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Abstract

« Introduction Rising temperatures may force boreal forests
in central Siberia to transition to alternative ecological
states, affecting species composition and carbon storage
dynamics. A full understanding of how forests of different
ages respond to warming remains elusive, despite being
fundamental for proper forest management in the region.

« Aims To document the sensitivity of Siberian forests of
different successional stages to rising temperatures.

« Methods We use the FAREAST forest gap model to in-
vestigate the variation in biophysical response of boreal
forests of different stand ages as temperatures rise and
question whether there is varying sensitivity at different
successional states.

* Results Our model predicts that mid-successional forests
are more resistant to warming temperatures in low-level
warming scenarios and resist biophysical changes more so
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than forests over 200 years old. This response diminished in
more intense warming scenarios. Specifically, forest bio-
mass increased with temperature; however, dieback of
Siberian larch and replacement by Siberian Silver birch
and by Siberian pine in early-successional stands yielded a
net decrease in carbon storage. Mid-succession and old
growth forests did not transition to pine forests, however,
and may serve as a location for refugia of northern boreal
species.

Keywords Gap model - Forest ecology - Climate change -
Stand age - Boreal forest

1 Introduction

Russian boreal forests form the largest contiguous terrestrial
biome on the planet and are important components of the
global carbon budget. In addition to storing large quantities
of carbon (Houghton et al. 2007), these forests have influence
on global and regional climate (Bonan 2008). Changes in their
composition may alter regional climate appreciably (Chapin et
al. 2008; Bonan 2008) and create a positive feedback between
land cover change and climate change (Shuman et al. 2011).
Economically, Russian forests contribute over $6 billion to the
national economy and Russia is the largest exporter of indus-
trial round wood in the world (Solberg et al. 2010).
Additionally, these forests are crucial for conservation efforts
of boreal species (Bradshaw et al. 2009).

However, Siberian boreal forests are threatened by the
effects of climatic change, particularly higher temperatures
(Soja et al. 2007). Regional analyses of climate trends have
shown extensive temperature increases within central
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Siberia in the past several decades (e.g., Hansen et al. 2006).
Comparing the decades from 1990-2010 to a baseline peri-
od of 1961-1990, Tchebakova et al. (2011) found that
temperatures in central Siberia have generally increased
between 1-3 °C. Precipitation, although decidedly variable,
has increased throughout much of the area by 10 %, with
decreases of 10-20 % in southern Siberia (Tchebakova et al.
2011). Future climate projections for the region also suggest
substantial change for Siberian forests in the next century.
Global circulation models routinely predict increases in
temperature throughout the region on the range of 4-6 °C
by the end of the century (Meleshko et al. 2008). These
projections suggest that northern Eurasia and much of
Siberia are among the regions expected to experience
the largest climatic change effects on the planet. This
level of warming will approach the upper limit of the
climatic tolerance of many tree species within the eco-
system (Shugart et al. 2005), particularly at the southern
edge of species ranges.

In order for forest management approaches in Siberia to
adequately address future temperature increases and climate
change, it is essential to improve estimates of forest sensi-
tivity to fluctuations in temperature and precipitation (Allen
et al. 2010; Noss 2001; Ogden and Innes 2007). Since
timber production is linked to the successional trajectory
of forests (Kelloméki et al. 2008), knowledge of forest
sensitivity to increased temperature at different succes-
sional stages may provide vital information to boreal
forest managers. Conservationists, interested in provid-
ing effective reserve zones at various successional
states, may also benefit from such sensitivity studies.
Understanding regional vulnerability will help overall
adaptation strategies for forest management in a time
of climate change (Fiissel and Klein 2006).

Ecological models have long been used to reveal patterns
and processes in boreal forests, particularly those applicable
to forest management (Kelloméki and Véisdnen 1997;
Kolstrom 1998). Modeling studies that investigate species
and stand specific responses to changes in climate will be
helpful to identify vulnerable areas most likely to change
(Bolte et al. 2009). Mechanistic process models, such as
those that simulate the growth, death, and reproduction for
individual trees within stands, may be particularly useful in
elucidating relationships between forest properties and cli-
mate change (Bodin and Wiman 2007). Individual-based
dynamic gap models typically simulate individual trees,
their growth, mortality, and decomposition into litter in a
relatively small area, typically the size of a forest gap
(Urban and Shugart 1992). Generally, these models can be
classified as non-spatial, in that they do not include spatial
interactions between each area that they simulate. However,
these models typically contain ecosystem processes such as
nutrient cycling and interactions with the local abiotic
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environment (Scheller and Mladenoff 2007), can simulate
detailed species assemblages with high accuracy (Xiaodong
and Shugart 2005), have been successfully used in climate
reconstruction efforts, and provide the simulation of multi-
ple forest properties of interest.

