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Abstract
Context Forest landscape models (FLMs) are important
tools for simulating forest changes over broad spatial and
temporal scales. The ability of FLMs to accurately predict
forest changes may be significantly influenced by the
formulations of site-scale processes including seedling
establishment, tree growth, competition, and mortality.
Objective The objectives of this study were to
investigate the effects of site-scale processes and
interaction effects of site-scale processes and harvest
on landscape-scale forest change predictions.
Methods We compared the differences in species’
distribution (quantified by species’ percent area), total
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aboveground biomass, and species’ biomass derived
from two FLMs: (1) a model that explicitly incorporates
stand density and size for each species age cohort
(LANDIS PRO), and (2) a model that explicitly tracks
biomass for each species age cohort (LANDIS-II with
biomass succession extension), which are variants from
the LANDIS FLM family with different formulations of
site-scale processes.
Results For early successional species, the differences
in simulated distribution and biomass were small (mostly
less than 5 %). For mid- to late-successional species, the
differences in simulated distribution and biomass were
relatively large (10–30 %). The differences in species’
biomass predictions were generally larger than those for
species’ distribution predictions. Harvest mediated the
differences on landscape-scale predictions.
Conclusions The effects of site-scale processes on
landscape-scale forest change predictions are dependent on species’ ecological traits such as shade
tolerance, seed dispersal, and growth rates.
Keywords Site-scale processes  LANDIS PRO 
LANDIS-II  Species’ distribution  Species’ biomass 
Harvest  Small Khingan Mountains
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Forest landscape dynamics are affected by site-scale
processes (e.g., establishment, growth, mortality, and
competition) and landscape-scales processes (such as
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seed dispersal and disturbance) (Oliver and Larson
1996). Because the interactions of these multi-scale
processes are complex, forest landscape models
(FLMs) have emerged as valuable tools for predicting
forest dynamics over large spatial–temporal scales
(Keane et al. 2004; Perry and Enright 2006; Scheller
and Mladenoff 2007; He 2008; Taylor et al. 2009).
FLMs usually treat the simulated landscape as raster
cells (or sites). Site-scale processes are simulated in
each cell whereas forest landscape processes are
simulated across the study region. Because computation load increases with the complexity of site-scale
processes (e.g., more species or more detailed quantitative information), FLMs typically sacrifice the
realism of site-scale processes to make landscapescale simulation feasible (He 2008; Wang et al. 2013).
Recent FLMs attempt to improve simulation realism with various designs to represent site-scale
dynamics, and these designs vary greatly (Lischke
et al. 2006; Scheller et al. 2007; Seidl et al. 2012;
Wang et al. 2013). For example, TreeMig (Lischke
et al. 2006) tracks horizontal and vertical stand
structure in a cell and accounts for seed production,
seed dispersal, seed bank dynamics, germination, and
sapling development. LANDCLIM (Schumacher et al.
2004) tracks numbers of trees and biomass by species’
age cohort; simulates the effects of abiotic factors
(terrain, soil, and climate) on tree size, density, and
biomass and simulates the resource competitioncaused mortality driven by maximum stand biomass.
LANDIS-II with its biomass succession module tracks
biomass by species’ age cohort and uses a ratio of
actual biomass to potential biomass to quantify
resource availability at each cell, assuming age-cohort
biomass by species incorporates stand density information (Scheller et al. 2007, 2011). LANDIS PRO
(Wang et al. 2014a) tracks number of trees and
diameter at breast height (DBH) by species’ age
cohort; quantifies growing space using the stand
density index within each cell; and simulates resource
competition and stand development using theories of
stand dynamics.
Different formulations of site-scale processes in
FLMs may lead to differing simulation results (Elkin
et al. 2012; Liang et al. 2015). For example, species
relative abundance simulated by a FLM with detailed
site-scale processes based on stand density was
generally larger than that simulated by a model with
simplified site-scale processes (Liang et al. 2015).
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Different tree growth formulations affected species
composition associated with elevation and speciesspecific biomass (Elkin et al. 2012). Another study on
the effect of dynamic stand structure on succession
showed that using mean stand structures instead of
their horizontal and vertical distributions yielded
different transient and equilibrium species biomasses
(Löffler and Lischke 2001). FLMs long-term simulations that did not explicitly include tree growth and
inter-species competition, resulted in long lived, shade
tolerant species (Schumacher et al. 2004). Some
studies also showed that FLMs with relatively simple
site-scale processes may have simulation results
similar to models with detailed site-scale processes,
because site-scale processes were frequently overridden by landscape-scale processes in these landscapes
(e.g., clear-cut harvest or stand-replacing fire)
(Romme et al. 1998; Schumacher et al. 2004; Turner
2010). However, these simple FLMs may produce
biased predictions for forest landscapes where disturbance is infrequent and site-scale processes largely
drive forest landscape dynamics (Moorcroft et al.
2001; Schumacher et al. 2004; Elkin et al. 2012; Wang
et al. 2013).
Understanding the effects of site-scale processes is
important for reducing uncertainties in forest change
predictions. Despite many prior attempts, comparing
FLMs predictions remains challenging because differences in FLM designs and formulation make it
difficult to identify and separate the effects of sitescale processes. Comparing models with the same
modeling framework but different site-scale process
formulations can overcome some of these problems.
In this study, we evaluated two widely used FLMs,
variants from the LANDIS FLM family with different
formulations of site-scale processes, to investigate the
effects of site-scale processes on landscape-scale
forest change predictions: (1) a model that explicitly
incorporates stand density and size for trees of each
species by age cohort (LANDIS PRO), and (2) a model
that explicitly tracks biomass for each species age
cohort (LANDIS-II with biomass succession extension; but note that the biomass extension is one of
several available succession extensions for LANDISII). Both LANDIS PRO and LANDIS-II models are
spatially explicit, raster-based landscape models,
which are used to simulate forest succession, seed
dispersal, wind, fire, biological disturbance, and
harvest over large spatial (e.g.,[106 ha) and temporal
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(e.g., [102 years) scales with flexible spatial
(30–500 m pixel size) and temporal (1–10 years)
resolutions (Scheller and Mladenoff 2005; Gustafson
et al. 2010; Luo et al. 2014; Wang et al.
2015a, b, 2016). Specifically, we examined the
differences in species’ distribution (quantified by
species’ percent area), total aboveground biomass
(AGB), and species’ biomass between the two models
at the short-, medium-, and long-term, respectively.
We also investigated how landscape processes (harvest in this study) interacted with site-scale processes
and influenced landscape-scale predictions.

