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Abstract

Climate change is altering forests globally, some in ways that may promote further warming at the regional and even

continental scales. The dynamics of complex systems that occupy large spatial domains and change on the order of

decades to centuries, such as forests, do not lend themselves easily to direct observation. A simulation model is often

an appropriate and attainable approach toward understanding the inner workings of forest ecosystems, and how they

may change with imposed perturbations. A new spatially-explicit model SIBBORK has been developed to understand

how the Siberian boreal forests may respond to near-future climate change. The predictive capabilities of SIBBORK

are enhanced with 3-dimensional representation of terrain and associated environmental gradients, and a 3-D light

ray-tracing subroutine. SIBBORK’s outputs are easily converted to georeferenced maps of forest structure and species

composition.

SIBBORK has been calibrated using forestry yield tables and validated against multiple independent multi-

dimensional timeseries datasets from southern, middle, and northern taiga ecotones in central Siberia, including the

southern and northern boundaries of the boreal forest. Model applications simulating the vegetation response to cli-

mate change revealed significant and irreversible changes in forest structure and composition, which are likely to be

reached by mid-21st century. These changes in land cover will inevitably result in changes in the biodiversity, carbon

storage, and the ecosystem services provided by the Siberian boreal forest.
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CHAPTER

ONE

NUMERICAL MODELING APPROACH TO PREDICTING ECOSYSTEM

CHANGE

“Technical skill is mastery of complexity, while creativity is mastery of simplicity.” - Sir E. C. Zeeman

(1977)

1.1 Introduction

This work serves to introduce the dynamic gap model SIBBORK (SIBerian BOReal forest simulator, pronounced

“cyborg” but with a “k” at the end) as a robust tool for predicting ecosystem change. This contribution estimates

changes in the boreal ecosystem, which (1) represents the largest terrestrial biome, (2) contains a disproportionate

amount of carbon compared to other terrestrial ecosystems, (3) exchanges carbon with the atmosphere, and (4) has

been experiencing accelerated climate change over the last three decades. Boreal forests occupy one sixth of the

land cover, yet contain one third of the terrestrial carbon stores (Shugart et al., 1986; Bolin, 1986, as referenced

in Bonan, 1988a; Conard et al., 2002; Bonan, 2008). Although most of the carbon in boreal forests is stored in

soils and permafrost (Tarnocai et al., 2009), carbon dynamics within the ecosystem depend on the structure and

composition of the above-ground vegetation community. Additionally, boreal forests are floristically simple, which

renders their species diversity, biomass, and carbon dynamics more susceptible to perturbations, such as climate change

(Shugart et al., 1992a; Bonan, 2008; Anderegg et al., 2012). Changes in forest composition and dynamics may

propagate regional and global warming of ambient air and soil temperatures through a complex system of vegetation-

atmosphere feedbacks (Bonan et al., 1992; Betts, 2000; Denman et al., 2007; Bonan, 2008; Shugart and Woodward,

2011). Due to its rich carbon stores and low biodiversity, the boreal ecosystem may play a substantial role in the

planetary carbon cycle, as the warming predicted and already observed in Eurasian boreal forests is likely to shift

their function toward acting as a net source of atmospheric carbon. Predicting future changes in the Eurasian boreal
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Modeling Boreal Forests in 3-D

forest is intrinsically a modeling issue, as the spatial expanse of this ecosystem and the temporal scale of patterns and

processes do not lend themselves to direct measurement or observation. Furthermore, models allow us to infer long-

term dynamics in hypothetical or potential future environmental conditions (Busing and Mailly, 2004 ). This thesis

details the development and application of SIBBORK in a spatially-explicit model-based synthesis of forest dynamics

to investigate the structure and processes of this vast boreal landscape on multiple scales of time and geography, and

includes an exploration of forest response to climate change with the purpose of understanding how changes in this

ecosystem may affect global carbon dynamics.

Complex internal interactions within the boreal ecosystem can amplify climate change at regional and continental

levels. Field studies have shown that alterations in land cover, such as shifts in tree line position and forest composi-

tion, and changes in vegetation processes, including regeneration and seed dispersal, are already occurring within the

Siberian boreal forest (Tretyakova and Noskova, 2004; Soja et al., 2006; Noskova and Tretyakova, 2006; Tretyakova,

2006; Kharuk et al., 2009; Noskova et al., 2009; Barchenkov, 2010; Kharuk et al., 2013a,b). These physical changes

in forest structure coincide with measurements of greater warming than has been observed elsewhere or predicted by

global climate models (Hansen et al., 1999; Serreze et al., 2000; Soja et al., 2007; Shkol’nik et al., 2012). Shifts in

species composition can transition a forest from acting as a carbon sink to becoming a source of atmospheric carbon,

for example, through feedbacks associated with the replacement of deciduous conifers with evergreen conifers. This

transition has already been observed in Canadian boreal forests (Kurz and Apps, 1999). Forest composition changes

can also lead to decreased stand productivity, increased respiration rates, and changes in disturbance regimes (Valendik

et al., 2004a,b). Regional changes in species composition and vegetation cover can lead to changes in regional albedo,

which, in turn, modifies the regional radiation budget and affects regional climate (Bonan et al., 1992; Hayden, 1998;

Baldocchi et al., 2000; Barlage et al., 2005; Liu et al., 2005; Bonan, 2008; Groisman et al., 2009; Shuman et al., 2011;

Boisier et al., 2013).

The replacement of deciduous Larch species (Larix spp.) with evergreen conifer species (Abies spp., Picea spp., Pi-

nus spp.) accompanying an increase in ambient winter temperatures (Soja et al., 2007; Kharuk et al., 2009; Shugart

and Woodward, 2011) represents a specific example of how shifts in species composition can alter the regional cli-

mate. Larch is a deciduous conifer and, as such, loses foliage in the fall. Consequently, the regional albedo of

larch-dominated forests in the winter is closer to that of snow (Suzuki and Ohta, 2003) and reflects the majority of

the incoming solar radiation. In contrast, evergreen trees maintain the same albedo throughout the year (Shugart et

al., 1992a; Betts and Ball, 1997; Shugart and Woodward, 2011; Shuman et al., 2011). Additionally, in a snow-free

environment the annual average albedo of larch is greater than that of any other conifer (Hollinger et al., 2010). There

is evidence that the large-scale replacement of larch and a shift to evergreen dominance by dark conifers decreases the

average regional albedo (Kharuk et al., 2007). This drives a positive feedback loop between the ambient temperature

2 Chapter 1. Numerical modeling Approach to Predicting Ecosystem Change
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and vegetation cover, which may result in further warming and climate changes through alteration of the surface prop-

erties and, therefore, the radiation budget on the regional level (Bonan et al., 1992; Betts et al., 2000; Bonan, 2008).

This feedback has a potential of generating an estimated annual average positive radiative forcing of approximately 5

𝑊/𝑚2 (Shuman et al., 2011), which is comparable to double the forcing from 𝐶𝑂2 emissions (IPCC, 2013). In this

manner, climate-related replacement of a cold-loving species with a heat-tolerant one can propagate changes toward a

warmer climate that facilitates continued dominance of the heat-tolerant species. Forest dynamic models can be used

to further our understanding regarding how species replacement at different scales may affect the local and regional

climate.