In this study, we test whether forests of different succes-
sional stages show varying sensitivity to higher tempera-
tures using an individual gap model, FAREAST (Xiaodong
and Shugart 2005). Although the FAREAST model was
originally designed to simulate forests in Northern China
and the far-eastern forests of Russia, it has subsequently
been used to replicate stand structure and species dynamics
in many locations successfully throughout Russia (Shuman
and Shugart 2009) as well as to investigate forest response
to climate change (Zhang et al. 2011; Shuman et al. 2011).
We utilize FAREAST to explore boreal forest sensitivity to
higher temperatures by analyzing properties of simulated
forests such as the leaf area index (LAI), stand height,
stand biomass, and the ratio of evergreen to deciduous
elements in a stand. Using multivariate statistics, we
determine which forest properties in the study area are
most sensitive to increased temperature, and interpret
the results in the context of future forest management
strategy.

2 Materials and methods

The FAREAST model simulates forest stands the size of a
large canopy tree gap, an area large enough to consider the
size and structural dynamics of a forest with sufficient
replicates (Shugart 1984). Three different sub-modules op-
erate within FAREAST to simulate the growth and dynam-
ics of a forest stand. A growth module annually and
incrementally adjusts tree structure using equations related
to tree diameter growth, height growth, leaf area dynamics,
light transmission through the forest canopy, light-
productivity relationships, nutrient limitation, and wood
volume (Xiaodong and Shugart 2005). Life history and
successional dynamics are governed by both a regeneration
sub-module, which simulates seed bank dynamics, and a
mortality sub-module, which simulates leaf and fine root,
branch, and tree death using species-specific parameters
(Xiaodong and Shugart 2005). These three sub-modules
are governed and interact with an environmental module
which addresses climatic and nutrient dynamics. Species
parameters were derived from the NEWCOP model (Yan
and Zhao 1996), stand data of Russian forests (Nikolov and
Helmisaari 1992), and a suite of collections of Siberian
forest stand data (see Xiaodong and Shugart 2005 for a
full list). FAREAST thus represents one of the most
comprehensive efforts to date to simulate Russian boreal
forest dynamics.
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The FAREAST gap model was used to simulate 609
forest plots within the International Geosphere-Biosphere
Program Global Change and Terrestrial Ecosystems
(IGBP-GCTE) Central Siberia Transect (CST) (Steffen and
Shvidenko 1996) distributed equally along the central one
third of the transect (Fig. 1). In order to simulate forest
response at each location, environmental conditions in the
area encompassing each plot were used to drive the
FAREAST model. Soil values for these sites were derived
from the Land Resources of Russia ITASA database
(Stolbovoi and McCallum 2002). A list of soil variables
used in FAREAST can be found in Xiaodong and Shugart
(2005). Climate information for each site was derived from a
60-year record of conditions at weather stations across
Russia (Razuvayev et al. 1993).

Each of the 609 sites was simulated using climate inputs
derived from the historical weather station data; these simu-
lations were used to represent the control scenario. For the
temperature change scenario simulations the 609 sites were
modeled again and monthly mean temperatures were incre-
mentally increased for a period of 100 years. Three different
temperature increase scenarios were simulated: a 2, 4, and
6 °C overall increase by the end of the 100-year period.