Methods
Case study landscape
Our study area (1.8 million ha) was located in Small
Khingan Mountains region of northeastern China
(Fig. 1). The topography is rolling with elevations
ranging from 139 to 1141 m. Climate is continental,
with long and cold winters (mean January temperature,
-1 °C) and short, but warm and humid summers (mean
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July temperature, 21 °C). The annual precipitation
increases gradually from 485 mm in the north to
694 mm in the south. The area is dominated by brown
coniferous forest soils. The area is characterized as
mixed coniferous and broadleaved forests dominated by
Korean pine (Pinus koraiensis), spruce (Picea koraiensis and Picea jezoensis), fir (Abies nephrolepis), larch
(Larix gmelinii), oak (Quercus mongolica), elm (Ulmus
japonica), maple (Acer mono), ash (Fraxinus mandshurica), walnut (Juglans mandshurica), amur corktree
(Phellodendron amurense), ribbed birch (Betula costata), dahur birch (Betula davurica), basswood (Tilia
amurensis), white birch (Betula platyphylla), and poplar
(Populous davidiana). Because of extensive timber
harvest (clear-cut) in the 1970–1980s (Feng et al. 1999;
Bu et al. 2008), the age of early successional species
typically ranges from 30 to 40 years (even aged).
Model description
Both LANDIS PRO and LANDIS-II models stratify
heterogeneous landscapes into relatively homogeneous land types (also called ecoregions) based on
climate, soil, or terrain attributes (e.g., slope, aspect,
and elevation). Each land type is assigned unique
attributes, such as the probability that a species can
successfully become established in the absence of
competition (species establishment probability, SEP).
However, the fundamental difference in the philosophy of these two models is that LANDIS PRO models
stand dynamics by density and size of species age
classes for each cell and then calculates biomass based
on allometric equations (e.g., Jenkins et al. 2004); In
contrast, LANDIS-II models total biomass production
for each cell and then partitions it into components by
species and age class (Scheller and Mladenoff 2004).
Because of the different designs in these two models,
site-scale information is tracked differently, which
results in different formulations of site-scale processes, including establishment, tree growth, competition, and mortality.
LANDIS PRO

Fig. 1 The geographic location of the study area

The LANDIS PRO model (http://landis.missouri.edu/
landispro70.php) explicitly simulates species-level
processes and inter- and intra-specific competition and
stand development by incorporating the number of trees
and DBH for each age cohort in each cell (Wang et al.
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2013). Since stand parameters including species density
and basal area at each cell are compatible with forest
inventory data, LANDIS PRO can directly utilize forest
inventory data for model initialization, calibration, and
validation without a spin-up process, which allocates
initial biomass from all the cohorts to specified age at the
start of the simulation (Wang et al. 2014b).

Fig. 2 Comparison of LANDIS PRO succession and LANDIS- c
II biomass succession

Growth

Competition

Tree growth is simulated as age and DBH increment
by species age cohort (Fig. 2). Age increment is
determined by the model time step. DBH increment is
achieved by species’ specific age-DBH relationship
customized for each land type (Murphy and Graney
1998; Loewenstein et al. 2000; Condit et al. 2006),
which can account for the effects of site quality on tree
growth. Generally, for shade-intolerant, early successional species, DBH reaches maximum at a faster rate,
whereas for shade-tolerant, mid- to late-successional
species, DBH increases at a slower rate.

