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Abstract Fire and timber harvest are two major
forest disturbances in boreal forests. Predicting the
dynamics of boreal forest biomass requires accounting
for both of those effects. Related stochasticity and
other uncertainties can produce great variation in
predicted responses of forests to fire and timber
harvest. In this study, we investigated the effects of fire
and timber harvest on landscape-level predictions of
the tree component of stand biomass in a boreal forest
landscape in Northeast China. We used a forest
landscape model (LANDIS PRO) to predict the tree
biomass over three time intervals (0-50, 50-150, and
150-300 years). We then compared the simulated
results of fire and timber harvest and their interactions
with observed biomass and its spatial distribution over
short-, mid-, and long-term intervals. For additional
prediction comparisons, we observed uncut, unburned
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stands (i.e., the succession-only scenario). Compared
to the succession-only scenario, we found that pre-
dicted biomass was reduced by 3.8 + 2.1, 9.1 £ 3.6,
and 11.2 & 5.1 tons/ha in fire-only, harvest-only, and
combined fire and harvest scenarios, respectively. Our
results indicated that the effect of harvest on biomass
exceeded that of fire, and that the interaction of fire and
harvest was more effective in reducing biomass than
the effects of fire or harvest separately. Biomass
predictions that did not consider effects of fire and
timber harvest tended to inflate biomass estimates. The
spatial distribution of tree biomass moreover changed
with simulation period. These results have important
implications in designing prescriptions for improving
forest sustainability.

Keywords Fire - Harvest - LANDIS - Model
verification - The Great Xing’an Mountains

Introduction

Boreal forests retain larger carbon reserves than other
biomes (Melillo et al. 1993) and play important roles
in global carbon balance. As an important source of
forest products, aboveground biomass of forest trees
(hereafter referred to as biomass) comprises a large
proportion of total carbon storage in boreal forests
(Goodale et al. 2002; Houghton 2005). Although tree
biomass is the most dynamic part of forest carbon
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storage (Houghton et al. 2009), forests are also very
susceptible to fire, timber harvest, and wind (Brown
2002; Pregitzer and Euskirchen 2004; Mkhabela et al.
2009; Hagemann et al. 2010). Thus, quantitative
information and mapping of biomass is essential to
predicting carbon stocks and ecosystem productivity
responses to fire and harvest.

For boreal forests around the world, fire and timber
harvest are two major forest disturbances. The effects
of fire and harvest on biomass dynamics have been
found to be more important than climatic change
(Gustafson et al. 2010; Li et al. 2013), and fire and
harvest significantly influence boreal forest biomass
predictions (Conard et al. 2002; Lee et al. 2002;
Cavard et al. 2010; Holtsmark 2012). However, some
of these biomass studies were plot-based estimations
rather than predictions. Although some studies
focused on biomass prediction, they did not incorpo-
rate fire and timber harvest and thereby could not be
further verified. Because previous studies have inad-
equately considered effects of harvest and fire on
biomass predictions in boreal forests, such predictions
may possess low predictive accuracy.

Studies on biomass (carbon) prediction based on
biogeochemical/ecophysiological process models
have limitations in incorporating the effects of fire
and harvest on biomass (Running 1994; Hurtt et al.
2002; Sitch et al. 2008). For example, Bond-Lamberty
et al. (2006) predicted stem and leaf biomass of trees
using the Biome-BGC model. Medvigy and Moorcroft
(2012) predicted the biomass of forests using the ED2
model. However, in those process-based models, only
empirical ecological process relations were consid-
ered. Thus they may not have adequately considered
fire and harvest to obtain landscape-scale results (such
as species composition and distribution), which are
critical to landscape scale biomass prediction.

Fire and tree harvest occur at large spatial and long
temporal scales, making it difficult to incorporate their
effects on biomass using traditional plot-scale studies
(He et al. 2002). Because of the stochastic nature of
fire and tree harvest and the complex interactions
between them and forest succession, reliable predic-
tions of biomass in the boreal forest are challenging
(He et al. 2002; Liu et al. 2011). The spatially explicit
forest landscape models (FLMs) are effective tools for
exploring these broad-scale issues (Scheller and
Mladenoff 2007; Xu et al. 2004, 2010). With FLMs,
landscape scale studies can include vital module
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parameters, which can be changed to more flexibly
evaluate the complex interactions occurring in land-
scape biomass processes (He and Mladenoff 1999;
Schumacher et al. 2004; Shifley et al. 2008).

