the
8 days comprising the production period. Uncertainties sur-
rounding the remote sensing products employed are dis-
cussed in Supporting Information.

Scenario and modeling framework descriptions

A 21st-century simulation of harvest rates, albedo, and terres-
trial C-cycle dynamics over 2.53 million hectares of productive
(managed) forest is performed for a Business-as-Usual (BAU)
reference and three alternative scenarios, described in Table 1.
The BAU scenario is designed to illustrate the current timber
extraction practice combined with the current forest regenera-
tion practice whereby newly harvested coniferous sites are
regenerated with the same coniferous species (Picea abies and
Pinus sylvestris). The first alternative scenario (Fig. S1) illus-
trates a management regime where harvested stands are
allowed to naturally regenerate with native deciduous species

© 2013 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12451
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Table 1 Forest management scenario descriptions

Scenario Acronym  Description

BAU 21st century business-as-usual (BAU) harvest rates with coniferous forests artificially regenerated with the
same species as was harvested

S1 Same as BAU except that all harvested spruce- and pine-dominant stands with site indices >14* are allowed to
naturally regenerate with birch

S2 Same as BAU but with the probability of final felling increased by 30%.

S3 Combination of S1 and S2: Increased harvest probability by 30% plus natural birch succession

*Site index is based on the Hyg system, where 14 represents the mean tree height in meters at 40 years breast height age. An Hyg of

14 m is the regional average.

(Betula pen. and Betula pub) rather than be artificially regener-
ated with conifers. The second alternative scenario (Fig. S2) is
intended to illustrate an increased harvest activity which is in
line with the political white papers in Norway (Norwegian
Ministry of Food & Agriculture, 2009). The final alternative
scenario (Fig. S3) is seen as a combination of Fig. S1 and S2
with both an increased harvest level and a practice that pro-
motes natural site regeneration with deciduous species.

Simulations rely on data from the Norwegian National For-
est Inventory (NFI) (Tomter et al., 2010) and a series of empiri-
cally based models for predicting regional harvest rates
(Antén-Fernandez & Astrup, 2012), carbon in live biomass
(Anton-Fernandez & Astrup, 2012), carbon in dead organic
matter and soil (Liski et al., 2005), and surface albedo (Bright
et al., 2013).

Final harvests and thinnings are estimated with an empiri-
cal harvest model (Antén-Ferndndez & Astrup, 2012) that pre-
dicts the probability of harvest for each plot based on forest
attributes obtained from NFI data such as site productivity,
stand age, volume, slope, and proximity to road. The advan-
tage of this type of model is that it produces a realistic esti-
mate of living biomass increments combined with a realistic
forecast of harvest and thinning activity across the landscape
with few assumptions.

The respiration model Yasso (Liski et al., 2005) is applied to
simulate changes in carbon stocks in dead organic matter and
soil pools. The advantage of the Yasso model is that it was
designed to simulate C-dynamics in conjunction with data
from standard forest inventory plots. We use a version that
has been parameterized specifically for our case region as
described in De Wit et al. (2006).

Regression models developed with chronosequences of
remotely sensed albedo observations throughout the region
are employed to estimate changes in surface albedo at
monthly time increments (Bright et al., 2013). The models
require inputs of average stand age, dominant tree species,
and monthly mean air temperature and are capable of predict-
ing monthly mean direct-hemispherical shortwave albedo
with relatively high accuracy, with normalized root mean
square errors (RMSE) ranging from 7 to 8%, depending on the
dominant tree species.

In the BAU scenario, the predictive harvest model (Antén-
Fernandez & Astrup, 2012) determines the harvest and
thinning levels and all harvested stands (final fellings) are

regenerated with the same species as was harvested; in Fig.
S1, harvested coniferous stands with medium site productivi-
ties are regenerated with deciduous species. For the two alter-
nate scenarios with increased initial harvest levels (Figs. 52
and S3), plot-wise harvest probabilities predicted by the har-
vest model are multiplied by 1.3. Multiplying the probability
of harvest by a factor (1.3) implies that the harvest will
increase in the simulation but that the patterns of harvest
across the landscape are maintained. This is analogous to a
simulation where harvest increases are driven by increases in
subsidies or timber prices.