The competition intensity is regulated by the amount of
GSO within each cell. GSO is defined as the percentage
of the total physical growing space occupied by the trees
in each cell and is derived from Reineke’s stand density
index (Reineke 1933; Wang et al. 2013). Resource
availability varies among different stand development
stages because of the dynamics of establishment and
mortality. Four GSO govern progression through the
stages of stand development described by (Oliver and
Larson 1996; Wang et al. 2013). Seedlings can establish
depending on species’ shade tolerance and species
establishment probability at the stand initiation stage.
Once stands become fully occupied, competition-caused
mortality (self-thinning) is initiated, which follows
Yoda’s -3/2 self-thinning rule (Yoda et al. 1963). Selfthinning continues to understory reinitiation and oldgrowth stages if no disturbances occur (Wang et al.
2013).

Establishment
Seedling establishment is regulated by the seed dispersal, number of potential germination seeds per mature
tree (NPGS), proportion of total growing space occupied
(GSO), species shade tolerance, and species establishment probability. Seed dispersal is modeled as a
function of species effective and maximum seeding
distances (He and Mladenoff 1999). The number of
seeds reaching a cell is determined by NPGS and
dispersal distance. The total NPGS for each species is
accumulated from all available parent trees within the
dispersal kernel. For the seed estimated to arrive on the
cell, GSO is checked to determine whether there is
enough space for establishment. On an open growing
cell, the stand dynamics are characterized by extensive
seedlings establishment of various species except for the
most shade tolerant species, because that the most shade
tolerant species needs a relative shading environment to
establish and geminate. As the growing space is
gradually occupied (stand reaches crown closure), only
seedlings of shade tolerant species can establish
(Fig. 2). Once a seed is determined eligible, SEP as a
surrogate of environmental suitability is used to determine the probability for this seedling to become
established by comparing the species establishment
probability with a uniformly drawn random number
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(0–1). This procedure captures the stochasticity of
species establishment and ensures that species with high
species establishment probability have higher probabilities of establishment (Mladenoff and He 1999).

Mortality
Tree mortality in LANDIS PRO includes: (1) standscale resource competition-caused mortality (selfthinning), (2) natural mortality due to reaching
longevity, (3) disturbance-caused mortality (Fig. 2).
Tree mortality due to self-thinning is characterized by
removing trees from small to large size classes and
from low to high shade tolerance classes. Thus, higher
shade tolerance species have lower mortality rates.
This form of mortality is tree-based as opposed to age
cohort-based (i.e., rather than modeling the death of an
entire age cohort as a single entity, individual trees or
subsets of trees within a cohort can die).
Harvest
In LANDIS PRO, the harvest module is developed
based on a previous LANDIS model (Gustafson et al.
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2000). However, because LANDIS PRO tracks density and basal area by species age cohort, its harvest
module can simulate basal area or stocking-level
controlled harvest actually used in forest management.
It can simulate most silvicultural treatments currently
used in forest management including single tree
selection, group selection, thinning from below,
thinning from above, and clear-cut (Fraser et al. 2013).
LANDIS-II
The LANDIS-II model (LANDIS-II 6.0 using the
Biomass Succession module http://www.landis-ii.org/
) represents each forest site in terms of aboveground
biomass by tree species age cohorts, rather than individual trees (Scheller et al. 2007). The model was
developed as a framework to partition externally
estimated cell productivity—typically derived from a
physiologically-based lumped parameter model (e.g.,
PnET-II; Aber et al. 1995)—among species age
cohorts. AGB for each species at each time step is a
function of existing biomass, aboveground net primary productivity (ANPP), and mortality. In
LANDIS-II, initial biomass of each species age cohort
is calculated by ‘‘spin-up’’ all the cohorts to their
specified age at the start of the simulation (Scheller
and Mladenoff 2004; Scheller et al. 2007). For
example, if one species in a cell has two age-cohorts
(e.g., age 20 and 100), the 100-year cohort is modeled
to grow without competition for 80 years until the
20-year cohort is added. Then changes in the two
cohorts are projected forward for the remaining
20 years with competition between them for growing
space. A mortality fraction parameter specifies a
constant proportion of total cell biomass to be
removed at each time step. Thus, within the spin-up
phase, growth and mortality are simulated for the
number of years equal to each cohort’s current age,
and a cell’s initial biomass incorporates assumptions
about prior competition among existing cohorts.

Growth
Tree growth is simulated as both age and ANPP
increment by species age cohort (Fig. 2). This is done
through a species- and landtype-specific growth curve
parameter, which specifies ANPP as it approaches its
maximum (ANPPmax; Fig. 2). A cohort’s contribution
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to ANPP increases with age (the ratio of actual cohort
biomass to maximum possible biomass for the cohort),
slowing asymptotically as total cell biomass approaches
Bmax.