For many years, models have been used to inves-
tigate effects of fire and timber harvest in boreal
forests in the US (Gustafson et al. 2004; Scheller et al.
2011a, Canada (Groot et al. 2003; Bernier et al. 2010),
and Europe (Pennanen and Kuuluvainen 2002).
Although those models provide information on above-
ground biomass and its distribution by species and age
structure, they have not produced stand information
(e.g., tree density and basal area) that can be compared
directly to the forest inventory data. Such models thus
have not been rigorously verified largely because the
experimental data for doing so rarely has been
available (Taylor et al. 2008; Shifley et al. 2009;
Gustafson et al. 2010). Verification of the effects of
fire and harvest on simulations can determine the
acceptability of simulation results, and thereby reduce
prediction uncertainties. Previous verification of
FLMs has usually been based on comparing simulated
results with other model simulations or field data
(Bugmann 2001; Scheller and Mladenoff 2004; He
et al. 2005). But few studies have actually verified
simulation results of fire and harvest effects.

In China, about 30 % of forests are boreal forests,
which comprise about 40 % of the country’s forest
biomass (Fang et al. 2001; Wang 2006). Biomass
studies of Chinese boreal forests thus are important to
understanding carbon cycles. It has been reported that
fire and timber harvest strongly affect forest compo-
sition, structure, spatial distribution, and thus forest
biomass in those forests (Li et al. 2004; Zhao and Zhou
2005). Quantification of fire and timber harvest on
biomass prediction thus is needed in this region.

The objective of this study therefore was to
investigate effects of fire and timber harvest on
predicting tree biomass in a boreal forest landscape
in Northeast China. To do this, we used a forest
landscape model (LANDIS PRO) to predict tree
biomass over long time periods (up to 300 years).
Specifically, we: (a) verified simulated fire and timber
harvest against observed field data; (b) quantified the
separate effects of fire and harvest; and (c) quantified
their combined (interactive) effects on predicting total
biomass and its spatial distribution over short-
(0-50 year), mid- (50-150 year), and long-term
(150-300 year) intervals.
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Fig. 1 Geographic location
of the study area
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Methods
Study area

Our study was located in the central Great Xing’an
Mountains of northeastern China, which encompasses
2.7 million ha (Fig. 1). Mean annual precipitation is
428 mm, which mainly occurs during the summer.
The average elevation is 849 m and ranges from 167 to
1,523 m. Mean annual temperature is —2.8 °C with a
January mean of —27.8 °C and a July mean of 18 °C.
Vegetation in the area is cool-temperate, with mixed
deciduous and coniferous species dominated by larch
(Larix gmelinii), white birch (Betula platyphylla),
aspen (Populus davidiana), Mongolian Scots pine
(Pinus sylvestris var. mongolica), and Korean spruce
(Picea koraiensis).

Fire and timber harvest are two major forest
disturbances in the Great Xing’an Mountains; strong
winds occur rarely in the study area and their overall

effects are minimal compared to fire and harvest. Fire
has been routinely suppressed, and the average fire
return interval has increased from 30 years in the past
to 270 years under fire suppression (Xu 1998). Con-
sequently, over time fires have changed from frequent
to infrequent and low-intensity burns, but at times to
catastrophic burns (Chang et al. 2008).

Timber harvest is another important anthropogenic
disturbance. Its intensity and frequency have directly
influenced stand age structure and species composition
(Gustafson et al. 2000). The study area has been a
major timber supply source in China since 1964. In
2000, the government of China implemented a natural
forest conservation project in the region. Before then,
the total annual harvest in the study area was
approximately to 2.1 x 10° m®. After year 2000, the
annual harvest was about 4.5 x 10° m®, which repre-
sents a large harvest reduction (Hu and Liu 2006).