Carbon dynamics are not equally predictable at all stages of succession, and forest simulation models can facilitate

insight into how climatic changes at different stages of succession may affect ecosystem trajectories and carbon storage

capacity. Young forests generally serve as a net carbon sink, followed by a self-thinning period of net carbon release to

the atmosphere as trees grow and compete for space and resources. New saplings establish in canopy gaps generated

by tree mortality, and eventually the regeneration rate balances out the mortality rate. The role of the forest as a

sink for atmospheric carbon greatly depends on the balance of uptake of carbon through photosynthesis and release

through decomposition and respiration. Older forests tend toward slower growth and greater decomposition rates

(Kolchugina and Vinson, 1995; Schulze et al., 1995; Luyssaert et al., 2008), and can act as carbon neutral, weak

sinks, or weak sources. During the 20th century, Eurasian boreal forests acted as a weak sink, storing atmospheric

carbon in vegetation and soil carbon pools (Shvidenko and Nilsson, 2003; Milakovsky et al., 2012). However, two

decades ago, over half of the 15 million square kilometers of Russian boreal forests were in the mature and overmature

category (Anonymous, 1990; Krankina and Dixon, 1994; FAO TBFRA of UN-ECE/FAO, 2000) - a stage when forest

productivity decreases (Kurz et al., 1995b; Bhatti et al., 2003; Goetz et a., 2007), and can transition from acting as a

net carbon sink to being carbon neutral or a net source of atmospheric carbon (Ashton, 2012).

Consequently, due to the age structure and composition of Russian boreal forests, this vast biome is potentially on

the verge of becoming a net carbon source in the near future. The climax species in Eurasian boreal forests are dark

conifers, which have a lower net primary productivity than the early successional broadleaf deciduous stands. Lin-

droth et al., (1998) found that the carbon balance of old and middle-aged closed-canopy boreal forests in Scandinavia

depends on the thermal regime, and acts as a source of atmospheric carbon during years with abnormal temperature

distributions. Similar studies have demonstrated that this thermal dependency exists in other biomes, including trop-

ical rain forests (Grace at al., 1995) and temperate forests (Goulden et al., 1996). The vulnerability of the role of

forests as sinks for atmospheric carbon may therefore be enhanced by stand age and exacerbated by climatological

changes (Smith and Shugart, 1993; Milakovsky et al., 2012). A numerical model of forest dynamics can further our

1.1. Introduction 3
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understanding regarding how these complex relationships and processes affect the overall functioning of a forest as a

net carbon source or sink.

Furthermore, disturbances alter the short- and long-term carbon balance in a forest. Mature and overmature stands, and

especially dark conifers in Siberia, are affected by insect outbreaks and fires - both types of disturbances that are likely

to become more significant with increasing conifer dominance in the region (Ershov and Isaev, 2006). Coniferous trees

are also more susceptible to insect damage and exhibit higher mortality during insect outbreaks than early-successional

broadleaf species (Lyamzev and Isaev, 2002). Direct observation of forests in North and South America revealed that

climate-related and insect outbreak disturbances cause structural changes in forests, including alterations in stand

density, spatial distribution, dominant species, and species composition, because trees have different susceptibilities

to selective mortality based on size and the life stage of the individual (Anderegg et al., 2012) and the life history

of the species (Shugart, 1984; Coffin and Urban, 1993). Changes in forest structure and species composition in the

large boreal ecosystem may have considerable implications for net primary productivity and carbon balance in the

region (Milakovsky et al., 2012). To compound the problem, insect outbreaks may be linked to increases in spread and

frequency of wildfires (Bonan and Shugart, 1989), which would further decrease the carbon storage and productivity

of the region in the short term (Conard et al., 2004). It has been reported that increases in the wildfire and insect-

related disturbances in the boreal forests in Canada have already converted those forests to a source of atmospheric

carbon (Kurz and Apps, 1999). Eurasian boreal forests also have the potential to transition to being a carbon source

with intensification in the disturbance regimes.

Although remote sensing and satellite-products are capable of monitoring the regional changes in species composition,

albedo, and large-scale disturbances, numerical models are vital for predicting future forest structure and dynamics,

evaluating the effectiveness of potential mitigation approaches, assessing the associated implications for regional cli-

mate and estimating changes in the carbon budget. The new vegetation model SIBBORK has been developed for the

purpose of furthering our understanding of how forest dynamics may change with both abrupt and gradual pertur-

bations, as well as for estimating the future carbon storage capacity under different climate change and disturbance

scenarios. SIBBORK does not capture all of these feedbacks and complex interactions, but instead focuses on the

climate-vegetation relationship and is used to understand how stand structure and composition of a boreal forest may

change with alterations to the temperature and precipitation regimes, as well as intensification of the disturbance

regime.

4 Chapter 1. Numerical modeling Approach to Predicting Ecosystem Change
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1.2 Forest modeling

A model is a simplified representation of our understanding of reality, in this case - forest ecosystems. As a result,

some processes may be represented very simplistically or not at all, and some functionality may be over/underesti-

mated. Many current-generation forest dynamics models are based either on the JABOWA (Botkin et al., 1972a,b)

or the FORET models (Shugart and West, 1977), developed in the 1970’s, both of which are were founded on the

assumptions of landscape homogeneity over the size of the plot, single leaf layer canopy on each plot, and no interac-

tions between simulated plots. ZELIG, a descendant of FORET, enhanced parameterization of environmental effects

on tree processes (Smith and Urban, 1988) using the relationships presented by Pastor and Post (1986). ZELIG has

been rigorously tested and implemented in past and current applications for investigation of land cover structure and

composition in temperate forests (Urban et al., 1991; Weishampel et al., 1996), coastal forest (Urban et al., 1993;

Busing and Solomon, 2004), dry tropical forest (Holm et al., 2012), tropical rain forest (Holm et al., 2014), as well

as upland and bottomland forests in the arid midwest of the U.S. (Acevedo et al., 1997; Holcomb, 2001). Compared

to observations from a Northwest Pacific forest, ZELIG underestimates regeneration, producing a smaller number of

young saplings, and overestimates mortality, reducing the number and size of mature and old growth trees (Pabst

et al., 2008). Nonetheless, the wide application of ZELIG to a diverse array of forest ecosystems demonstrated the

model’s robustness and adaptability, and provided a strong reference framework for the development of the new model

SIBBORK.

SIBBORK is a spatially-explicit individual-based gap model. Individual-based models track the establishment,

growth, and mortality of individual trees. Gap models are a type of individual-based models, in which the processes

and structure are simulated on plots approximately the size of the crown of a canopy dominant tree (0.05-0.1ha). A

sample plot is shown in Figure 1.1, with a canopy dominant tree and other canopy constituents. Within-plot interac-

tions are through extinction of diffuse radiation entering the canopy at a vertical angle by overhead leaf area. Spatial

complexity is conveyed through (1) specification of environmental conditions at the plot level, and (2) interactions

of trees on one plot with trees on adjacent and nearby plots. Between-plot interactions are a unique feature of SIB-

BORK and absent from most forest models. SIBBORK can simulate the structure, biodiversity, and geometry of stand

composition on each simulated plot (independent 1-D mode), a north-south oriented transect of plots (interactive 2-D

mode), or a grid of plots (interactive 3-D mode), and computes the 3-dimensional canopy interactions between plots

in the two interactive modes. Additionally, the environmental conditions and light interactions can be computed in

complex terrain, which further expands the application of this model to understanding the behavior of vegetation in

mountainous regions and transitional ecotones. The most important assumption of gap models, such as SIBBORK, is

that patch dynamics can be abstracted to the landscape scale (Shugart, 1984, 1998, 2003), and that average dynamics

1.2. Forest modeling 5
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from 150 or more replicate plots (Bugmann et al., 1996) represent the larger landscape dynamics. SIBBORK goes

further by simulating a grid of plots that cover the area of several hectares (up to 81-ha has been tested). An average

of 150 replicate simulations of 81-ha landscape serves to more accurately represent the average dynamics on that

landscape.