Establishment
Seedling establishment in LANDIS-II is a function of
dispersal distance, species shade tolerance, onsite
biomass, and species establishment probability
(Fig. 2). The probability of seed dispersal is modeled
with two negative exponential probability distributions parameterized by the effective and maximum
seed dispersal distances of a species (Ward et al.
2005), which is based on a previous dispersal
algorithm (He and Mladenoff 1999). Once seed arrives
at a given cell, light conditions are determined by
comparing the species shade tolerance and relative
living biomass (a percentage of actual biomass to
maximum cell biomass). Species with shade tolerance
classes 1–4 can only establish when the ratio is larger
than the user-defined percentages for each shade class
(1–4) (Scheller and Mladenoff 2004). Species in shade
tolerance class 5 (most tolerance) can establish under
any amount of living biomass. After checking light
condition, environmental suitability is checked by
comparing species establishment probability with a
0–1 random number. Seedlings established in
LANDIS-II are assigned a small amount of biomass
irrespective of seedling number and parent tree
abundance.

Competition
LANDIS-II simulates competition as a function of
Bmax, biomass already occupied by species age
cohorts and the growth rate specific to each species
as determined by the potential ANPP (ANPPpotential)
(Fig. 2). The actual ANPP for any species age cohort
is dependent upon ANPPpotential, cohort age, and
overstory competition. Competition reduces actual
cohort ANPP below its potential when canopy-dominant cohorts suppress younger cohort and fastergrowing species outcompete slower-growing species.
Competition is expressed as measure of cohort
biomass compared to other biomass on the cell
(Scheller and Miranda 2015).
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Mortality
LANDIS-II includes age-related mortality, competition-caused mortality, and disturbance-caused mortality (Fig. 2). Age-related mortality increases
nonlinearly with age, and a mortality curve parameter
determines how early in a cohort’s life span agerelated mortality begins. Competition-caused mortality increases also as a function of age, ANPPmax and
Bmax. Competition-caused mortality can remove
partial cohorts and is relatively low when a cohort is
young, accelerates to plateau as the cohort approaches
its longevity (Scheller and Miranda 2015).
Harvest
The harvest extension generally follows the previous
harvest module as described in Gustafson et al. (2000).
Stands are prioritized for harvest using user-defined
ranking algorithms (e.g., maximum cohort age) that
use biomass criteria related to forest management
objectives. For each harvest event, the number of cells
to be harvested must be indicated according to the
species and age cohort removal rules specified in a
prescription (e.g., clear-cut and thinning). Harvest can
remove all or a specified percentage of a cohort’s
biomass.

Model parameterization and calibration
LANDIS PRO and LANDIS-II shared two spatial data
inputs (land type map, forest composition map) and
other non-spatial parameters (e.g., species’ vital
attributes, species establishment probability). The
land type map in this study was derived from a digital
elevation model (DEM), which classified the study
area into 8 major land types. We modeled the most
prominent 15 tree species. The initial forest composition map at year 2000 including species and age
information was generated from forest stand inventory
data. Species’ vital attributes (Table 1) were estimated
based on previous studies and consultations with local
forestry experts (He et al. 2005; Yan and Shugart
2005; Bu et al. 2008). Species establishment probability for each species was estimated using a simulation approach that used climate data and measures of
species climatic and edaphic tolerances (Gustafson
et al. 2010; Thompson et al. 2011). Besides the above
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shared parameter, each model has its own specific
parameters.
Parameters specific to LANDIS PRO included
number of trees by species age cohort in each cell,
four GSO thresholds for each land type, and additional
species‘ vital attributes (e.g., growth rates, maximum
stand density index, NPGS, and maximum DBH). We
directly derived number of trees by species age cohort
at year 2000 from forest inventory data. Maximum
stand density index is defined as the maximum number
of 10-inch diameter trees per hectare, and has already
been reported for many species (Reineke 1933; Long
1985). We derived maximum stand density index and
DBH from literature and previous studies and growth
rates from forest inventory data (Burns and Honkala
1990; Liang et al. 2015). We iteratively calibrated the
growth rates and NPGS for each species using forest
inventory data and old-growth studies; for further
details on model calibration and evaluation see Wang
et al. (2014b). In addition, in order to test the
sensitivity of the growth rates and NPGS parameters,
we performed a sensitivity analysis for these two
parameters (see Appendix A in Supplementary
material).
Parameters specific to LANDIS-II included biomass for each species age cohort at each cell,
ANPPmax by species, Bmax by species, foliar longevity and foliar lignin. We estimated ANPPmax from
PnET-II as the combination of wood and foliar NPP
and derived Bmax for each species from previous
studies (Feng et al. 1999; Luo et al. 2013). Additional
information about species vital attributes (e.g., foliar
longevity, foliar lignin) was based on Flora of China
(http://frps.eflora.cn/) or other literature (Li and Lei
2010). We calibrated the species’ growth and mortality curve parameters using the approach described
in Scheller and Mladenoff (2004). In addition, in order
to test the sensitivity of the mortality and growth shape
parameters, we performed a sensitivity analysis for
these two parameters (see Appendix A in Supplementary material).
Calibration for these two models was carried out by
comparing the shared output variables (such as
species’ biomass and total AGB). We initialized these
two models using forest inventory data from year
2000, ran each model to 2010, and compared the
simulated biomass at year 2010 with the 2010 forest
inventory data. We iteratively adjusted the species’
growth rates (age-DBH relationship) in LANDIS PRO
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and the species’ growth and mortality curve parameters in LANDIS-II until biomass derived from each
model matched the summarized forest inventory data
from year 2000 at the landscape scale (pass Chi square
test for no differences in biomass).