Temperature ramp studies have been used to serve as initial
guides in understanding climate and forest dynamics (Urban et
al. 1993) and these three scenarios represent gradations of
expected temperature increases throughout Siberia based on
the HadCM3 A2 and B1 scenarios for the region, highlighting
both minimal (2 °C increase) and more severe (6 °C increase)
results. While precipitation has been assessed in other simula-
tion experiments in Siberia using FAREAST (Shuman and
Shugart 2009), projections for definitive precipitation change
within the study area are mixed, with slight increases in the
middle latitudes and decreases at the southern margins
(Tchebakovaetal. 2011). Analysis was thus limited to changes
in temperature for this sensitivity experiment. Each site run
involved the simulation of 200 replicate plots; the average
output of all 200 plots was calculated in order to account for
variability among individual stands. This procedure is com-
monly used in gap model simulations (e.g., Xiaodong and
Shugart 2005; Shuman and Shugart 2009).

To determine the sensitivity of stands of different succes-
sional states to temperature increase each of the 609 sites was
simulated initially under historic climate, and then, upon
reaching a set stand age, temperature increase was triggered
and the simulation continued for 100 years until the maximum

Kazakhstan

Leaf area

10 (high)

Mongolia
1,000

1 Kile

0 (low)

Fig. 1 The study area within the Central Siberian Transect. A total of

609 sites at equally spaced 20-km intervals were simulated by the
FAREAST model and the general area is represented by the hashed

box. These sites were generally composed of a mix of Siberian larch
(Larix sibirica), Siberian Silver birch (Betula platyphylla), and Sibe-
rian pine (Pinus sibirica)
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temperature was reached. Figure 2 displays three of the five
stand age simulation designs (stand ages of 25 and 100 years
are not shown). A total of five stand ages were examined for
the 4° scenario (0, 25, 50, 100, and 200 years) and three stand
ages were examined for the 2° and 6° scenarios.

The total stem count, maximum DBH, LAI, total above-
ground biomass, and the ratio of evergreen to deciduous
biomass for each site under all scenarios were compared to
the current climate run of the same age. Multivariate statistical
analysis using canonical discriminant analysis was performed
in order to investigate the sensitivity of different stand ages
and to indicate which forest output variables were most sen-
sitive to temperature increase. Comparisons of individual
variables comparison between simulations of historical cli-
mate and a temperature increase scenario were performed
using repeated measures MANOVA in order to investigate
those variables highlighted by the canonical discriminant
analysis.

Canonical discriminant analysis derives a linear combina-
tion of the output variables and identifies the combination
with the largest multiple correlation among groups. In this
case, the groups were the baseline climate runs and climate
change runs. Computationally, this procedure is equivalent to
a canonical correlation analysis between the plot variables and
“dummy” variables which are derived from the class variable
(SAS Institute Inc 2008). If the sample covariance matrix for
the dummy (») and the quantitative (x) variables is:

Fig. 2 Methodological
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tl.mehn§ of FAREAST Simulation
simulations. Forests were
sn_nulated under historical a Bare Ground
climate for 0 (a), 50 (b), and 0 Year Scenario )

200 (c) years before Sl
y ) Change
temperature was incrementally Simulation
increased over the following
100 years. Canonical
discriminant analysis was
performed using model output
at 25, 50, and 100 years into the Control
. Simulation
temperature change scenarios as
indicated by the arrows
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b 50 Year Scenario gm:;
Simulation
Control
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c Late-succession Climate
200 Year Scenario Change
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then the within-class pooled covariance matrix for the quan-
titative variables, if ¢ is the number of groups, 7, is the number
of observations in group ¢, and S; is the sample covariance
matrix for the quantitative x variables in the group (SAS
Institute Inc 2008), is:

S = sea =g 2 (=S )
The canonical correlations, which describe the ability of
the discriminant function to differentiate the two groups, are
then the square roots of the eigenvalues of the resulting matrix.
In this situation, a higher canonical correlation indicates a
larger deviation between simulated forests with historical
climate and simulated forests with temperature increase.
Discriminant function analysis requires several assump-
tions and actions, all of which were satisfied. Firstly, all
sample sizes were equal. Secondly, all data represented a
multivariate normal distribution. Thirdly, nine outliers show-
ing a complete lack of forest growth, which resulted from the
lack of a correct field capacity input from the collected spatial
data, were eliminated from the analysis using a visual inter-
pretation of the distributions. As the number of outliers was
small compared to the total number of sites, the removal of
these outliers was assumed to have a minimal statistical effect
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on the results and these sites were not re-run. Finally, all
independent variables had low collinearity with each other;
only one set of variables, stand LAI and total biomass,
contained a collinearity » of x>0.65. Raw canonical coeffi-
cients for the first discriminant function were calculated as:

R=S,7V

where V'is the matrix of eigenvectors corresponding to non-
zero eigenvalues (SAS Institute Inc 2008). These raw values
were standardized and express the relative strength and im-
portance of each stand variable in the discriminant procedure.