Fig. 1.1: The spatial unit of the simulation is a plot approximately the size of the crown of a dominant tree. Multiple
trees sprout, grow, and die on the plot over the course of the simulation. Note, the plots in SIBBORK are square,
whereas in many classical gap dynamics models (FORET, FAREAST), the plots are circular. [Reproduced from
Shugart (1987).]

Successional dynamics are simulated as a transition from one species to another through species-specific tolerances

and competition for resources. A simulation can be initiated from bare ground or an initial condition. Bare ground

represents the conditions following a stand-replacing disturbance, such as a wildfire. The model then simulates the

establishment, growth, and mortality of each tree using species-specific tolerances and biotic constraints, such as

competition for light and soil moisture (Shugart, 1984). Establishment denotes seedling germination and sapling

generation. Growth refers to an increase in diameter, height, cumulative leaf area, and biomass of individual trees at

annual increments over time. The model computes the maximum potential growth and establishment rates for trees

of a given species and size, and modifies them based on the environmental conditions and available resources, which

are heterogeneously distributed across the landscape. This results in individuals of the same species experiencing

different environmental conditions and growth rates based on their location along resource gradients on the terrain.

6 Chapter 1. Numerical modeling Approach to Predicting Ecosystem Change
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Tree mortality may be natural or stress-induced. Natural mortality is species- and age-specific. The probability of

this intrinsic mortality is the same regardless of tree age, and results in approximately 1% of individuals surviving

past the estimated maximum age for the species in regions without disturbance (Mielke et al., 1978). Stress-related

mortality varies spatially and temporally, and facilitates the differential distribution of species across the 3-dimensional

landscape gradients.

Fig. 1.2: The effects of environmental conditions shown here for Jack Pine. [Reproduced from Pastor and Post
(1986).]

Over the course of the simulation, trees interact with surrounding trees and the environment. The growth response to

the environmental factors of light availability, soil moisture, ambient temperature, expressed as growing degree days,

and soil fertility, expressed as maximum biomass per plot (Pastor and Post, 1986), are shown in Figure ??. Based

on a more recent understanding of vegetation response to heat stress (Bugmann and Solomon, 2000), the parabolic

growing-degree day response has been modified to a nonlinear function of temperature (Figures 2.16b, 2.28c). Recent

empirical studies have shown that trees subjected to artificially-warmed environments experienced limited growth

only in drought conditions (McDowell et al., 2011; Bauweraerts et al., 2014; Wertin et al., 2012). This modification

to the temperature effect on growth transfers the limitation from heat stress to temperature-induced-drought stress,

1.2. Forest modeling 7
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which appears to more realistically represent tree response to changes in air temperature and soil moisture regimes.

The interaction of trees with their environment and other trees in a 3-dimensional spatial domain is the core of the

model and makes SIBBORK unique in its representation of important forest processes. SIBBORK development and

functionality are described in detail in Chapter 2.

In order to assess the validity of model output, the simulation needs to be tested against field observations. A model can

be verified by comparing the output of the model to the data on which it was “trained” - which was used to parameterize

the model. Verification assesses how well the numerical model aligns with the conceptual model. Conversely, a model

can be validated by comparing the model output to an independent data set, information from which is used to initiate

the model, but which was not employed in parameterizing the model. Validation tests the accuracy of the concept

map and how well the model can be generalized to new scenarios, environments, and locations (Cale et al.,, 1983).

The model may need to be revised several times in order to achieve the desired accuracy and realism in representation

of forest growth and responses, and to better match the computer simulation to the concept map of forest processes,

feedbacks, and interactions. SIBBORK was verified against regional forestry yield tables and validated using an

independent forest inventory dataset. Model generalizability was assessed via simulation of new locations outside

of the “training” region, and comparison with published datasets and forest descriptions. Model verification and

validation are described in detail in Chapter 3.

1.3 Advantages of Spatially-Explicit Forest Models

Forests have been modeled by an array of individual-based models, including homogeneous landscape models

(Shugart, 1998), Markov and Semi-Markov models (Acevedo et al., 1996), mosaic landscape models, such as a Monte

Carlo simulation for point locations (Yan and Shugart, 2005), as well as interactive (Urban, 1990) and nested land-

scape models (Shugart, 1984; Urban et al., 1993). A spatially-explicit model, however, may more accurately simulate

forest vegetation dynamics and predict responses of large heterogeneous landscapes to abrupt disturbances, such as

fires and insect outbreaks, as well as more gradual changes in environmental parameters related to climate change,

than models lacking spatial complexity. In order to represent the observed climatologic, geologic, topographic, and

environmental gradients in the Siberian boreal forest, the model needs to explicitly simulate the large temporal and

spatial variability in insolation, soil moisture, as well as air and soil temperatures. Variability in environmental con-

ditions leads to heterogeneous distribution of vegetation across the landscape. A spatially-explicit model can directly

simulate some of the fine-scale differences in environmental conditions on the landscape and resolve the environmental

biases in the distribution of species in 3-dimensional space based on species-specific tolerances to resource limitations.

Shifts in temperature and precipitation regimes can be applied differentially across the landscape, reflecting fine-scale

8 Chapter 1. Numerical modeling Approach to Predicting Ecosystem Change
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differences in changing conditions and potential refugia for species that would otherwise be subjected to coarse-scale

environmental changes in models that apply homogeneous warming or precipitation changes at the simulation level.

For these reasons, a spatially-explicit model may be the more appropriate tool for examining forest responses to local

changes in abiotic environmental factors and disturbances, which can then be extrapolated to the landscape scale.

SIBBORK, along with a few other spatially-explicit forest models (SORTIE: Pacala et al., 1993; FORMOSAIC: Liu

and Ashton, 1998; FORMIND/FORMIX/FOREGG: Kohler and Huth, 1998; Huth et al., 1998; Huth and Ditzer, 2000;

Kohler at al., 2003; Tietjen and Huth, 2006; Kohler and Hurth, 2007; Dislich and Huth, 2012; LANDIS: Mladenoff

and He, 1999), keeps track of the location of each tree within the geometrical space of the simulation domain. As

in LANDIS, the landscape in SIBBORK is simulated as a grid of plots (Mladenoff, 2004). However, the advantage

of SIBBORK is that it keeps track of individual trees, whereas LANDIS simulates age classes (cohorts). Similar to

FORMIX/FORMIND, the x-y location of each tree within a plot is not recorded, and the uncertainty in the location of

each tree on the landscape is limited to within a plot. However, the advantage of SIBBORK over the FORMIX/FOR-

MIND models is in (1) the spatial resolution in the vertical dimension, and (2) the species-specific parameterization,

compared to plant functional type groups utilized in FORMIX/FORMIND (Huth et al., 1998). Models with spatial

complexity explicitly resolve spatial processes and attempt to represent the 3-dimensional space within a patch of

forest to varying degrees of detail (Busing and Mailly, 2004). Some spatially-explicit models are able to resolve the