These are the specific parameters of the LANDIS PRO 7.0 model

These are the specific parameters of the Biomass Succession extension for LANDIS-II 6.0 model
c

b

These are the shared parameters of the LANDIS PRO 7.0 and LANDIS-II 6.0 with Biomass Succession extension

Experimental design and data analysis

a

LONG species longevity (years), SMA age of sexual maturity (years), ST shade tolerance class (1–5, 1 = the least tolerant, 5 = the most tolerant), ED effective seedling distance
(m), MD maximum seedling distance (m), VP vegetative reproduction probability (0–1), MINS minimum sprouting age (years), MAXS maximum sprouting age (years), MaxDBH
maximum diameter at breast height (cm), MaxSDI maximum stand density index (number of 10-inch trees per ha), NPGS number of potential germination seeds per mature tree
(number/cell area), FL foliar longevity (years), FLI foliar lignin (% of mass)
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We simulated forest changes under two scenarios:
(a) succession only scenario, (b) succession and
harvest scenario (with harvest regime reflecting the
current harvest activities). We used both models to
simulate 15 dominant tree species (Table 1) from year
2000 to 2300 using 10-year time step at 100 m
resolution with five replicates to capture model
stochasticity. For each scenario the same forest
initialization was used.
We summarized the species’ distribution (quantified by species’ percent area), species’ biomass, and
total AGB by averaging simulation results from the
five replicate simulations for each scenario. We first
evaluated the differences in trajectories of species’
distribution and biomass, and total AGB between the
two models from year 2000 to 2300. We then assessed
the differences of species’ distribution and biomass
from the two models at short- (2000–2050
year), medium- (2060–2100 year), and long- (2110–
2300 year) term using the relative mean absolute error
(MAE %) (Miehle et al. 2006; Wang et al. 2014b):
MAE% ¼ 100

Xn
i¼1

jDi  Pi j=n=D

where Di was the simulated result from LANDIS
PRO at year i, Pi was the simulated result from
LANDIS-II at year i, n (n = 5, 5, 20) is the number
of simulation years for each of short-, medium-, and
long-term, respectively. In order to avoid the same
percent area with different spatial patterns derived
from two models, we used cell-wise values to assess
the differences of species’ distribution. Furthermore,
we compared spatial patterns of species’ distribution
between these two models. All statistical analyses
were operated in the language and environment R
Team (2011). We found that six species (Korean
pine, spruce, oak, elm, basswood and white birch)
could capture the response patterns of 15 species,
thus we represented the simulations results of these
six species.
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at year 2100 (see Appendix B in Supplementary
material).

Species’ distribution
Total aboveground biomass (AGB)
The trajectories of distribution varied among species
and time and differed significantly between the two
models. The simulated percent area for white birch,
Korean pine and spruce from the models showed
similar trends across the 300 years’ simulation period
under the succession only scenario (Fig. 3). MAE %
averaged 2–10 % for these three species at the three
temporal terms (Fig. 4). The differences in trajectories
of percent area for oak, elm, and basswood between
the two models increased over time and were significant in the long-term (Fig. 3). For example, the
MAE % for oak, elm and basswood in the long-term
(14, 29, and 27 %) were larger than those in the shortterm (8, 15, and 7 %), respectively (Fig. 4). The
results of spatial pattern of species’ distribution were
consistent with results of species percent area. For
example, spatial pattern of distribution of oak simulated by LANDIS PRO at year 2100 was larger than
that simulated by LANDIS-II, whereas for early
successional species (e.g., white birch), spatial pattern
of distribution was similar between these two models

The predictions of total AGB varied considerably
between the two models (Fig. 5). Total AGB simulated by LANDIS PRO gradually increased and
peaked around simulation year 2200 (176 t/ha), and
then gradually decreased hereafter. Total AGB simulated by LANDIS-II increased more quickly to the
peak around the simulation year 2070 (178 t/ha)
followed by a 100-years’ stable fluctuations and
decreased dramatically to its lowest point (80 t/ha) at
the simulation year 2260. The results of MAE % for
total AGB were less than 10 % in the short- and
medium-term, whereas large in the long-term (22 %)
(Fig. 7).
The trajectories of total AGB under the harvest
scenario coincided basically with those under the
succession only scenario (Fig. 5). MAE % for total
AGB in the short-, medium-, and long-term (8, 8, and
13 %) under the harvest scenario were smaller than
those under the succession only scenario (9, 10, and
22 %) (Fig. 7).