Decades of fire suppression and timber harvest have
extensively altered forest structure, age, and species
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composition. As a result, these forests have become
more fragmented, and now comprise a more simplified
forest structure and composition (Xu 1998; Chang
et al. 2007).

The LANDIS PRO model

We used a spatially explicit landscape model, LAN-
DIS PRO (v. 7.0, website: http://landis.missouri.edu),
to simulate forest change resulting from forest growth,
succession, fire, and timber harvest (Wang et al. 2013).
The model uses forest inventory data for model
parameterization, calibration, and validation. LAN-
DIS PRO directly estimates biomass and carbon from
tree DBH and stand density by species using allome-
tric equations (Wang 2006).

The LANDIS PRO succession and dispersal mod-
ule tracks species’ age cohorts, numbers of trees, and
DBH by species’ age cohort for each observed raster
cell. This module also provides an approach to
landscape modeling well suited to our purpose of
quantifying  stand-scale resource competition
expressed as growing space occupied (GSO) by trees.
GSO provides a relative measure of stand density
designed to broaden the application of Reineke’s
widely used stand density index (SDI) (Reineke 1933;
Wang et al. 2013). But unlike SDI, GSO is applicable
to both mixed species stands with multiple age classes
(such as ours) and to even-aged monocultures. GSO
moreover considers stages of stand development
(Oliver and Larson 1996) along with tree competition,
both essential to our modeling needs. It thus provides a
flexible expression of the percentage of a cell (raster)
area occupied by trees in relation to their minimum
growing space requirements and to stand development

stage. Those factors in turn regulate seedling estab-
lishment and self-thinning (Reineke 1933; Wang et al.
2013).

The fire module simulates multiple fire regimes
across heterogeneous landscapes. It includes three fire
simulators: (1) fire occurrence, (2) fire spread, and (3)
fire effects. Fire occurrence simulates how many fires
occur and when and where each occurs (Yang et al.
2004). Fire spread simulates how fires spread across
the landscape from their ignition point (Yang et al.
2008). Fire effects simulate which species’ age-
cohorts are killed on each burned cell (He and
Mladenoff 1999). Those effects then are quantified
as fire intensity class, which are passed on to the fuel
module to determine amount of fuel consumed (He
et al. 2004).

Timber harvesting was simulated using manage-
ment area maps and stand maps (Fraser et al. 2013). To
do this, the study area was divided into different
management areas, which defined the boundaries
around specific timber harvest events. The stand map
thus provided a basic-unit map for harvesting opera-
tions. Stands comprised the smaller contiguous units
within a management area.

Model initialization and calibration

Five tree species were included in our study. They
accounted for more than 95 % of aboveground forest
biomass in the region (Xu 1998) (Table 1). The forest
composition map consisted of density (numbers of
trees) and their size, and species’ age-class informa-
tion for each cell. We constructed the initial forest
composition map based on the stand map and China
National Forest Inventory Second and Third Tier data

Table 1 Species life

history attributes for the Species name Larch Pine Spruce Birch Aspen
study area Longevity (years) 300 250 300 150 120
Maturity age (years) 20 25 30 15 10
Shade tolerance (class)® 2 2 4 1 1
Fire Tolerance (class)b 4 3 1 3 2
Maximum seeding distance (m) 150 200 150 2,000 2,000
2 b Spadeffire tolerance Mini@um sprouti.ng age (years) 0 0 0 15 10
classes 1-5: 1 = least Maximum sprouting age (years) 0 0 0 150 120
tolerant, 5 = most tolerant Maximum DBH (cm) 55 60 60 30 50
¢ Mean number of potential Maximum SDI (trees/ha) 600 560 520 690 680
germinating seeds Number of potential germination seeds® 10 20 10 30 30

produced/tree/year
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(http://www.cfsdc.org). The stand map was a GIS
layer comprised of 113,778 survey units (polygons
each 23 ha) that included boundaries of survey units
and forest composition information within each. The
Second and Third Tier data (2,172 plots), obtained
from the local forest bureau, contained numbers of
trees by age class and DBH by species and plot; plots
were evenly distributed across the study area. Both
datasets were obtained from field plots measured
during or close to year 2000. We integrated the stand
map (polygon) and the Second and Third Tier (point)
data to derive numbers of trees by age class for each
species in the initial forest composition map (raster).
To balance the realistic representation of the simulated
landscape and computational load, the forest compo-
sition map was rasterized at a 90 x 90 m cell size
resolution, which yielded 2,217 columns x 2,609
TOWS.