3-dimensional structure of canopy and sizes of gaps at different resolution scales: SORTIE - user-specified 1024 𝑚2

minimum, FORMIND suite - 400 𝑚2, LANDIS - 100 𝑚2 to 0.25 𝑘𝑚2, SIBBORK - user-specified 100 𝑚2 minimum

tested. An example of an explicitly-resolved 3-dimensional process is shading of trees by canopies of individuals on

the same and adjacent plots. The explicit simulation of shading by trees on surrounding plots allows for the simulation

of vegetation responses to disturbances that affect areas larger than a single plot, for example, the regeneration of

shade-intolerant trees when gaps the size of multiple plots form as a result of mortality of several canopy dominant

trees in a mature forest. Processes larger than the plot size are not resolved in simulations of independent plots. Fur-

thermore, spatially-explicit models may be more suitable for simulation of phenomena that spread in space (Reiners

and Driese, 2004), such as tree mortality and gap formation on multiple scales, whether due to natural mortality or

drought stress, insect outbreaks, or fires (Sturtevant et al., 2009). When individuals on plots interact with each other

and the environment in 3-dimensional space, the probability of an event occurring on a plot can be affected by the

occurrence of this event, e.g. fire, on adjacent plots. This spatial interaction results in a more realistic representation

of process dependencies on the natural landscape.

Characterization of ambient conditions based on the plot’s location within the landscape facilitates simulation of fine-

scale species distribution. The ability to differentially change climatic conditions based on landscape characteristics

enables the simulation of climate change scenarios more similar to those observed and forecast for regions of complex
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terrain, such as in southern and eastern Siberia. In the extreme continental locations of the Siberian boreal forest,

larger temperature increases have been predicted and observed than anywhere else on our planet (Denman et al., 2007;

IPCC, 2013). In fact, some of the observed warming trends have been in excess of the model-predicted trends for

the region (Soja et al., 2007). Uneven distribution of warming has been observed across Eurasia on multiple scales

(Kharuk et al., 2013a,b; Bulygina et al., 2014; Gruza et al., 2015). Several responses of boreal forest constituents to

climate change have already been observed, such as the regional northward and upslope shifts in the treeline location

(Esper and Schweingruber, 2004; Kharuk et al., 2006; Soja et al., 2006), and changes in reproduction capacity and

mortality rates of some boreal tree species, including Siberian Larch (Larix sibirica), Scots Pine (Pinus sylvestris) and

silver birch (Betula pendula) (Kharuk et al., 2009; Kharuk et al., 2013a,b). Boreal forests exhibit low diversity of tree

species, and changes in reproduction, growth or mortality rates of just a few of them can drastically alter the species

composition and associated atmosphere-vegetation interactions at local and regional scales. A spatially-explicit model

may more realistically capture the northward and upward shifts in species distribution across the simulated terrain, and

changes in the differential distribution of species on slopes of different aspects. The application of SIBBORK toward

understanding the northward and upward shifts in treeline with changing temperature regimes is described in detail in

Chapter 4.

The large-scale effects of climate change on boreal ecosystems have been estimated using an array of non-interactive

and non-spatially-explicit approaches. Holdridge life-zone classification has been employed to examine the current

climate-vegetation coupling, and then the same coupling was used to generate biome maps for a proposed future

distribution of climatological zones (Emanuel et al., 1985). A primary limitation of this approach is that the same

climate-vegetation coupling may not be valid under new climatological conditions. Nonetheless, if this approach is

valid, the southern taiga boreal forest is predicted to become a steppe ecozone (Emanuel et al., 1985; Monserud et

al., 1993) with a Global Climate Model prediction of a warmer, drier climate (Prentice, 1990; IPCC, 2007). Another

approach includes a simplified parameterization of species into plant functional types with a limited set of common

parameters used in a community land model together with a global climate model (Lawrence et al., 2012; Oleson et

al., 2013). However, Law (2014) points out the importance of species-specific parameterization, especially for inves-

tigation of climate-related changes in ecosystem trajectories, and Ashroft et al. (2009) have demonstrated the need

for fine-scale spatially-explicit resolution of microclimates in models used to predict vegetation response to climate

change. Species-specific parameterizations and spatial complexity are of particular importance in a boreal ecosystem

where biodiversity is low and 95% of tree species are represented by six tree genera, and the environmental condi-

tions are characterized by a complex light regime and permafrost. Estimates from models lacking spatial complexity

described above predict significant vegetation shifts in regions currently occupied by boreal forests with future clima-

tological changes. These model predictions are in contrast to the results from an investigation of the effect of a 2𝑜 C
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increase in annual average temperature using the non-spatially-explicit model FAREAST (UVAFME) with species-

specific parameterizations (Shuman and Shugart, 2009). Employing the spatially-explicit model SIBBORK toward a

similar investigation provides more detail and insight into the smaller-scale processes and changes within the Siberian

boreal forest with observed and forecast climatic changes. Details of this investigation are delivered in Chapter 5.

1.4 Motivation

The motivation for this research stems from the need for developing predictive capabilities for the simulation of

terrestrial ecosystem dynamics and incorporating projections of regional and global changes. Changes in land cover

and biomass affect the carbon stores in vegetation, soils, and permafrost. The less carbon that is sequestered and

stored in the terrestrial biome and oceans, the more remains in or is released to the atmosphere. This project is geared

toward the understanding of the forest dynamics in the ecosystem that comprises the largest carbon reserve on the

Earth’s surface via a spatially-explicit modeling approach. The manner in which a landscape may respond to climate

change depends on spatial interactions between the different components of the landscape (Shugart and Woodward,

2011). Some forest functions and processes, such as evapotranspiration, soil moisture, spread of insect outbreaks and

wildfires, depend on spatial parameters, such as topography and whether the neighboring trees are infected or burning.

I developed a new spatially-explicit individual-based gap model SIBBORK to incorporate spatial interactions into the

simulation of boreal forest dynamics. The new model is based on our current understanding of forest dynamics and

internal processes, regional and global datasets, and recent advances in computing technologies. Model development

is described in Chapter 2. Model calibration and testing is described in Chapter 3. Model application toward the

simulation of northward and upward migration of boreal treeline - a sensitive transition ecotone - is described in

Chapter 4. Of particular interest is the assessment of whether spatial complexity in the 3-D interactive mode has better

predictive power with regards to species composition, total biomass (carbon storage), and other stand aggregate and

species-specific characteristics in a boreal forest, as compared to the independent non-spatially-explicit 1-D point-plot

mode. This comparison is presented in Chapter 5, along with climate sensitivity analysis on central Siberian boreal

forest. Further applications of SIBBORK toward examination of how mitigation effects, wildfire, and insect outbreaks

may affect the contribution of the boreal forest toward the global carbon budget are discussed in Chapter 6.