Because the harvest model is a probabilistic model, all sce-
nario outcomes are results of a Monte Carlo simulation exe-
cuted with 1000 runs. The Monte Carlo approach — combined
with the fact that all models employed are empirically based
and have readily available estimates of uncertainty related to
model parameters — provides the ability to estimate model
error in the simulation. However, for simplicity, the model
errors are generally not illustrated in the presented results
(see Supporting Information).

Net Ecosystem Exchange

We apply the definition of Hayes et al. (2012) in calculations of
Net Ecosystem Exchange (NEE) based on forest inventory esti-
mates of stock changes adjusted for the lateral transfer of har-
vest removals:

NEE = ALive + ADOM + HP (6)

where species-specific allometric equations (Marklund, 1988)
are used to estimate changes in C stocks in living biomass
(ALive), and changes in dead organic matter stocks (ADOM)
are derived with the assistance of the soil carbon model
(Liski et al., 2005) parameterized for regional climate condi-
tions (i.e. temperature, soil moisture)(De Wit et al., 2006).
Due to intensive forest management in Scandinavia, distur-
bances from forest fires have been mostly eliminated (Stocks
et al., 1998) and were not simulated, thus only C in biomass
removed from thinnings and final felling disturbances — or in
the harvested product (HP) flux — is considered in estimates
of NEE. In keeping with the conventional definition of NEE,
negative values denote a net sequestration flux by the terres-
trial C-sink while positive values denote a net emission flux
to the atmosphere.

© 2013 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12451
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Global temperature change: Contributions from ANEE
and Aalbedo radiative forcings

The difference in the NEE C-flux (CO, only) between an alter-
native management scenario and the BAU scenario represents
the net biological carbon sequestered by the terrestrial bio-
sphere or oxidized to the atmosphere. Resulting CO, concen-
tration changes are estimated using the multimodel mean
impulse response function (IRF) reported in Joos et al. (2013)
that describes the atmospheric decay of CO, following a pulse
emission to the atmosphere.

Radiative forcing for CO, is approximated following the
expression from Myhre et al. (1998) based on radiative transfer
models:

CO; + ACO,

RFCOZ =535 ln( COZ

) %)
where CO, is the unperturbed, or the 2010 reference atmo-
spheric CO, concentration of 389 ppmv (Conway & Tans,
2012), and ACO; is the change from the reference. An increase
in radiative forcing due to a unit (kg) increase in the atmo-
spheric abundance of CO, — or its radiative efficiency, kco,, is
expressed:

ARF
keco, = ACO, (8)

The radiative efficiency (see Figure S4 for values) is applied
to compute instantaneous radiative forcings due to annual
changes in the NEE C-flux:

RFANEE(t) = kcoz /[NEEs(t/) — NEEBAU(tl”y(t — t’)dt/ (9)
0

where y is the CO, IRF at the background concentration of
389 ppmv (Joos et al.,2013) and NEEs - NEEgay the NEE C-flux
difference between any alternative and the BAU scenario after
multiplication with the molecular weight ratio 44/12 to convert
to CO, (in kg). Positive differences in NEE denote a concentra-
tion increase, while negative differences denote a decrease.
Global annual mean instantaneous shortwave radiative
forcings at the top of Earth’s atmosphere (TOA) from a
monthly mean surface albedo change are calculated at one
degree spatial resolution using a simple 1-layer transfer
scheme (Cherubini ef al., 2012; Bright & Kvalevag, 2013):
m=12
o DAY At
RFy,(t i) = > T, < . ) (10)

where Aq; is the mean surface albedo change in month m and
year t in region i, R, the 22-year mean down-welling solar
radiation flux at surface level in month m for region i obtained
from the NASA Langley Research Center POWER Project
(NASA, 2013), T, an up-welling atmospheric transmittance
factor, Ajca the local productive forest area in region i, and A
globar the area of Earth’s surface. T, is a constant based on the
globally averaged annual mean fraction of up-welling radia-
tion exiting a clear-sky, or 0.85 (Lenton & Vaughan, 2009). The
model [Eqn. (10)] has been tested and benchmarked to a more
sophisticated radiative transfer model based on a discrete
ordinate method (Bright & Kvalevag, 2013).