In LANDIS, the landtype map delineates hetero-
geneous landscapes into relatively homogeneous
landtype units based on climate, terrain, and soil.
Thus, each landtype is assumed to be homogeneous in
terms of resource availability represented by the
maximum growing space that can be occupied
(MGSO) by trees, and species’ assemblages as repre-
sented by species establishment probability (SEP).
SEPs are derived for each landtype based on the
responses of each species to soil moisture, soil N, soil
C, and local climate. LANDIS uses SEPs as inputs and
indirectly captures the spatial variability of climate.
Species with high SEPs have higher probabilities of
establishment than those with lower values. SEPs for
our study area were derived from previous LANDIS
modeling studies (Liu et al. 2012; Li et al. 2013). We
characterized the spatial variation in climate, soil, and
terrain by delineating heterogeneous landscapes into
multiple, relatively homogenous landtypes.

Table 2 Parameters for the fire scenario

The model stratifies heterogeneous disturbance
regimes using the landtype map. Each landtype was
assumed to be a unique fire regime since most fire
regimes follow the environmental controls encapsu-
lated by landtype. Fire regimes are characterized by
ignition frequency and mean fire return interval, which
were calculated from historical fire records from 1967
to 2005 (Table 2). We assumed that fire parameters
remained unchanged throughout the simulation
period.

The timber harvest region was divided into three
management areas where harvesting was permitted,
restricted, and banned, respectively. Each manage-
ment area then was subdivided into stands that
averaged 23 ha. In this study, we assumed that
management area and timber harvest prescriptions
remained unchanged (Table 3). Thinning comprised
the primary harvest events. In the past 30 years, pine
and spruce were heavily cut because of their high
economic value. The reduction of stocks of those
species has resulted in their protection by local
forestry bureaus. In accordance with current manage-
ment policy, the harvested species are now limited to
larch, birch and aspen.

Based on a data-splitting approach (Araujo et al.
2005), we used 70 % of the inventory plots (1,520
plots) to initialize the forest composition map. In the
initialization process, we iteratively adjusted species
growth rates until the initialized forest composition
matched the 70 % of inventory plots of year 2000. We
then used the remaining 30 % (652 plots) to verifying
the initialized forest landscape. We also used the data-
splitting approach to calibrate the number of poten-
tially germinating seeds for each species from year
2000 to 2010 until the simulated forest composition
for 2010 matched the undisturbed inventory data for
2010. Because of the lack of adequate time-series data,

Land type Mean fire return Fire ignition Mean fire Standard Time since last
interval (years) density® size (ha) deviation (ha) fire (years)
Non forest 1,500 0.002 0 0 375
Terrace 500 0.00175 90 100 100
South-facing slope 150 0.00329 200 475 50
North-facing slope 160 0.00292 210 346 60
Ridge top 140 0.0081 238 500 30
Water body 0 0 0 0 0

# Number of fires/decade/hectare
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Table 3 Harvest criteria parameters

Manageme-nt Area occupied Harvest Removal Harvest interval Area treated Target

area (ha) type order (years)* (proportion) BA (mzlha)
Harvest banned 931,238 — - - — —

Harvest restricted 1,117,263 BA limit Largest first 5 0.13 17.2
Harvest permitted 684,148 BA limit Largest first 5 0.15 14.9

Natural regeneration was used throughout the study area

? Interval between successive harvests

only 2000 and 2010 forest inventories were available.
Because the inventory data of 2010 covered a wide
range of species-age combinations and various suc-
cessional stages, there was an abundance of observed
data for comparing simulated forest composition and
structure at year 10.