To narrow down the geographic scope for initial model development, SIBBORK was trained on silvicultural data

from the forestry yield tables for southern taiga ecotones of central Siberia, parameterized with meteorological data

and soils characteristics from global datasets, and tested against independent datasets from southern and middle taiga

ecotones of central Siberia.
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1.5 Objectives and Hypotheses

Gap models can be used to predict the distribution and abundance of arboreal species, as well as the succession trajec-

tories and biomass dynamics within a forest. In order to understand the potential uncertainty associated with model

predictions for simulation of possible future conditions, we need to evaluate model output under known conditions

against observations. The three main questions of this thesis are concerned with the predictive abilities of SIBBORK

and whether added spatial complexity results in a gain in prediction accuracy. The first objective addresses model ver-

ification, which assesses how well the numerical model aligns with the conceptual model of forest dynamics. Whether

initialized from bare ground or from initial conditions, does the simulation appropriately reproduce the observed stand

structure and composition of young (less than 100 years old) mixed and mono-species stands? The verification test

involves the dataset on which the model has been “trained”. The null hypothesis is that there is no statistically signifi-

cant difference between the field-measured parameters reflected in the regional forestry yield tables (Shvidenko et al.,

2006) and the model output for young forest stands. The alternate hypothesis is that there is a statistically significant

difference between the yield table data and model output during the first 100 years of simulation. The stand structure

parameters evaluated include diameter at breast height (DBH, at 1.37m), height, stem density, and biovolume. Stand

dynamics are represented by the changes in these structural parameters over time. We can compare simulated stand

dynamics to the timeseries forestry yield table datasets, which reflect average stand structure at decadal time steps.

Evaluation of model output against a timeseries dataset, versus a snapshot of conditions at a single point in time,

constitutes a more powerful test of the model’s predictive abilities (Bugmann, 2001).

The second objective addresses model validation, and includes the comparison of model output to an independent

dataset not used in training of the model. Validation tests the accuracy of the concept map and how well the model can

be generalized to new scenarios, environments, and locations. When initialized from bare ground, does the simulation

appropriately reproduce stand structure and composition of mature (older than 200 years old) mixed and mono-species

stands? The validation test involves the comparison of model output to an independent forest inventory dataset from

the Usolsky forest enterprise in the Krasnoyarsk Region of Russia (Ershov and Isaev, 2006). This independent dataset

has not been used in the training or verification of the model. When SIBBORK is initiated with climatological and

site parameters from the Usolsky forest, but the silvicultural and allometric relationships are not altered, does the

model appropriately reproduce stand characteristics from the Usolsky forest? The null hypothesis is that there is

no statistically significant difference between the modeled and field-measured stand characteristics from the Usolsky

forest for mature stands. The alternate hypothesis is that there are statistically significant differences between the model

output and the field data from the Usolsky forest with regards to the stand aggregate and species-specific physiognomy.

The characteristics selected for the validation test depend on data availability. The stand structure parameters evaluated
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in this test include biovolume and species composition. It is important to create a model that is applicable to the broader

Eurasian boreal forests. To assess the model’s ability to simulate forests outside of the calibration region (south taiga),

published datasets and descriptions of forest composition at different successional stages were utilized for qualitative

validation and quantitative assessment of model generalizability to the middle taiga ecotone. The stand structure

parameters evaluated in the generalization test included basal area and species composition.

Having created a functional 3-dimensional forest dynamics model, of particular interest is the balance between com-

plexity and realism. The third hypothesis addresses the potential advantages of spatially-explicit forest models by

examining the differences between the output from the independent and interactive plot modes in SIBBORK. Is there

a statistically significant gain in the accuracy of model prediction for forest biomass and species composition, from

inclusion of interactions between trees on model plots through the simulation of a 3-dimensional light regime? A need

for this type of comparison in forest gap models had been identified by Busing and Mailly (2004), however, few forest

dynamics models can operate in both independent and interactive modes, and none, to date, have been used for the

simulation of the Siberian boreal forest. To limit the confounding variables in the comparison, this question is best

answered using a single model that operates in both spatially-explicit and independent plot modes, rather than between

two different gap models that only function in one mode or the other. For this test, model runs in both modes were initi-

ated from bare ground with the same climatological, site, and silvicultural input parameters, and the evolution of stand

structure and composition was compared between the two modes for the first 600 years of the simulation. The stand

structure parameters evaluated include stand aggregate and species aggregate DBH, Lorey’s height, and biovolume at

10 year intervals. The null hypothesis is that there is no difference between stand structure and dynamics simulated

using the 1-D independent mode compared to the 3-D interactive mode. The alternate hypothesis is that there is a

statistically significant difference between the outputs from spatially-explicit and non-spatially-explicit simulations,

and significant gain in predictive abilities by means of enhanced spatial complexity.

The three hypotheses described above were tested using the new SIBBORK model, forestry yield tables from central

Siberia (Shvidenko et al., 2006), Usolsky forest inventory (Ershov and Isaev, 2006), and additional datasets and de-

scriptions from the literature (Basilevich, 1986; Alexeyev, 1998; Roser et al., 2002; Hytteborn et al., 2005; Shulze et

al., 2005; Groisman et al., 2013), and are addressed in Chapters 3 and 5. The distribution of stem density and biomass

is not normal, which violates the t-test assumption (Bugmann, 1996), therefore quantitative model validation was

conducted using the nonparametric Smirnov-Kolmogorov test and regression analysis in Statistical Analysis Software

(SAS v9.3). The uncertainty of the forestry yield table data is estimated at 4-7%, and the uncertainty of the Usolsky

forest inventory is unknown. A model is not meant to reproduce the structure and composition of one specific stand -

it is developed for broader applications within a region. Over-tuning the model to the calibration or validation datasets
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can decrease the range of model applicability. For this reason, differences between modeled and observed quantities

of less than 15% were not considered significant.

Additionally, forest simulation was conducted on artificial south- and north-facing slopes under 1-dimensional and

3-dimensional regimes. This investigation was driven by the question: does the explicit simulation of 3-dimensional

topography, and the associated radiation, temperature, and hydrology gradients, result in improved predictive capabil-

ities for species and biomass distribution across complex terrain? Model output was qualitatively compared to altitu-

dinal zonation, as well as the location of the upper and lower timberline in southern Siberian Sayan-Altay mountains

described in the literature (Onuchin, 1962; Shumilova, 1962; Ogureeva, 1973; Gorchakovsky and Shiyatov, 1978;

Rakovskaya and Davydova, 1990; Moiseev, 2002; Chytry et al., 2008; Kharuk et al., 2010a; Kharuk et al., 2010b;

Kharuk et al., 2013a,b). This analysis is described in Chapter 4.

Changes in biomass represent fluctuation of carbon stocks and can give us insight into the storage capacity of the

Siberian boreal forest. Previous investigation suggested that the storage capacity in the Siberian boreal forest is lim-

ited (Dixon and Krankina, 1994; Shuman, 2010), which makes the current investigation all the more pertinent. The

vast Siberian boreal forest is confined between approximately the 12𝑜 C and 19𝑜 C July isotherms (Arctic Atlas, 1985;

Anuchin et al., 1986; MacDonald et al., 2000). Tundra is located to the north of the 12𝑜 isotherm, and steppe outcom-

petes trees in the dry environment south of the 19𝑜 C July isotherm. Together with low biodiversity, the distribution

along a narrow climatological gradient renders the Siberian boreal forest susceptible to thermal regime changes as low

as +2𝑜 C. Utilizing the ability to simulate interactive and non-interactive plots, SIBBORK was used to examine the

changes in biomass dynamics and species composition in the Siberian boreal forest that may be expected as a result of

shifts in temperature and precipitation regimes. How do climate change responses in the vegetation differ on an inter-

active grid of plots compared to independently modeled plots? Monthly temperature and precipitation were gradually

varied based on reported (Blunden et al., 2013; Groisman et al., 2013; Bulygina et al., 2014; Gruza et al., 2015) and

projected (Shkol’nik et al., 2012; IPCC, 2013, RCP8.5 Scenario) climatological changes for central Siberia. Details

of the climate sensitivity analysis on the resilience and potential tipping points of the Siberian boreal forest ecosystem

are discussed in Chapter 5.