Fig. 3 The trajectory of
species’ distribution
(quantified by species
percent area) simulated by
LANDIS PRO and
LANDIS-II across the
simulation period under
succession only scenario
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Fig. 4 Differences
(quantified by the relative
mean absolute error,
MAE %) in species’ percent
area between two models in
the short-, medium- and
long-term under succession
only scenario. The greater
MAE % were, the greater
the differences between two
models

Fig. 5 The trajectory of total aboveground biomass simulated
by LANDIS PRO and LANDIS-II across the simulation period
under succession only scenario and harvest scenario

Species biomass
The trajectories of biomass between the two models
varied among species and time with generally increasing differences over time. The trajectories of biomass
from the two models for white birch were similar
under the succession only scenario. MAE % averaged
5 % for white birch over time. Biomass for white birch
from both models increased in the short-term followed
by dramatic decreases in the medium-term, and
approximated zero in the long-term. The trajectories
of biomass for spruce, elm, and oak were similar in the
short- and medium-term but varied substantially in the
long-term under the succession only scenario. MAE
for spruce, elm, and oak were 28, 32, and 28 %,

123

respectively, in the long-term. The simulated biomass
for oak from LANDIS PRO gradually increased and
peaked around the simulated year 2230, and then
slowly decreased to year 2300. However, in LANDISII, it increased much more quickly and peaked around
the simulated year 2180 followed by drastic decreases
under the succession only scenario (Fig. 6). The
trajectories of biomass for Korean pine and basswood
between both models had relatively stable differences
over time. MAE % averaged 20 % for Korean pine
and 21 % for basswood, which fell between white
birch and spruce, elm, and oak.
The trajectories of species’ biomass under the
harvest scenario coincided with those under the
succession only scenario (Fig. 6). Differences in
biomass for white birch were also smaller than those
for other species under the harvest scenario. Larger
differences of species’ biomass in the medium- and
long-term were observed under the harvest scenario
(Fig. 7). Harvest mediated the differences between the
two models (Figs. 6, 7). The differences in biomass for
most species from the two models under the harvest
scenario were smaller than those under the succession
only scenario (Fig. 7). For example, MAE % for
Korean pine, oak, and elm (16, 22, and 13 %) under
the harvest scenario were smaller than those under the
succession scenario in the long-term (20, 32, and
28 %). By contrast, spruce had an opposite situation.
MAE % for spruce in the short-, medium-, and longterm (6, 21, and 35 %) under harvest scenario were
larger than those (1, 5, and 28 %) under the succession
only scenario (Fig. 7).
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Fig. 6 The trajectory of
species’ biomass simulated
by LANDIS PRO and
LANDIS-II across the
simulation period. Korean
pine and basswood had
higher biomass under the
harvest scenario in both
models than that under the
succession only scenario
because harvest of Korean
pine and basswood were
prohibited in China and
harvest of other species
promoted Korean pine and
basswood

Discussion
Our simulation results indicated that site-scale processes such as tree growth, establishment, inter- and
intra-species competition, and mortality influenced
tree species’ distribution and biomass modeled with
FLMs. This is consistent with results from previous
studies on the effects of site-scale processes on
landscape-scale predictions using other forest landscape models (Elkin et al. 2012; Liang et al. 2015).
Moreover, the effects of site-scale processes on
landscape-scale predictions likely depend on species’
ecological traits.
For early successional species, the simulated distribution and biomass were more robust with respect to
different formulations of site-scale processes. For
example, trajectories of distribution for white birch
modelled with LANDIS PRO and LANDIS-II were
very similar. This is because early successional
species are usually fast growing, can better use
resources, and have high seed dispersal capacity.
These traits may potentially overcome low establishment probabilities in less suitable areas (He and
Mladenoff 1999; Liang et al. 2015). Thus, distribution
predictions for these early successional species were
not sensitive to the formulation of site-scale processes.

In addition, early successional species tend to occur as
even aged stands in response to clear cutting
30–40 years ago in our study area (Feng et al. 1999;
Bu et al. 2008). Thus, biomass can be similarly
allocated to one age cohort in both models, which
eliminates the potential differences in allocating
biomass to multiple age cohorts. Moreover, the even
aged stands decreased simultaneously in simulated
distribution at the same time when they approach their
maximum lifespan. Since age-related mortality was
simulated similarly in both models, simulated biomass
for these species tends to be similar. Other observational studies also found no apparent effects of sitescale processes such as seed mass on the growth and
distribution of early successional species (Dalling and
Hubbell 2002).
For mid- and late-successional species, simulated
distribution and biomass were sensitive to the formulation of site-scale processes. Distribution was mostly
influenced by seed dispersal, which was simulated
differently in the two models. Both LANDIS PRO and
LANDIS-II used probability decay function in simulating seed dispersal, i.e., the probability for an
arriving seed decreased with increasing seeding distance (He and Mladenoff 1999). However, since
LANDIS PRO tracked the number of arriving seeds,
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Fig. 7 Differences
(quantified by the relative
mean absolute error,
MAE %) in species’
biomass between two
models in the short-,
medium- and long-term.
The greater MAE % is, the
greater was differences
between two models