A temperature IRF (Boucher & Reddy, 2008) is applied to
convert a global instantaneous forcing into a global surface
temperature change after adjusting model parameters to con-
sider the differences in climate efficacy (Joshi et al., 2003; Han-
sen et al., 2005) between albedo change radiative forcings and
radiative forcings from CO, concentration changes. We apply
a conservative efficacy of 1.94 for a snow-albedo change
(Cherubini et al., 2012) which, in our case region, is the main
driver of surface albedo change in forests (Bright et al., 2013).
This entails harmonizing climate sensitivity and response
timescale parameters to account for model differences
between that used to estimate the snow-albedo change efficacy
parameter (HadGEM2) (Bellouin & Boucher, 2010) and the
temperature IRF parameters (HadCM3), as described in refs.
(Cherubini ef al., 2012, 2013):

t
AT() = [ REaee(t) + REw()OT(— a0 (1)
0

where 0T is the temperature IRF of Boucher & Reddy (2008),
RFange the radiative forcing linked to NEE changes [Eqn. (9)],
and RF,, the radiative forcing linked to albedo changes [Eqn.
(10)].

Climate Change Feedback

Temperature seasonality — or the difference between winter
and summer temperatures (Mann & Park, 1996) — has been
diminishing over time in northern regions (Dye & Tucker,
2003; Xu et al., 2013) and will continue to decrease under cli-
mate change. We investigate the resulting impacts on albedo
using the multimodel (67) ensemble mean monthly local near
surface temperature outcomes from representative concentra-
tion pathways (RCPs) 4.5 (Thomson et al., 2011) and 8.5 (Riahi
et al., 2011) from the CMIP5 21st century experiments (KNMI,
2013), which are directly linked to our albedo model that uti-
lizes air temperature as a predictor variable. Although
changes in regional precipitation under climate change may
also affect albedo in winter and spring via changes in snow
frequency and ablation, it is excluded from our assessment
due to modeling limitations.

The terrestrial C-balance in boreal ecosystems under a
changing climate will be regulated ultimately by the difference
between carbon gains via greater primary productivity and
losses through organic matter decomposition. In our investiga-
tion of climate feedbacks, we focus on albedo and exclude the
terrestrial C-cycle response. There is large inherent uncertainty
in the response by soil decomposers to temperature (Lindroth
et al., 1998; Davidson & Janssens, 2006; Sistla et al., 2013) as
well as the vegetation response to changes in the surface water
balance in the region (Lapenis et al., 2005). Regional climate
modeling has indicated that in neighboring Sweden, for exam-
ple, reduced soil moisture levels can counterbalance the effect
of a longer growing season and CO, fertilization on NPP,
while temperature-driven increases in decomposition rates of
soil organic matter can increase ecosystem respiration — with
the potential for forests becoming a net C-source by the late
21st century under four regional climate change scenarios
(Koca et al., 2006). Recent modeling studies attempting to

© 2013 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12451
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analyze the overall global impact of projected future climate
change on terrestrial ecosystem carbon storage generally
reveal large differences across models in terms of the size and
even the sign of the net change in NEE for our region
(Friedlingstein et al., 2006; Sitch et al., 2008; Ahlstrom et al.,
2012), indicating that a treatment of the C-cycle response
deserves a separate, detailed treatment.