3 Results

Table 1 displays the canonical correlations of discriminant
procedures comparing forests modeled with historical cli-
mate and increased temperatures. All results have p values
of <0.001. Three different temperature increase scenarios
are represented: a 2° increase (A), a 4° increase (B), and a 6°
increase (C). For each temperature scenario, the canonical
correlation for different stand ages (the rows) and different
time points within the simulation (the columns) are given. In
this way, one can compare the relative degree of change as
indicated by all the modeled forest variables for a multitude
of temperature increase scenarios and stand ages. Large
values indicate a greater success of the discriminant proce-
dure and indicate a greater quantitative difference between
the control and the increased temperature scenario.

At 25 years into the climate increase simulation (column
1), canonical correlations for the bare ground (0 years) and
late-succession (200 years) are 0.57 and 0.55 for the 4°

scenario. Forests at a stand age of 100 years, however, did
not change as severely and the analysis resulted in a canon-
ical correlation of 0.24. A similar trend is evident in the 2°
scenario, in which the canonical correlation drops for stands
in mid-succession (in this case, at 50 years). However, at
years 50 and 100 of the simulations, this trend does not stay
consistent. Increasing forest change with increasing temper-
atures is exacerbated in the 6° warming scenario (C). Here,
forests change very quickly by simulation year25 and by
simulation year 100, mid-successional forests are no more
resistant to change than stands of other ages.

In addition to describing the magnitude of change that
occurs in forests with warming temperatures, the discrimi-
nant function analysis provides us with information on
which biophysical variables changed the most. This infor-
mation is represented by the standardized coefficients in
Table 2 for the 4° scenario. Total biomass is the variable
with the largest standardized coefficient across all stand
ages. Total stand leaf area index, another measure of pro-
ductivity, was also frequently greater in magnitude than
other variables, particularly in late-successional forests
(200 years) which experienced warmer.

A more detailed analysis of model simulations revealed
how two particular forest properties changed throughout the
experiment. Stand biomass, a measure of productivity, and a
property highly related to temperature, was noticeably af-
fected. Stands which encounter a warming climate at year0,
when compared to simulated forests with no temperature
increase, experience stand turnover beginning at year70
(Fig. 3b) whereas under historic conditions, no turnover is
evident through 100 years of simulation (Fig. 3a). Mid-
successional stands which encounter temperature increases
at an age of 50 years (Fig. 3d) also noticeably decline and

Table 1 Canonical correlations

for 2°(A), 4°(B), and 6°(C) Canonical correlations

increases in temperature for the

study area when compared to the Beginning stand age

Simulation year 25

Simulation year 50 Simulation year 100

base case

(A) 2 degree increase

0 years 0.345 0.535 0.711

50 years 0.188 0.366 0.636
In all cases Year100 of the sim- 200 years ) 0.334 0.524 0.73
ulation had larger canonical cor- (B) 4 degree increase
relations indicating a greater 0 years 0.57 0.771 0.904
degree of change compared to 25 years 0.467 0.797 0.893
the base case. Notice the differ-
ence between mid-successional >0 years 0.381 0.621 0.822
(stand age of 50 years) and late- 100 years 0.244 0.782 0.853
successional (stand age of 200 years 0.546 0.746 0.896
290 years) Va.lues, 1nd10.at1ng re- (C) 6 degree increase
sistance of mid-successional
stands and vulnerability for old- 0 years 0.715 0.874 0.93
growth stands. This trend 50 years 0.518 0.771 0.886
decreases with a larger magni- 200 years 0.664 0.852 0.9

tude of temperature increase
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Table 2 Standardized coefficients for the 4 °C increase scenario

0 Years of spinup

Variable Year25 Year50 Year 100
Sum stem —0.441 0.372 0.703
Max DBH —0.343 0.240 —0.054
SUM LAI —0.806 1.517 0.250
SUM BIO 2.087 1.558 1.700
E/D Bio 0.214 —0.259 0.343
25 Years of spinup