it checked each seedling for establishment as opposed
to LANDIS-II, which checked the youngest cohort
(seed) for establishment. Hence LANDIS PRO potentially had higher chance of establishment and larger
distribution than those simulated by LANDIS-II. In
order to demonstrate this point, we simulated a
hypothetical landscape (99 9 99 cells, 9801 ha) at
100 m resolution, which contained only one landtype
and two species in order to eliminate the effect of
interspecies competition. The central cell was initialized to Korean pine, whereas the surrounding cells
were initialized to oak. We recorded the numbers of
cells that Korean pine spread to the surrounding cells
during the entire simulation period. The result showed
that the number of cells in LANDIS PRO model was
generally larger than that in LANDIS-II model
(Fig. 8). This difference in distribution predictions
between these two models was evident especially
when seed sources were not abundant or concentrated
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such as those shade-tolerant species (e.g., Korean pine,
spruce) (Gross 1984; Howe et al. 1985; Tripathi and
Khan 1990; Paz et al. 1999; Turnbull et al. 1999),
unlike those early successional species.
For the simulated biomass, mid- and late-successional species tended to occur in stands with relatively
complex structures. Allocation of total biomass by
species to each age cohort in LANDIS-II may lead to
differences which propagate through simulation years.
For example, oak, the moderate shade tolerant species
in this study showed obviously different biomass
predictions between the two models. Although oak
species showed a decrease in both models when
approaching its maximum lifespan, biomass trajectories during the entire simulation period in LANDIS-II
showed a larger amplitude oscillation than those in
LANDIS PRO. This was because the LANDIS-II
‘‘spin-up’’ method led to a larger allocation of biomass
to the oldest age cohort than that in LANDIS PRO.
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Fig. 8 We simulated a 9801 ha square landscape (99 9 99
cells) at a resolution of 1 ha containing only one landtype. The
central cell was initialized to Korean pine, the surrounding cells
were initialized to oak. The Y-axis represented how many cells
have Korean pine with seed dispersal across the simulation
period

LANDIS-II does not use ecophysiology while simulating biomass dynamics. It uses an empirical equation
to allocate biomass to cohorts. We randomly chose
approximately 4500 cells of oak stands with multiple
age cohorts from our study area to examine allocation
of biomass for the oldest age cohort at the simulated
year 2000, 2050, 2100, and 2200, respectively. The
result showed that the biomass of the oldest age cohort
in LANDIS-II was eight-fold larger than that in
LANDIS PRO at the simulated year 2000 (initial
year), whereas six-fold was found at the simulated
year 2100 (Fig. 9a). When a large portion of biomass
reached longevity and was removed, the rate of
mortality outpaced the rate of forest regrowth, making
LANDIS-II more sensitive to cohort senescence than
LANDIS PRO. This finding was magnified in our
simulations due to the lack of gap scale disturbance,
which may mediate the succession only effects (also
see discussion below).
As expected, prediction of total AGB was also
highly sensitive to the formulation of site-scale
processes, which stemmed from different mechanisms
determining biomass at the site scale. The maximum
in total AGB simulated by the two models was similar
(nearly 180 t/ha), which was supported by field-based
studies in this region (Hu et al. 2015). Total AGB
simulated by LANDIS-II increased much more
quickly to the maximum in the simulated short-term
and decreased dramatically to the minimum as cohort
senescence in the simulated long-term. By contrast,
predictions of total AGB showed less variation in
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LANDIS PRO. In order to explain this phenomenon,
we analyzed species biomass increment (e.g., oak) by
time step (10 years) at various age cohorts (regeneration, early-stage, mid-stage, late-stage and oldgrowth) simulated by these two models. The results
showed that biomass increments at late-stage and oldgrowth in LANDIS-II were larger than those in
LANDIS PRO, whereas the increments at regeneration, early-stage, mid-stage in LANDIS-II were
smaller (Fig. 9b). The more rapid increase of total
AGB in LANDIS-II than LANDIS PRO in the
simulated short-term resulted from a larger biomass
increment of age cohorts at late-stage in LANDIS-II
(the initial age of dominant mid- and late- successional
species typically range from 60 to 80 years). When a
large portion of biomass reached longevity and was
removed, the increase in regenerated biomass was
much less than the decrease in biomass caused by
mortality in LANDIS-II, making biomass decrease
dramatically. In contrast, the total AGB simulated in
LANDIS PRO decreased gradually after approaching
longevity due to the supplement in regenerated
biomass. This illustrates that LANDIS PRO, including
tree density, size, and seed number, and stand
development processes, can capture ecosystem inertia.
The differences in species’ biomass between the
two models were generally larger than those in
species’ distribution (Figs. 4, 7). This is probably
because biomass dynamics were mainly driven by
establishment, competition, and mortality, whereas
distribution change was mostly affected by establishment and dispersal (Scheller et al. 2007; Xu et al.
2009; Wang et al. 2013, 2014a, b). Thus, site-scale
processes played greater roles in biomass dynamics
than in distribution, resulting in greater difference in
biomass between the two models. In addition, the
differences in predictions from the two models varied
over time. They were minimal in the short-term, but
increased from medium- to long-term.
We found that harvest mediated the effects of sitescale processes on landscape-scale predictions, suggesting that strong landscape-scale disturbance may
override site-scale processes. This may result from the
removal of mature trees. If a harvest removes the
mature trees, it will reduce the seed sources and make
the effects of seed dispersal less important. Thus,
differences in tracking seeds in LANDIS PRO and
LANDIS-II may lead to different results (Scheller and
Mladenof 2005). Harvest can also reduce competition
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Fig. 9 Biomass allocation
and annual biomass
increment of oak at various
age cohorts simulated by
LANDIS PRO and
LANDIS-II. About 15,000
cells in our study area had
oak stand age over 100 year
old age cohort, and 30 % of
which (approximately 4500
cells) were randomly chosen
to examine a allocation of
biomass at regeneration,
early-stage, mid-stage, latestage and old-growth,
simulated by LANDIS PRO
and LANDIS-II at the
simulation year 2000, 2050,
2100, and 2200 (PRO:
LANDIS PRO; II: LANDISII); b the average biomass
increment of oak by time
step (10 years) at
regeneration, early-stage,
mid-stage, late-stage and
old-growth simulated by
these two models