Results

Stand-level Local Temperature Impact Contributions

Mean results from the 6-year time series are presented
in Fig. 2 The full time series is reported in Supporting
Information (Fig. S5) together with the underlying
remote sensing dataset (Fig. S1). Seasonal surface tem-
perature differences (4T;) driven by albedo differences
between the clear-cut and two mature forested sites
(Fig. 2a and b) and between the deciduous and coni-
ferous site (Fig. 2c) show distinct patterns: the higher
albedo of the clear-cut site relative to the two forested
sites — and at the deciduous site relative to the coni-
ferous site — dominates the relative AT, (green), particu-
larly in late winter and early spring when snow is still
present and incoming solar radiation strengthens. Due
to its lower LAI in winter, masking of snow by the
forest canopy is less pronounced at the deciduous site,
thus AT is less extreme (Fig. 2b, green) in winter com-
pared to the coniferous case (Fig. 2a, green). Interest-
ingly, AT, in early spring between the two forested
stands (Fig. 2¢) is found to be greater than AT, between
the clear-cut and the deciduous stand (Fig. 2b).

As snow melts the relative importance of albedo
diminishes and surface roughness and Bowen ratio dif-
ferences begin to play a greater role. Relative warming
at the clear-cut site due to a lower aerodynamic rough-
ness results in higher aerodynamic resistance (Fig. S2)
and less efficient convective heat transfer in summer
months (Fig. 2a and b, magenta). While this effect dom-
inates the net AT, in summer relative to the deciduous
stand (Fig. 2b), relative to the coniferous stand the
effect is approximately offset by a higher snow-free
albedo (Fig. 2A, green).

Similar warming trends at the clear-cut site in sum-
mer months can be observed due to a lower canopy
conductance (lower transpiration) which results in a
reduced partitioning of R, into latent turbulent heat
[relative Bowen ratio warming (Fig. 2a, b; cyan)] —
although this effect is less prominent than the contribu-
tion from differences in roughness lengths (Fig. S2).

Relative to the coniferous site, the deciduous site
experiences similar seasonal trends in albedo cooling
and roughness warming as the clear-cut site (Fig. 2c,
green and magenta); however, a larger portion of Ry, is

partitioned into latent heat during spring and summer
months at the deciduous site, resulting in lower Bowen
ratios and relative cooling (Fig. 2c, cyan). Together with
its higher albedo during all seasons, lower spring and
summer Bowen ratios at the deciduous site results in a
combined cooling effect that offsets roughness warming
leading to a net cooling (Fig. 2c, black) throughout most
of the year relative to the coniferous site.

Global Direct Impacts from Regional ANEE and Surface
Albedo Change

Means of the Monte Carlo simulation outcomes for
each management scenario are presented in Fig. 3.
Compared to the current NEE of —6.7 Tg C yr ', the
additional harvesting at the start of the simulation
(2014) in S2 (red) and S3 (green) results in an immediate
increase (productivity loss) in NEE of around
1.2 Tg C yr . In S1 (blue), the effect of allowing decid-
uous regeneration after coniferous harvests without
increasing harvest levels enhances the overall C-sink
capacity (i.e. productivity gain) of the forest during the
first 3040 years (Fig. 3, left, blue) due to a higher NPP
flux at all harvested coniferous sites regenerated with
birch during this time period. Regenerating harvested
coniferous stands with deciduous species as in S1 and
S3, however, results in a weakened total forest C-sink
in the longer term. For example, NEE at 2100 in S1 and
S3 is —2.6 and —2.7 Tg C yr ', respectively, while in
BAU and S2, NEE is around —3.7 Tg C yr ', respec-
tively. The general trend of a declining 21st century for-
est C-sink (increasing NEE) present in all scenarios
reflects the forest age class and species composition
resulting from historical management decisions of the
1940s-1960s to drastically increase planting of spruce
and increase stocking densities, which ultimately led to
the high productivity levels observed today.

The decline in harvested products in S1 and S3
toward the end of the century is due to the higher pro-
portion of deciduous forest which translates into a
lower predicted harvest probability by the harvest
model (and thus less HP). Low harvest predictions by
the model is a reflection of the current management
practice in which deciduous harvests are rare due to
the lower market value of birch and a regional forest
industry structured around coniferous species.