Sum stem 0.186 0.837 0.824
Max DBH 0.124 —0.308 0.027
SUM LAI 1.217 0.481 0.059
SUM BIO 1.174 1.019 1.604
E/D Bio —0.123 0.257 0.299
50 Years of spinup

Sum stem 0.593 0.420 0.088
Max DBH —0.524 0.027 0.147
SUM LAI 0.517 0.334 —0.174
SUM BIO 1.072 1.138 1.801
E/D bio 0.013 0.035 0.342
100 Years of spinup

Sum stem 0.616 1.311 0.150
Max DBH -0.315 0.023 —-0.011
SUM LAI —0.123 —0.044 2.944
SUM BIO 1.414 0.654 —1.134
E/D bio 0.291 0.102 —0.603
200 Years of spinup

Sum stem 0.603 -0.534 —0.290
Max DBH 0.472 —0.705 —0.448
SUM LAI -3.321 2.744 0.978
SUM BIO 2.544 -1.122 1.618
E/D Bio 0.964 —-0.607 0.003

The five variables listed are those used in the discriminant analysis
procedure and are: the sum of all stems within the plot, the maximum
diameter at breast height of any tree within the plot, the sum of the leaf
area index of the stand, the sum of the biomass in tons of carbon per
hectare for the stand, and a ratio of the Evergreen to deciduous biomass
for these species within the stand

turnover 70 years into temperature increase with some
stands losing over two third of their total biomass, in con-
trast to when simulated under historic conditions (Fig. 3c).
Stands that encounter increased temperatures from year 200
to year 300 in their life cycle (Fig. 3f) also decline at 70 years
into the warming trend. Older forests (x>200 years) that do
not encounter increased temperatures (Fig. 3¢) do not show
this partial collapse. A repeated measures MANOVA was
performed to compare biomass between control and temper-
ature increase simulation runs. For all temperature increase
scenarios, biomass increased significantly (»p<0.001).
Analysis of the evergreen to deciduous ratio of biomass
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for each scenario (Fig. 4) and the biomass of larch, pine,
and birch (Fig. 5) reveals the influence of climate upon
forest species composition.

4 Discussion

Results of this sensitivity study suggest that boreal forests in
this region may respond differently depending on the stand
age at which they encounter increased temperatures. At low
levels of temperature increase (the 2° scenario), mid-
succession stands represented by forests at an age of 50 years,
changed more slowly and less significantly than forests which
encountered higher temperatures at a stand age of 200 years.
These results mimic previous observations of mature and old-
growth forests changing with slow warming trends by Allen et
al. (2010) which reviewed documented old-growth forest
mortality due to temperature stress.

Temperature increases frequently result in greater vapor
pressure deficits within trees and cause plant water loss
through transpiration (Allen et al. 2010). This mechanism
is captured within FAREAST through the calculation of
evapotranspiration wherein monthly temperature values are
incorporated and a bucket soil-water model is used, follow-
ing Hargreaves and Allen (2003). This simulation of in-
creased water loss lowers annual tree diameter growth
through a drought parameter in the growth sub-module.
Field studies have concluded that decreased individual
growth can increase the likelihood of individual mortality
(Monserud 1976), particularly when growth is below a
threshold of 10 % of the optimal growth per year (Hawkes
2000; Dai et al. 2012). Since this entire mechanism is
contained within FAREAST, temperature-related mortality
and decreases in biomass shown in these simulations is
likely a result of this same process, wherein increased water
stress decreases stem growth and increases the likelihood of
mortality of branches and individuals.

Decreases in annual growth and increased mortality of
old-growth forests in Asian boreal forests have been docu-
mented within the literature. Dai et al. studied forests on
Changbaishan Montain, an area used to test and validate
FAREAST (2012). Analyzing 30 years of radial growth
increments from forests within the reserve, they observed
decreased radial growth, high tree mortality, and a decrease
in biomass storage of old-growth spruce-fir forests. While
the main species collapsing as a result of temperature in-
crease in our simulations were Siberian larch, these results
are similar in that both species faced temperature increases
beyond their realized niche. Similarly, both spruce within
Dai et al.’s study and larch in our simulation study, have
maximum age ranges of under 300 years (2012). Further
testing on forests in Northwestern Russia with longer
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expected life spans are necessary to fully understand how
these two factors interact and refine our estimates.