The simulation experiment

We designed four simulation scenarios: (1) succes-
sion-only (fire and harvest were not included); (2) fire-
only (wherein fire and succession were simulated with
the fire regime approximating current fire suppression
practices); (3) harvest-only (whereby harvest and
succession were simulated, with harvest regime
reflecting current forest harvest practices); and (4)
fire-and-harvest (wherein fire, harvest, and succession
were simulated to reflect current conditions). Each
scenario was simulated from year 2000 to 2300 at
5-year time steps with five replicates used to account
for model stochasticity.

Using tree biomass as the response variable for the
five species, the succession-only scenario was com-
pared to the fire-only, harvest-only, and fire-and-
harvest scenarios for short-, medium-, and long-term
periods using the mean comparison. To assess the
simulated results of harvest events with the forest
inventory data, paired t-tests were used to compare
differences between observed and simulated basal
areas in different management areas. To evaluate
effects of fire and harvest on predicted biomass for the
different scenarios, we used analysis of variance
(ANOVA) to test for differences among simulation
results derived from the fire-only, harvest-only, fire-
and-harvest, and succession-only scenarios; the Least
Significant Difference (LSD) method was used for
post hoc analyses. We also tested the spatial biomass
dynamics among different landtypes under four sim-
ulated scenarios using Tukey’s Honest Significant
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Difference method for post hoc analysis. SPSS 16
software was use for all statistical analyses.

Evaluating the initial forest composition

To compare the simulated landscapes with forest
inventory data for year 2000 and for year 2010
respectively, we used a scatter plot of observed tree
density and basal area with simulated density and
basal area (BA). To do this, we first randomly selected
652 raster cells from the simulated landscape for year
2000 and 322 raster cells for 2010. Then tree densities
and basal areas were extracted from selected cells for
comparing the 652 forest inventory plots for year 2000
and the 322 relatively undisturbed plots for year 2010,
respectively.

Using forest inventory data to verify fire
and harvest

To verify simulated forest responses to fire, we
randomly selected 80 fires from different years and
locations on the output maps of simulated results
within the succession-and-fire scenario. These fires
were all of low intensity, which characterized more
than 90 % of the fires occurring on the study area. We
also inventoried 40 field sites (8 field sites/age group)
that were burned by low-intensity fires 5, 10, 15, 20
and 25 before the year they were inventoried. We first
created five 20 m x 20 m plots and within each
recorded individual trees with DBH > 1 cm. We then
statistically compared tree density and basal area of
the 80 simulated fires at 5, 10, 15, 20, and 25 post-fire
years with 40 corresponding fires sampled in the field.

To verify the simulated basal area responses, we
calculated the mean basal area of field plots in two
management areas (harvest-restricted and harvest-
permitted areas) at years 2000 and 2010, respectively.
We then ran the tree harvest simulation for 10 years
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(2000-2010), and adjusted the harvest parameters to
ensure that the simulated basal area harvests matched
the field data in both management areas.

Results
Evaluating the initial forest species composition

Our simulations indicated that the initialized forest
composition and structure constructed from forest
inventory data for year 2000 adequately represented
the forest composition and structure for that year (stand
density: R? = 0.81, Pearson correlation test: p < 0.01;
basal area: R* = 0.82, p < 0.01) (Fig. 2a, b). Like-
wise, simulated density and basal area by species for
year 2010 adequately represented the forest inventory
data for that year (stand density: R> = 0.81, p < 0.01;
basal area: R? = 0.81, p < 0.01) (Fig. 2c, d).

Verifying the effects of simulated fire and harvest
using experimental data

The simulated post-fire responses showed that
observed tree density at year 5 was relatively high
(13,012 trees/ha > 1 cm DBH), and that the density of

trees increased during the first 10 years. The increase
largely was attributable to the death of trees from fire
and the associated release of growing space that
provided for the establishment of seedlings of pioneer
species (e.g., birch and aspen). After post-fire stands
reached the stem exclusion stage (after year 15),
mortality from self-thinning then reduced numbers of
trees in following years (Fig. 3a). Post-fire basal area
increased steadily throughout the first 25 years
(Fig. 3b). Simulated trends in tree density and basal
area dynamics closely followed the observed data.