When averaged over the year, total forest albedo
(Fig. 3, right) significantly increases for both deciduous
scenarios S1 and S3 compared to strategies involving
the more traditional silviculture methods (regeneration
with conifers), such as in scenario BAU and S2. This is
due to reduced snow masking in winter and higher
canopy albedo in summer as the share of total decidu-
ous stand area increases. Albedo is increased some in

© 2013 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12451
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Fig. 2 Contributions to differences in local surface temperature across three managed sites due to differences in surface albedo
(‘AAlbedo RF’), aerodynamic roughness (‘ARoughness’), and the partitioning of net radiation into sensible and latent turbulent heat
fluxes (‘ABowen’). (a) Clear-cut site — Deciduous site; (b) Clear-cut — Coniferous site; (c) Deciduous — Coniferous forest, 6-year. annual

means are displayed legends.
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Fig. 3 Monte Carlo simulation mean (1,000 runs) NEE flux (left panel), Harvested Product flux (middle panel), and annual mean
albedo trajectories (right panel) of the BAU and three alternative management scenarios.

S2 (red) relative to BAU due to a larger share of the
coniferous area residing in clear-cut condition (young
ages) with low snow masking.

When regional 21st century temperature forecasts
connected to RCP4.5 and 8.5 are fed into the albedo
model to approximate the magnitude of climate-albedo
feedback, we find substantial reductions in the
albedo of managed forest area in spring and autumn
months (Fig. 4) — months particularly susceptible to
strong snow-albedo feedback (Hall & Qu, 2006; Winton,
2006). For the BAU scenario, in relative terms the regio-
nal temperature change feedback on albedo in spring is
equally pronounced in March as in April, where the
albedo (blue curves) at 2100 is reduced by 12-26% in
March and 16-24% in April under RCP4.5 and RCP8.5,
respectively (see Fig. S6 for absolute values). In
autumn, the albedo reduction at the end of the 21st cen-
tury is more marked in November than October, where
albedo is reduced up to 18 and 32% under RCP4.5 and
8.5, respectively. For the most extreme warming sce-
nario (RCP8.5), when averaged over the year, the
albedo in managed forests is reduced —0.011 (5%) at
2060 and —0.034 (16%) at 2100 (not shown). Following

Betts (2000), applying Eqn (7) with an updated airborne
fraction of 0.45 (Canadell et al., 2007), we estimate the
climate impact of this reduction — expressed in terms of
an equivalent NEE C-flux — to be ca. 5.6 Tg C yr ' at
2060 and ca. 28 Tg C yr ' at 2100 — the latter estimate
being approximately an eightfold increase in magni-
tude from the simulated NEE flux at 2100 for the BAU
scenario.

Using global mean near surface temperature as a
metric, the resulting direct climate impact from man-
agement-induced CO, concentration (from ANEE) and
albedo changes (presented in Fig. 3) are plotted in
Fig. 5, with the full range of climate-albedo feedback
effects indicated in light blue, and the full range of car-
bon cycle-climate effects from decreasing CO, radiative
efficiencies (see SI for details) indicated in light red.

Contributions from ANEE dominate the net tempera-
ture response when harvest intensities are increased
and traditional silviculture methods go unaltered, as in
S2 (Fig. 5, solid red line). However, for the two birch
scenarios S1 and S3, cooling from albedo changes
(Fig. 5, solid blue) play a significant role in offsetting
carbon cycle impacts such that under S1 (left), a net

© 2013 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12451
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Fig. 4 Normalized Monte Carlo simulation mean (1,000 runs) spring and autumn albedo trajectories (lefthand y-axis, blue line colors)
in the BAU scenario under projected regional climate warming (right-hand y-axis, green line colors).

cooling is realized over the entire 21st century, and
under S3, for the latter four decades of the century.
Increasing the harvest intensity (Fig. 3, middle) in the
early decades under S3 relative to BAU diminishes the
forest C-sink productivity more than increases in the
share of deciduous stands enhance albedo, leading to
slight net relative warming until 2060, with long-term
net cooling thereafter (Fig. 5, black). In S3, the effect of
COy's decreasing radiative efficiency in the atmosphere
(Fig. 5, red dotted/dashed curves) from increasing
background CO, concentrations approximately equals
and offsets the magnitude of the regional warming
feedback on albedo (Fig. 5, blue dotted/dashed curves)
in the two RCP scenarios. Since ANEE switches sign
about halfway through the 21st century in S1, the effect
of a diminished CO, radiative efficiency under RCP
scenarios is less pronounced.