The spatially-explicit nature of the SIBBORK simulation allows us to see how the distribution of vegetation across

a simulated landscape changes over time and with changing environmental conditions. This platform facilitates the

investigation of how spatial phenomena propagate across and are modified by the conditions on the landscape. SIB-

BORK opens the possibility of exploring spatial forest processes, such as treeline undulation and seed dispersion,

in addition to understanding the forest response to dominant natural disturbances. The disturbance dynamics in the

boreal forest biome will likely be affected by shifts in temperature and precipitation regimes (Dale at al., 2001). The

extent, duration and frequency of droughts, insect outbreaks, and wildfires are likely to increase (Conard et al., 2002;
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Kasischke et al., 2004; Goetz et al., 2007; Malevsky-Malevich et al., 2008; Mokhov and Chernokulsky, 2010; Kharuk

et al., 2011). Many of these have already been observed (Soja et al., 2007). These disturbances alter the species

composition, biomass dynamics, soil temperature and respiration rates, and therefore have a significant effect on the

role of the boreal forest as a sink or a source of atmospheric carbon, both through immediate and multi-year effects

following the disturbance. Furthermore, the characteristics of the fire regime affect species composition (Rogers et al.,

2015), and changes in fire regimes are likely to not only modify the forest age structure, but also the composition and

the dominant species in the affected forest stands. Together with an undergraduate student, Charlie Hanley, I explored

the effects of simple disturbance (fire) parameterizations on species composition and biomass dynamics. Instead of

simulating the actual disturbance phenomena, which are very complex, the effect of these disturbances on biomass

dynamics and species composition was explored based on published descriptions of species tolerances to different

types of wildfires (Cuevas-Gonzales et al., 2009). The effects of current (Groisman et al., 2007; Loboda and Csiszar,

2007) and potential future (Mokhov et al., 2006; Malevsky-Malevich et al., 2008; Mokhov et al., 2010) fire regimes

on stand structure and composition were explored. Additionally, the potential of SIBBORK coupling with existing

wildfire and insect outbreak modules to examine the propagation of these disturbances across the simulated landscape

was investigated. The effects of including disturbance on the simulation outcome are described in Chapter 6.
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CHAPTER

TWO

SIBBORK: MODEL DEVELOPMENT

“Any model represents an abstraction of reality. The problem is not whether, but what to leave out.” -

Clark, Jones & Holling (1979)

“Always code as if the guy who ends up using/maintaining your code is a violent psychopath who knows

where you live.” - John Woods (1991)

The original project direction focused on the re-parameterization of an existing gap dynamics model ZELIG for the

simulation of boreal ecosystems. ZELIG was initially developed for temperate forests (Smith and Urban, 1988;

Urban, 1990), and although the 3-D light subroutine has been applied to simulate a high-latitude light environment

(Weishampel and Urban, 1996), the model had not been previously applied toward the simulation of Eurasian boreal

ecosystems, and there were numerous incompatibilities between the existing ZELIG model and boreal forest processes.

For example, ZELIG employed the Thornthwaite-Mather equation for the calculation of potential evapotranspiration

(PET) based on monthly temperature and precipitation, and latitude corrections for day length. However, the correction

factors have not been validated for latitudes above 50𝑜 N (Botkin, 1993), which rendered this approach inappropriate

for the estimation of the water budget within Siberian boreal ecosystems located between 50𝑜 N and 71𝑜 N. The

3-D light ray tracing subroutine was created for flat terrain and, in its original form (Weishampel, 1994), was not

compatible with complex terrain features. However, approximately half of the Siberian boreal forest is located in

mountainous terrain (Atlas of the USSR, 1983), so modifications to the 3-D light ray tracing subroutine were needed

in order to more appropriately compute the light environment for these areas. Each process in ZELIG was evaluated

for compatibility with application toward the simulation of high-latitude environments and ecosystems and, wherever

necessary, new formulations were developed. In order to extend the capabilities of the original ZELIG model to

simulate the temperature, radiation, and edaphic gradients encountered in the mountains, model structure and several

processes were substantially modified. The resulting gap dynamics model was deemed different enough from ZELIG
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to warrant a rebranding and was coined SIBBORK - the SIBerian BOReal forest simulator, which was calibrated to

the Krasnoyarsk region in central Siberia.

SIBBORK is a spatially-explicit individual-based gap model for predicting ecosystem change in boreal forests. It was

designed as an open source model, utilizing publicly-available software and datasets. The new model is a descendant

of ZELIG, an existing individual-based gap dynamics model (Urban 1990, 2000; Urban et al. 1991, 1993) and retains

many of ZELIG’s functionalities. First, ZELIG was functionally translated from Fortran to Python for the purpose

of interfacing with ArcGIS, since a spatially-explicit model produces spatially explicit output, and GIS (ArcGIS,

open source: QGIS, Grass) could be used to display model output in georeferenced space. Thereafter, the model

was substantially altered through modifications to the 3-D light subroutine, species-specific parameterizations and

governing equations, simulation of canopy architecture and terrain representations, and specification of the simulation

area and plot size. Alteration was geared toward improving model functionality based on advances in ecology and

technology, and specifically tailored to the boreal forest ecosystem. Additionally, an array of analysis scripts were

created for ease of processing output from replicate model runs and for visualization of model outputs. A simplified

diagram of process flow in SIBBORK is shown in Figure 2.1.

SIBBORK’s predecessor, ZELIG, was originally developed at the University of Virginia based on the FORET model

(Shugart and West, 1977; Shugart, 1984; Leemans et al., 1989), which is not spatially-explicit, for the simulation of

North American temperate forests (Smith and Urban, 1988; Urban, 1990). It has since been adapted to temperate

forests in China (Jiang et al., 1999), the Pacific Northwest (Urban et al., 1993; Busing and Solomon, 2004), Alaska

(Weishampel et al., 1992), the northern hardwood and mixed forests in Canada (Larocque et al., 2006; Larocque et al.,

2011), the tropical dry forests in Puerto Rico (Holm et al., 2012; Bond-Lamberty et al., 2015), as well as the tropical

forests in the Amazon region (Holm et al., 2014). A detailed process flow diagram for ZELIG is shown in Figure 2.2.

The blue rectangles and arrows symbolize the processing, the orange rectangles list the inputs and the green rectangles

summarize the outputs for each subroutine.

The current working version of SIBBORK is v3.0, however, each stage in development has it’s own importance.

SIBBORK v1.0 represents ZELIG (Fortran) functionality, implemented in Python. This version includes 1-D and

2-D light subroutines, in which the light penetration through the canopy is computed solely from directly overhead

(1-D), as in classical gap dynamic models, or from overhead and from the south directions (2-D), respectively. The

Fortran and Python versions of the model were run concurrently and model output was qualitatively and quantitatively

evaluated to validate the functionality of the “translation”. There was no difference in model output of tree height,

diameter at breast height (DBH), and biomass distributions for monospecies stands simulated via ZELIG v1.0 (Fortran)

and SIBBORK v1.0 (Python) starting from bare ground, from identical initial conditions, and with a fixed seed in the

random number generators.
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Fig. 2.1: Conceptual diagram of process flow in SIBBORK. Pre-processing includes analysis of climatological,
radiation, and edaphic factors for the location of interest and generation of topography using Geographic Information
System software. The model is initialized with conditions specified in the driver file. Weather is generated at daily
and monthly timesteps. Annually, saplings are established, trees are grown, and some trees die due to natural or
stress-related mortality. State variables are updated annually. HDF output file contains a record of state variables at
user-specified increments. Height, basal area, biovolume, biomass, and leaf area are computed at the individual level
as a function of DBH during post-processing, and optionally aggregared to the stand-level, with the additional option
to specify masks based on terrain features.