In more rapid warming scenarios, mid-successional stands
(aged 50 and 100 years) show no noticeable increased resis-
tance to warmer temperatures than old-growth stands (Table 1
(B and C)). As the magnitude of temperature increase became
more drastic, forests of all ages changed at rates similar to one
another. These results are surprising, as traditional models of
disturbance and forest succession generally indicate vulnera-
bility in older forests to change. For example, Holling, in his
adaptive cycle framework, suggests several phases of forest

100
Simulation Year

Simulation Year

150 years (¢, d), and 200-300 years (e, f) are shown for comparison.
Biomass significantly decreases 60—70 years after temperatures ampli-
fy for all scenarios (b, d, f)

growth which differ in their proclivity to release and stand
reorganization (Holling 1986). In particular, old-growth for-
ests are considered within a conservation phase and close to
the event of an ecological release. Modeling results from this
study suggest that at rapid warming rates, these traditional
phases may be blurred.

The sequestration of carbon by managed forests has been
suggested as a key methodology to reduce greenhouse gases
in the atmosphere, particularly in the context of avoided
deforestation strategy. Enhanced productivity in boreal for-
ests in response to projected temperature increase has been
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300 years (e, f) are shown for comparison. With increased temperatures,
evergreen species (P, sibirica) increase while the deciduous Siberian larch
collapses. In the 200-300-year time period, Siberian birch increase bal-
ances Siberian larch collapse and maintains the E/D ratio
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thought to increase forest yield and carbon sequestration in
tree biomass (Kelloméki and Véisdnen 1997), although in-
creased drought stress, particularly in the southern boreal
zone, has been thought to balance out productivity gains
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through tree mortality (Bricefio-Elizondo et al. 2006). In
these simulations, stand biomass values declined in the 4°
scenario once larch populations collapsed and were replaced
by Siberian pine and Siberian Silver birch throughout the
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simulation. Other modeling studies have projected similar
losses in overall carbon sequestration when forest composi-
tion is altered in boreal forests (Kelloméki et al. 2008).
While in the first 50 years of the simulation stands show
increased productivity, stand transition into an alternative
state of birch/pine ultimately results in a forest with lower
carbon storage capacity. The transition from a larch-
dominated forest to one of birch aligns with other previous
predictions of boreal forest response (Bonan 2008; Thuiller
et al. 2006, Kelloméki et al. 2008).

Forest management strategies which consider the
effects of warmer temperatures consistently call for rap-
id and definitive prioritization of vulnerable areas re-
quiring substantive action (Spittlehouse and Stewart
2003; Millar et al. 2007). This research suggests that
late-successional forests are more likely to experience
biophysical changes due to warm temperatures even at
low-level warming scenarios, however, forests at all
successional stages will change in their community
composition. Research in Finland has described decreas-
ing northern boreal bird species abundance due to cli-
mate shift and decreasing habitat area (Virkkala and
Rajasdarkkd 2011) and these projects suggest similar
declines in larch-dependent bird populations will also
occur in central Siberia due to a loss of larch habitat.
Forests that are already in mid- to late-succession may
not encounter such rapid change because Siberian pine
does not appear from these simulations to encroach over
the 100-year simulation period; therefore, these areas
may serve as refuges for northern boreal bird species.

The ability of old-growth forests to act as permanent
sinks for carbon in a warmer landscape has been a
subject of recent discussion in the scientific community
(Luyssaert et al. 2008) and is of interest for adaptive
forest management. Forests of all stand ages increase in
short-term carbon storage with warming, but decline
when warming induces larch collapse. This result indi-
cates that although old-growth forests in boreal Russia
may serve as a potential carbon sink in the short-term
and under low levels of temperature increase, they are
likely also to be the harbingers of boreal response to
climate and store less carbon that previously thought.
The age-dependent response of forests to warmer tem-
peratures in our simulations disappears in situations with
rapid temperature increase, as all stands appear to be
equally affected. In summary, large temperature
increases may render forests in central Siberia of all
ages equally susceptible to biophysical changes and
may not provide the carbon sink that could be useful
for carbon sequestration projects.
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