Measured with the Global Temperature Potential
(GTP) (Shine et al., 2005; Forster et al., 2007), Fig. 6 indi-
cates the net warming potential of the three alternative
management scenarios relative to BAU at any future
point in the 21st century in terms of an equivalent CO,
emission pulse today — plotted against the cumulative
HP C-flux in each scenario. While the largest climate

cooling benefits (negative GTP) are realized under S1
(triangle markers), these benefits comes at the expense
of a reduced material supply relative to BAU (black
markers, x-axis) in the latter decades of the 21st century
(2070-2100), indicated in Fig. 6 (colorbar).

Figure 6 illustrates that, in general, the change in
the accumulated quantity of harvested biomass across
scenarios (x-axis) is smaller in relation to the differ-
ence in GTP — particularly for S1 and S2 — whose
signs are in drastic opposition. At 2100, a manage-
ment scenario resembling S2 yields an extra 3.75 Tg C
of accumulated HP relative to BAU at a climate cost
of over 170 Tg CO,-eq. emitted today, while S3 yields
a climate benefit equal to 158 Tg-CO,-eq. of avoided
emissions today at a cost of 4.5 Tg C less total HP by
at 2100. Under S3, each additional cumulative Tg C
HP relative to BAU results in approximately 12-15
additional Tg-CO,-eq. of warming for the first five
decades relative to 30-70 Tg-CO,-eq. per additional
Tg C in S2. Thanks to the albedo cooling benefits
linked to the increased deciduous area, the sign of the
modest near-term GTP penalties incurred in S3
switches such that a net global cooling (negative GTP)
benefit is realized when one takes a longer term

© 2013 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12451
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Fig. 5 Global mean surface temperature change due to changes in surface albedo (blue) and atmospheric CO, concentration changes
resulting from changes in NEE (red) between the three alternative and the BAU forest management scenario. Black bands represent the
range of net outcomes when temperature-albedo feedbacks and radiative efficiency changes under RCP4.5 and RCP8.5 scenarios are

taken into consideration.

perspective. Fig. 6 illustrates the tough decisions pol-
icy makers will be faced with surrounding near- vs.
long-term trade-offs in the material supply and global
climate impact.

Discussion

Our results suggest that substantial climate protection
benefits directly attributable to forest management can
be realized by shifting to a regeneration strategy that
favors more deciduous species. Due largely to its higher
summer- and wintertime albedo, deciduous stands
cooled both local and global near-surface temperatures
relative to coniferous stands when averaged throughout
the year (Fig. 2¢c). In summer, the external albedo forc-
ing at the deciduous site combined with more efficient
partitioning of R, into latent heat outweighed the rela-
tive warming from a lowered surface roughness, result-
ing in net annual local cooling relative to the
neighboring coniferous site, a finding in agreement
with others (Baldocchi et al., 2000; Chapin et al., 2000;
Blanken et al., 2001; Liu et al., 2005). In general, our
results align with other observational evidence regard-

ing the relative importance of albedo as the dominant
direct biophysical mechanism influencing local climate
by forests in boreal regions (Lee et al., 2011). Over
6 years, T, at a clear-cut site was found to be 0.25 °C
cooler than at a nearby mature coniferous site due
mostly to the external albedo forcing, although this esti-
mate is less than values reported in Lee et al. (2011) for
a coniferous site in the same latitude zone. This lower
result is not unexpected, however, due to differences in
vegetation cover and structural properties between the
reference sites, where we have chosen an actual clear-
cut site with tree retention and significant understory
vegetation and Lee ef al. (2011) ‘open grassy fields’.
Additionally, roughness and Bowen ratio warming at
our clear-cut site could be underestimated due to the
assertion that MOD16A2 overestimates LAI and FPAR
at young disturbance sites in boreal regions (Serbin
et al., 2013). LAI and FPAR are key parameters in deter-
mining fractional vegetation coverage, roughness
lengths, and evapotranspiration (see Supporting Infor-
mation for additional detail).