The simulations and observed stand basal areas
were similar in harvest-restricted and harvest-permit-
ted areas (Table 4). Observed data and simulations at
year 2000 and year 2010 did not differ significantly
(Table 4, p > 0.05). A comparison of basal areas
before and after harvest showed that the simulations
and observed data at years 2000 and 2010 were in
agreement, indicating that tree harvest effects were
adequately characterized.

The effects of fire and harvest on tree species
biomass

Biomass responses to fire and timber harvest differed
among species. In the fire-only, harvest-only, and fire-

Fig. 2 Scatter plot showing 3500 (a) y=0.83 x +164.02 .. 30 1 (b) y=087x+189
the relation between R2=0.81, p< 0.01 R2=0.82, p<0.01 *
observed and predicted 2800 - 24 | .
values for stand density . 3
(a) and basal area (b) at year __ 2100 4 18 4
2000; and stand density B
(c) and basal area (d) at year g 1400 H = 127
2010 (Pearson correlation g N{
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Table 4 Mean landscape-scale values of basal area (BA) for years 2000 and 2010 by data source and management area

Management area

Observed or

Mean BA at year

Mean BA at year BA removed

predicted value 2000 (m*ha + SD) 2010 (m*ha + SD) (%)

Harvest-restricted Observed 21.7 (£1.36) 18.8 (£1.15) 13.1

area Predicted 20.9 (£1.02) 18.1 (£0.84) 13.4

Harvest-permitted Observed 17.9 (£1.12) 14.4 (£1.31) 19.6

area Predicted 18.5 (£1.07) 14.9 (£0.97) 194
Fig. 4 Change in biomass 100 1 (a) Larch 25 Pine

density at the landscape
level in relation to
simulation year by species
for fire and timber harvest
scenarios

80 1

|(b)

0
10 1(c) Spruce 151(d) Aspen
o 81
g 2
§2 °
R
2 4
0
50 4 (e) Birch 100 (f) Total
80

60 { v )
succession
40 B I —— ﬁre
- - - harvest
20 1 — -~ fire and harvest
0
0 100 200 300 0 100 200 300

Simulation year

Under the fire-only, harvest-only, and fire-and-harvest
scenarios, biomass of aspen (an early successional
species) was lower than that under the succession-only

and-harvest scenarios, the biomass of larch decreased
during all simulation periods (Fig. 4a), whereas the
biomass of pine and spruce increased (Fig. 4b, c).
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scenario during the first 100 years (Fig. 4d). In
contrast, the biomass of larch, pine, and spruce
responded positively to fire and timber harvest and
their interactions. An exception was birch, an early
successional species that was already abundant in the
landscape (Fig. 4e). There was a significant decrease
of total biomass in fire-only, harvest-only and fire-and-
harvest scenarios compared to the succession-only
scenario (Fig. 4f). Among all scenarios, the fire-and-
harvest combination reduced the biomass of larch,
spruce, aspen, and birch the most.

Biomass for larch in the fire-only scenario differed
significantly from the succession-only scenario during
all time intervals (p < 0.05, Fig. 5); it decreased
between 8 and 48 % across the short- to long-term
range. For pine and spruce, biomass did not differ
significantly between succession-only and fire-only
scenarios for the short-term interval (p > 0.05,
Fig. 5). But pine and spruce in both of those scenarios
differed significantly from the succession-only sce-
nario for the long-term interval, where their biomass
was 45 and 53 % greater, respectively, than that in the
succession-only scenario.

Larch biomass under the harvest-only scenario also
differed significantly from the succession-only sce-
nario for all three simulation periods (p < 0.05,
Fig. 5). Larch biomass in the harvest-only scenario
was 4, 29, and 44 % lower than that in the succession-
only scenarios across short-, medium-, and long-term
periods, respectively. Biomass of both birch and aspen
during the short-term period differed significantly
from that in the succession-only scenario, and was 14
and 23 % less, respectively, than that in the succes-
sion-only scenario (Fig. 5). The increase in pine
biomass was 8, 8, and 20 % greater than that in the
succession-only scenario across short-, medium- and
long-term periods, respectively.