and enable new species establishment especially for
less shade tolerant species; which further mediated the
effects of model results on site-scale processes. In
deciduous or mixed deciduous and coniferous forests
where large-scale disturbances (e.g., stand-replacing
fire and clear-cut) are infrequent, site-scale processes
are relatively more important than disturbances in
driving in forests dynamics (Wang et al. 2013).
Therefore, more detailed formations of site-scale
processes may be needed to improve the predictions
of forest changes in these regions.
The focus in this study was the effect of site-scale
processes on forest succession, gap scale disturbances,
such as windthrow, was not considered. This was
because methods used to simulate gap-scale disturbances differed in these two models, which made it
difficult to identify and separate the effects of sitescale processes from wind disturbances. Under
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scenarios with no windthrow disturbances, canopy
gaps were not frequent or sizable enough to allow
early successional species to establish. Thus, as
expected, these species almost disappear in the long
term. By contrast, stand heterogeneity would increase
if windthrow were simulated, which may result in
smaller differences between these two models.
Another limitation in this study was the impossibility
to parameterize the two models perfectly in parallel
despite our best efforts. This was because of the
differences in philosophy and methodology in the
modeling approaches. Consequently, different biomass calculation metrics, allometric equations for
LANDIS PRO (Jenkins et al. 2004) and biomass
allocation in LANDIS-II (Scheller et al. 2007),
resulted in differences in simulated biomass.
The results about the effects of site-scale processes
on landscape-scale predictions could be generalized
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and benefit other forest landscape modelling studies,
whereas the differences in seed dispersal and biomass
allocation, are relatively specific to these two models.
Although model-to-model comparisons as in this
study are meaningful and frequent in model evaluation, it is necessary to apply long-term, landscapescale forest monitoring data to evaluate model
predictions. The comparisons between model results
and long-term monitoring data were not feasible in this
study due to the insufficient long-term monitoring data
in the study area. With continuing efforts of forest
inventory, such data will eventually be available to aid
model comparison and evaluation. In addition, temperate forests in the study area are influenced by global
change such as climate change. Climate change may
affect species establishment and mortality and alter
species’ distribution and biomass. Thus, model-tomodel comparisons under climate change scenario are
essential to evaluate model predictions, which is a next
desirable step.

Conclusion
Site-scale processes affected the tree species’ distribution and biomass modeled with FLMs. The effects
of site-scale processes on landscape-scale predictions
likely depend on species’ ecological traits such as
shade tolerance, seed dispersal, and growth rates,
among other factors. For early successional species,
the simulated distribution and biomass were insensitive to different formulations of site-scale processes.
Conversely, the simulated distribution and biomass for
mid- and late-successional species were sensitive to
the formulations. Moreover, the differences in the
simulated species biomass were generally larger than
in the simulated species’ distribution. In addition,
harvest mediated the effects of site-scale processes on
landscape-scale predictions, suggesting that strong
landscape-scale disturbance may override site-scale
processes. Results from this study revealed the agreements and differences between these two models with
different site-scale process formulations. They may
help narrow down prediction uncertainties and point to
areas where representations of site-scale processes
need to be enhanced in the future.
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