Across the landscape, allowing more coniferous
stands to be regenerated with birch (Betula spp.)

© 2013 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12451



12 R. M. BRIGHT etal.

2020 2030 2040 2050

Year

2060 2070 2080 2090 2100

200 1 I I I I I 1 1 1
>st | | | e 1 O L e el o
I E A T S E S R
0 S3 ' | ' ' ' | ' '
R S S S s S
(0] 1 1 1 1 1 1 1 1 1
& : ‘ : : : : : : :
50 F------ S A [ fmm oo [ —— [ — EEE— FR— P —
o : a | : : : : :
(o)) ‘ I ' @ ' ' ' ' '
£ ) : : : S J : :
= 0 el @@ @R @ @@
' ' ' ' ' [ | ' | '
& S ! : : : B :
& O[T A~ I T A A
o ' ' | ' ' ' | ' '
= : : : : : : : : 1
© 100 -----1 i T R S R T R T T I
450 oo S R R R SO S SE N S
! ! ! ! ! b : ‘ >
: : : : : , > > ‘
200 | | | | | | 1 | | ‘
0 10 20 30 40 50 60 70 80 90 100

Cumulative harvest (Tg C)

Fig. 6 The Global Temperature Potential of the three alternative forest management scenarios relative to the BAU scenario (y-axis)
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considerably enhanced the overall albedo of the forest
(Fig. 3) which led to substantial global climate cooling
benefits throughout the 21st century (Scenario 1, Figs 5
and 6). Increasing regional harvest intensities simulta-
neously over BAU levels was found to offset the
increased global warming from near-term reductions in
the forest carbon sink, resulting in net global cooling
over the longer term horizon (Scenario 3, Figs 5 and 6).
These results indicate that boreal resource managers
are faced with important trade-offs between long-term
harvest volume preservation and climate impact across
varying points in time depending on the management
strategy pursued. Maintaining current silviculture
regimes but increasing harvest intensities in the near
term (Scenario 2) will allow sustained levels of material
outtake from regional forests at the end of the 21st cen-
tury — yet at a substantial warming penalty (Fig. 6). If
climate protection is prioritized, however, maintaining
current harvest intensities but increasing the share of
deciduous stands in regional forests (Scenario 1) will
maximize near-term climate cooling benefits — albeit at
the expense of some reductions in the longer term mate-
rial supply (Fig. 6). A compromise between the two dif-
fering strategies resembles that of 53, a scenario in which
near-term harvests levels can be increased while still
providing medium- to longer term climate cooling bene-
fits. Although the long-term material supply is reduced,

this reduction is less pronounced than in S1 and will not
be incurred until the last decade. It should be reiterated
that the reduction in the HP flux in S1 and S3 in the latter
half of the 21st century (Fig. 3, middle) is not necessarily
due to a stock reduction, but rather, due to the lower pre-
dicted harvest probability by the harvest model
employed in the analysis (and thus less HP).

Medium- to long-term regional temperature-albedo
feedback under RCP 4.5 and 8.5 reduced the global cli-
mate cooling benefits afforded by the enhanced forest
albedo in management scenarios S1 and S3 (Fig. 5, light
blue) relative to BAU. When jointly considering the
reductions in the radiative efficiency of CO, in the
atmosphere associated with the projected increases in
atmospheric CO, concentration in RCP4.5 and 8.5, how-
ever, the global warming impact from a weakened for-
est carbon sink (Fig. 5, light red) relative to BAU was
reduced. In S3, this reduction was found to be approxi-
mately equal in magnitude to the reduction in albedo
change cooling benefits.