In the fire-and-harvest scenario, the biomass of all
species (with the two exceptions noted below) differed
significantly from the succession-only scenario across
all three simulation periods. Exceptions occurred
during the short-term period where pine and spruce
biomass was only 4 and 3 % lower, respectively, than
in the succession-only scenario. Collectively, our
results indicate that in our study area and for most
species, the combined effects of fire and timber
harvest had the greatest impact on reducing tree
biomass (Fig. 5).

The spatial patterns of biomass over time

The model output created thousands of maps by
species for each time step of the simulations. We
selected graphical snapshots of total biomass distri-
bution for the three simulation periods to illustrate
how spatial variation of biomass responds to fire and
timber harvest (Fig. 6). The four illustrated scenarios
show how biomass distribution varied significantly
among simulation periods and landtypes (p < 0.05,
Figs. 6 and 7). In the terrace landtype, fire-only,
harvest-only, and fire-and-harvest scenarios signifi-
cantly decreased in biomass whereas the succession-
only scenario at year 50 and 300 did not differ
significantly from the fire-only scenario at year 150
(Fig. 7a). Across 300 years of simulation, biomass
differences diminished in succession-only and fire-
only scenarios (Fig. 7b, ¢). In the ridge top landtype,
the biomass of the fire-only scenario was lower than in
the harvest-only scenario (Fig. 7d). For all four
landtypes at years 50, 150 and 300, total biomass
under the fire-only, harvest-only, and fire-and-harvest
scenarios were below those in the succession-only
scenario. Tree biomass under the four scenarios we
observed thus represent a wide range of landtypes and
temporal variation occurring in our study area (Fig. 7).

Discussion

Validation of projected results of FLMs is a challenge.
Because independent spatio-temporal data for validat-
ing FLM predictions often do not exist, model valida-
tion in the traditional sense is inapplicable to FLMs
(Rykiel 1996). Previous research on model validation
usually has compared simulation results with those
using other simulation models, sporadic empirical
studies, experimental data (e.g., flux tower data), or
are qualitatively based on ecological and biological
principles (Gustafson et al. 2000; Chen 2002; Thomp-
son et al. 2011; Liu et al. 2012). In contrast to those
studies, the novelty of our results lies in their quanti-
tative expression. Both fire intensity and timber harvest
disturbances were spatially explicit and stochastic
events that were simulated as their interactions based
on tree-level information at the pixel scale. To our
knowledge, no previous research using forest landscape
models has validated or verified the simulation results
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Fig. 5 Mean biomass
density in relation to time
interval for the four
scenarios considered:
succession-only (S); fire-
only (F); harvest-only (H);
and fire-and-harvest (FH).
The time intervals are:
0-50 years for short term,
50-150 years for medium
term, and 150-300 years for
long term; *indicates that a
given scenario differs
significantly from the
succession-only scenario
(p < 0.05)

of fire or timber harvest against field data as rigorously
as has this study. Results showed that our simulations of
fire and timber harvest effects were comparable to the
field data (Figs. 2, 3; Table 4). Predicted biomass under
the succession-only scenario (68 £ 2.3 tons/ha) was
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similar to observed data from another study in north-
eastern China (42-95 tons/ha) (Fang et al. 1998, 2001).
Although the latter results are comparatively close to
ours, they are based on plot data that are limited with
respect to capturing the full extent of fire and harvest,
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Fig. 6 Simulated biomass
of all species combined for
years 0, 50, 150 and 300

Fig. 7 Species biomass
dynamics for different
landtypes under four
simulated scenarios:

a terrace, b south-facing
slope, ¢ north-facing slope,
and d ridge top (different
letters indicate significant
difference at o« = 0.05)
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and moreover do not account for effects of recurrent fire
and harvest on tree biomass. In contrast, our approach to
predicting biomass dynamics incorporates effects of
harvest and fire from past records. The resulting
quantitative agreement thus adds assurance of our
modeling approach and predictions. This distinction
differs from approaches based only on estimation from
inventory data. In addition, this type of verification
provides added assurance that simulations under the fire
and timber harvest scenarios we observed produced
greater accuracy than those observed in previous
modeling efforts (e.g., Ward et al. 2005; He 2008;
Scheller et al. 2011b; Steenberg et al. 2013).