In SIBBORK v2.0, the weather, sapling establishment, and tree growth subroutines were modified, and the parameter-

ization representing the interaction between trees and the surrounding environment was enhanced. The representation

of terrain in the simulation was developed using ArcGIS. The 3-D light subroutine developed by Weishampel (1994)

was functionally implemented in Python and significantly modified to enhance the representation of the complex light

regime at northern latitudes. Although the 3-D light subroutine worked with complex terrain at this stage, it was very

computationally expensive (runtime on a 9-ha 1,000-year simulation was on the order of 12 hours). Model output and

state variables were recorded to a hierarchical data format (HDF) file.

Sibbork v3.0 further improved the 3-D light subroutine to facilitate ray-tracing in complex terrain and accelerate it

via the Numba library, which compiles the python code. Leaf area calculation was improved using a combination

of approaches from the literature and field-based observations. Multiple scripts and a GUI were created to facilitate

analysis and visualization of model output, including a timeseries output of simulated forest structure color-coded by

species. The functions that have been modified from ZELIG to SIBBORK are outlined in red in Figure 2.2, and added
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functionality is shown via red rectangles and arrows. Features that are unique to SIBBORK, compared to ZELIG, are

listed in Figure 2.3, and additional model highlights are described in Figure 2.4.

Fig. 2.2: SIBBORK is based on the ZELIG gap model, with significant modifications to the sapling establishment, tree
growth, and 3-D light subroutines, as well as environmental interaction parameterizations. New features symbolized
via red rectangles/arrows; features modified from ZELIG outlines in red.

2.1 Environment

SIBBORK simulates tree processes in a 3-dimensional environment, which includes topographic, radiation, climatic,

and edaphic gradients. Topography and radiation are specified at the plot-level. Topography is specified as elevation

above sea level in meters. Within each plot, the elevation is constant and the terrain is uniform. Radiation is computed

in ArcGIS and specified as a sum of 𝑊𝐻𝑚−2 for each month of the year. The radiation calculation takes into account
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Function ZELIG SIBBORK
Monthly temperature random from a gaussian around a mean same, with added QC check
Monthly precipitation random from a gaussian around a mean same, but flush negative rain to 0, added

QC check
Growing degree base 5.56𝑜 C broadleaf: 5𝑜 C
Potential Evapotranspiration Thornthwaite-Mather equation modified Penman equation
Runoff uses PET, field capacity and wilting

point
same, but uses AET instead of PET

Optimal diameter increment based on JABOWA based on Bragg (2001, 2003)
Soil fertility based on optimal biomass increment based on actual potential biomass incre-

ment
Heat tolerance parabolic user-specified: parabolic or non-linear
Stress flags if does not achieve 10% of optimal di-

ameter increment
species-specific thresholds based on
forestry yield tables

Maximum stem density 1 stem / 𝑚2 user-specified
Height same form polynomial with species-

specific coefficients
species-specific equations (incl. piece-
wise)

Leaf Area same equation for all species, f(DBH) species-specific, based on Breda (2003)
and forestry yield tables

Plot size 100 𝑚2 user-specified
Simulation domain Single plot, transect of plots, or grid of

interactive plots
user-specified number of plots in an in-
teractive grid, single plot, transect of
plots, or grid of independent plots grid
of independent plots

Terrain Flat Flat, artificial 3-D, or real 3-D
Light mode 1-D, 2-D, 3-D 1-D, 2-D, or 3-D, with complex terrain
Driver file fixed-format text self-documenting python code
Model output file (pretty-print) text, csv HDF

Fig. 2.3: Functionality comparison between ZELIG and SIBBORK

latitude, elevation, slope steepness, aspect, direct:diffuse ratio, and atmospheric transmissivity. Soil characteristics

include field capacity, wilting point and site index. Field capacity and wilting point are estimated from the total avail-

able water. These parameters are specified in the driver and are the same for all plots in the simulation. Conversely,

site index is estimated based on forestry yield tables and refers to the limit on gross primary productivity. Site index

is a plot-level parameter. Temperature and precipitation represent the simplified weather conditions. Temperature is

specified at the plot-level, and is adjusted using the environmental lapse rate based on elevation above or below a

reference weather station. Monthly precipitation is the same for all plots, due to lack of field data and uncertainty in

downscaling precipitation from climate and meso-scale models. A simplified precipitation gradient can be specified

based on slope aspect (windward/leeward), however, all plots with a given slope aspect will receive the same precip-

itation. Light-ray tracing is computed within a 50-m thick layer of the atmosphere above the ground surface. The

50-m thickness was selected to exceed the maximum observed tree heights in the Siberian boreal forest and to limit

the computational space (Shvidenko et al., 2006; Ershov and Isaev, 2006; Neigh et al., 2013). Vegetation is simulated

within this 3-dimensional environment.
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Fig. 2.4: Description and origins of new and improved SIBBORK v3.0 features.
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2.1.1 Spatial domain

Plot Size

The spatial unit of the simulation is a plot approximately the size of the canopy of a dominant tree. Trees of different

species will develop crowns of different sizes, however, the average canopy size can be deduced from the ecosystem

in focus. Tropical trees, e.g. Bunyan, may develop canopies 20-m across or more, whereas Dahurian larch, which

dominates vast regions of north-central Siberia, is characterized by a long, thin, almost-cylindrical canopy of just a

few meters in diameter. The goal is to appropriately simulate the leaf area index (LAI), which, in the simulation, is

a ratio of total leaf area to plot size. If the plot is significantly smaller than the horizontal canopy cross-section, the

simulated LAI will be exaggerated. The plot size is set by the user in the digital elevation input file. In the current

analysis and application of SIBBORK, 100 𝑚2 plots were used. However, analysis assessing the dependence of model

output on plot size was conducted and the results are reported in Chapter 5, which confirmed the appropriateness of

the 100 𝑚2 plot size for the central Siberian boreal forest.

Simulation Area

The spatial domain includes all of the plots in the simulation, and is determined by whether the simulation is run in 1-

D, 2-D or 3-D mode. In the 1-D mode, the user-specified number of plots are simulated independently, without spatial

interactions, and with a simplified light representation (Figure 2.5a). There are two options for simulating independent

plots: (1) all plots are collocated at the same point location and experience the same environmental conditions, and

(2) plots are distributed in a grid across environmental gradient(s), but trees on a plot do not interact with trees on

adjacent and nearby plots. In the latter, each plot can have different environmental conditions from its neighbors,

which expands on ZELIG capabilities.

In the 2-D mode, the plots are aligned along a north-south transect (Figure 2.5b). Each plot is adjacent to two neigh-

boring plots - to the north and to the south, respectively, with a wrap-around from the northern-most plot to the

southern-most plot. The trees on each plot interact with trees on plots to the north through shading. The shadow is

wrapped around from the north edge to enter the simulation domain from the south edge.