Monthly albedo analysis of the BAU scenario
revealed that reductions in surface albedo from the pro-
jected regional temperature increases under global
warming were most pronounced in late spring and
autumn (Fig. 4) for both RCP scenarios — a time when
the region is particularly sensitive to rapid snow-albedo
feedbacks (Hall & Qu, 2006; Winton, 2006). Keeping the

© 2013 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12451
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focus on BAU, the implication of the reduced (annually
averaged) forest albedo under RCP8.5 relative to a con-
stant climate scenario is disturbing: net ecosystem
exchange (productivity) would have to decrease
(increase) eightfold by 2100 to counter the impact on
global mean surface temperatures. Although the terres-
trial C-cycle response to future regional warming was
excluded from this study due to the large uncertainty
in both the magnitude and even the sign of NEE for our
region (Koca ef al., 2006; Ahlstrom et al., 2012), these
productivity increases are highly unlikely, as RCP8.5
multimodel mean outcomes from recent CMIP5 simula-
tions indicate that forests in the latitude band 60-70°N
are likely to become substantially weakened by the end
of the century (Ahlstrom ef al., 2012).

While we have attributed only those climate impacts
induced by changes occurring within the forest to
changes in forest management — additional impact
linked to life-cycle emissions and to changes in the glo-
bal supply and demand of timber products ought to be
factored into any mitigation-oriented climate policy.
Nevertheless, our study offers important general
insights that may be extrapolated to other climatically
similar boreal regions. Due to reduced snow masking
in winter and spring combined with a higher canopy
albedo in summer, management objectives targeting
the replacement of coniferous stands with deciduous
species serve to increase the overall albedo of the for-
ested landscape which we demonstrate has both local
and global climate cooling benefits, particularly over
the near term. Our results lend support to the argument
that a carbon-only focus in the design and implementa-
tion of forest management policy in boreal and other
climatically similar regions can be counterproductive —
and at best — suboptimal if forests are to be used as a
tool to mitigate global warming.
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Additional Supporting Information may be found in the
online version of this article:

Data S1. Relative contributions to local climate change from
changes to surface intrinsic biophysical mechanisms.

Data S2. Uncertainty.

Data S3. Modeling Adjustments: RCP Scenarios.

Data S4. Alternative Figures: Results.

Table S1. Overview of meteorological and remote sensing
variables employed in the stand-level/local impact analysis.
Figure S1. Six-year mean 8-day MODIS ET, Black-sky
Albedo, LAI, and FPAR observations at each stand in our
local-scale analysis, shown with standard deviation as indi-
cator of interannual variability. Biophysical variables are
grouped by color and row, and sites are grouped by column.
Data are for a single MODIS pixel of ca. 1 km” 6-year
annual means and standard deviations are shown in leg-
ends.

Figure S2. Full 6-year time series of key radiative, aerody-
namic, and physiological parameters applied in the stand-
scale local climate impact analysis. Top: Roughness lengths
for momentum (left) and aerodynamic resistances to heat
and momentum transfer (right); Middle: Black-sky albedo at
local solar noon (left) and Bowen ratios (right); Bottom: Leaf
Area Index (left) and Fractional Vegetation Coverage (right).
Figure S3. Monte Carlo simulation mean (1000 replications)
NEE flux, HP flux, and surface albedo for each scenario
shown with one standard deviation.

Figure S4. Radiative efficiency per kg CO, emitted to the
atmosphere for the two emission scenarios linked to repre-
sentative concentration pathways (RCPs) 4.5 and 8.5 com-
pared to the 2010 concentration of 389 ppm.

Figure S5. Full 6-year time series contributions to daily local
surface temperature across three managed sites due to dif-
ferences in surface albedo (‘“AAlbedo RF’), aerodynamic
roughness (‘“ARoughness’), and the partitioning of net radia-
tion into sensible and latent turbulent heat fluxes (‘ABo-
wen’). (A) Clear-cut site — Deciduous site; (B) Clear-cut —
Coniferous site; (C) Deciduous — Coniferous forest.

Figure S6. Simulation means of absolute spring and autumn
albedo trajectories (lefthand y-axis, blue line colors) in the
BAU scenario under projected regional climate warming
(right-hand y-axis, green line colors).
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