Our results suggest that predictions for boreal forests
in northeastern China that do not consider fire and timber
harvest may inflate biomass estimates. For example,
biomass estimated by several other studies (Zhao and
Zhou 2005; Thomas et al. 2007; Zhu et al. 2010)
predicted larger values that did our study. This discrep-
ancy may be related to the higher standing biomass in the
relatively undisturbed forests of other forests (with their
higher stocking volumes and mean diameters >4 cm
DBH) than that occurring in our forests (Wang et al.
2001). Under the fire-only scenario, our biomass
predictions, which decreased by 3.8 £ 2.1 tons/ha
(across all simulation periods) were comparable to
field-based studies in other boreal forest regions, which
ranged from 2 to 11 tons/ha (Cahoon et al. 1994; Harden
etal. 2000; Stocks 1989). However, Ivanovaetal. (2011)
observed that in central Siberia, low intensity fires
reduced biomass by 6.5 & 2.1 tons/ha. However, that
discrepancy may have been related to differences in fire
frequency. In the Great Xing’an Mountains of China, Mu
et al. (2013) found that, compared to uncut stands, the
biomass of harvested stands decreased by
15.4-48.3 tons/ha after 5 years of selective harvest.
That biomass reduction was somewhat less than we
observed (9.1 £ 3.6 tons/ha), a difference that may be
related to the new harvest regimes implemented since
2000 in our study area, which have substantially reduced
harvestintensity. Using the EFIMOD model in a transect
across their study area, Chertov et al. (2009) simulated
combined fire and timber harvest effects on biomass.
They found that biomass decreased by 22.5-33.7 tons/ha
during the period 1961-2100. That decrease was greater
than observed in our simulation (11.2 4 5.1 tons/ha
across all simulation periods). This difference may be the
result of lower fire occurrences and harvest intensities in
our study area.

@ Springer

Our results revealed that the spatial distribution of
biomass changed significantly among different land-
types during different simulation periods. Within the
terrace landtype, fire tended to reduce standing tree
biomass less so than did timber harvesting by itself or
combined harvesting and fire. Such differences could
have resulted from the relatively low fire frequency and
severity in our region. Our results moreover showed
that the direct effects of fires on biomass decline
weakened over long periods in three landtypes: ter-
raced, south-facing slope, and north-facing slope. This
may have been related to the concentration of biomass
in large, old trees that co-occurred with shifts in
biomass distribution and the continued growth of those
and new trees associated with low intensity fires over
long-duration simulations. The current fire regime also
increased the patch size of larch, which is the most fire-
tolerant tree species in our region (Chang et al. 2007).
Our results also revealed that the fire-only scenario
reduced more biomass than the harvest-only scenario in
the ridge-top landtype, which in turn, may be associated
with that landtype (elevation above 1,000 m) and its
vulnerability to frequent lightning strikes (Xu 1998).

In summary, our study suggests that FLMs are the
preferred tools for predicting the effects of landscape
processes on forest biomass dynamics. They also
provide insight into species’ biomass trends under
different scenarios. Our study found that: (1) Total and
individual species’ biomass were significantly altered
by fire, timber harvest, and their interactive effects
during all simulation periods; (2) Although the effect
of timber harvesting on species biomass was greater
than that of fire, their interactive effect had a greater
influence on reducing biomass than did any single
landscape factor we observed; (3) Biomass prediction
models that consider fire and timber harvest appear to
be more accurate than models that do not; and (4)
Under the scenarios we considered, the spatial distri-
bution of biomass differed significantly (p < 0.05)
among simulation periods. The evidence from our
study indicates that fire and timber harvest strongly
influence the spatial distribution of forest biomass.
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