In the 3-D mode (Figure 2.5c), the plots are aligned in a grid. Each plot has eight immediate neighbors, and trees on

one plot interact with trees on adjacent and nearby plots through shading along seven compass directions: NE, E, SE,

S, SW, W, and NW (no shade directly to the south in the extratropical northern hemisphere).

The plot size and the spatial extent of the simulation domain are specified in a 2-D matrix format of plot-level elevations

in an ASCII file (DEM), which can be generated in ArcGIS or by the user. Plot-level radiation inputs are computed in
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Fig. 2.5: User-specified simulation modes in SIBBORK: (a) Independent plots, no interactions between trees on
these plots. (b) Transect of plots oriented south to north. Trees on a plot cast shade onto plots to the north. (c) Grid
mode. Trees on a plot cast shade onto plots to the southeast, east, northeast, north, northwest, west and southwest.
Each square represents one plot.

Fig. 2.6: A sample simulation area for 3-D grid mode: 0.01ha plots along a topographic gradient - a gentle, southeast-
facing slope. Lower elevations are symbolized by darker grey. Each plot in the 3-D simulation mode has hydrlogic,
temperature, and radiation variables based on its location along the simulated terrain.

ArcGIS based on the topography specified in this file. Plot size for calibration and testing of the model remained at

100 𝑚2 (0.01ha). A sample 1-ha simulation domain is shown in Figure 2.6.

Urban and his colleagues conducted a sensitivity analysis on ZELIG to assess the dependence of model output on the

spatial extent simulated (Urban et al., 1991). They found that aggregation at the plot-level compared to larger spatial

domains (hectare) results in greater interannual and inter-replicate variability in stand structure. The scale of output

aggregation in SIBBORK is user-specified, however, it is important to understand that the simulated changes in stand

structure and composition over time will vary depending on whether the analysis is conducted at the fine (plot-level)

or coarse (landscape-level) scale.

Initial Conditions
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The simulation can be initialized from bare ground or a specific initial condition. Bare ground represents the conditions

following a stand-replacing disturbance, such as clear-cutting or an intense wildfire or clear-cutting. Initialization from

a set of initial conditions places a specified number of trees of a given species and size on each plot. Initial conditions

may be obtained from field measurements, random assignment, or previous model runs, and specify the average tree

size and stem density for species of interest. For example, it is possible to initialize the model as a young birch stand

with diameters at breast height (DBH) in the range 5± 1𝑐𝑚, which over the course of the simulation may be replaced

by other species.

2.1.2 Weather

Weather conditions affect the duration of the growing season, the annual growing degrees sum, and the soil moisture

available for plant growth. Weather is modeled stochastically in the simulation at a daily timestep based the monthly

averages of observed temperature and precipitations records from the World Meteorological Organization (WMO)

weather station(s) within 100km radius of the location of interest. WMO weather records in Russia extend back

50-120 years, cover all ecotones of interest, and are in the public domain (NCDC, 2005a, b).

In order to prevent the occasional simulation of unrealistically high or low temperatures generated from the gaus-

sian distribution centered around the average monthly temperature, a quality control (QC) check has been added. If

a temperature is simulated outside of the observed absolute minimum to absolute maximum range, this number is

discarded, and another number is generated. The distributions of observed and simulated monthly temperatures are

shown in Figure 2.7 for an average growing season at 57𝑜𝑁 95𝑜𝐸, elevation 180m above mean sea level (amsl). Us-

ing the DEM and the standard environmental lapse rate of 6.5𝑜𝐶𝑘𝑚−1, temperature is computed for each plot that

is at a different elevation than the reference weather station. Air temperature is used to compute the growing degree

days above the base temperature of 5𝑜𝐶. Observed and simulated growing degree day sums for 55 consecutive years

(length of record) are shown in Figure 2.8. Monthly precipitation is also simulated from a gaussian distribution using

average monthly sums of water-equivalent precipitation. Monthly precipitation totals are increased by 10% to account

for potential windloss (Bonan, 1988a). The shape of the simulated distribution of monthly precipitation on flat terrain

closely resembles the precipitation records acquired at the same elevation (Figure 2.9).

Climate change is simulated in two ways: static and dynamic. Static climate change simply adjusts the simulated

monthly temperature and precipitation by a specified coefficient before relaying these values to the vegetation pro-

cesses. The coefficient of change is constant throughout the simulation. In this manner, vegetation processes can be

simulated in an environment that experiences a stable climate of, for example, 2𝑜𝐶 warmer and 10% dryer than the

historic record (based on 20𝑡ℎ century observations). Dynamic climate change is represented by adjustment coeffi-
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Fig. 2.7: Distributions of observed and simulated daily temperature for the months within the growing season.
Although the distribution of observed temperatures is slightly wider, the average simulated annual total heat sum,
expressed in growing degree days, is within 2% of the average observed value.
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Fig. 2.8: Distributions of observed and simulated growing degree days. (a) Slightly greater variability is exhibited in
the data record than in the simulation, however, if a larger sample size is considered, colder and warmer years are also
simulated, which expands the variability for the annual growing degree days sum in the simulation. (b) SIBBORK
annual growing degree day sums are not statistically significantly different from observed values at the nearest WMO
station at the 0.05 level (ANOVA: F=5.4, p<0.0213, 𝑛𝑜𝑏𝑠 =45).

Fig. 2.9: Distributions of observed and simulated daily precipitation exhibit significant overlap throughout the grow-
ing season.
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cients applied at annual or monthly increments. For example, average monthly temperatures may be linearly increased

at a rate of 1𝑜𝐶 per decade and/or precipitation may be decreased at a non-linear rate of 10% per decade (Figure

2.10). Climate change is initialized at a user-specified year in the simulation and continues for a specified duration.

This approach is flexible enough to allow forest generation in a stable climate, then apply climate change for a desired

period of time, then stabilize the climate at a desired threshold.

Fig. 2.10: The top graph depicts average monthly temperature (a), whereas the bottom graph depicts average monthly
precipitation (b), over the course of a 10 year simulation. The solid lines depict the historical data record. The dashed
line in (a) represents a step-wise 7𝑜𝐶 increase in temperature in year 5. The dash-dot line represents a more gradual
approach, in which each month’s temperature is increased by a small fraction of a degree, so that a total of 1.5𝑜𝐶
warming is observed over the 10 year simulation. In (b), precipitation can also be gradually decreased (dash-dot line)
by a few mm per year to a total decrease of 1cm over the course of a 10-year simulation. Alternatively, precipitation
can be changed once (decrease in year 5) and then maintained at the new level.

To simulate observed climate change, observed monthly and seasonal trends in temperature and precipitation changes

were obtained from the Russian Hydrometeorology Office (Gruza et al., 2015). Near-future climate change may be

approximated via extrapolation of the observed trends.

2.1.3 Insolation

Solar radiation is required for photosynthesis, however, vegetation can be shaded by surrounding vegetation and by

the terrain. A unique feature of SIBBORK is the incorporation of shading by topographic features, which generates
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ecotone station location (lat, long) direct:diffuse ratio
northern taiga Turukhansk 65.8𝑜 N, 88.0𝑜 E 40 : 60
middle taiga Vanavara 60.2𝑜 N, 102.2𝑜 E 45 : 55
southern taiga Irkutsk 52.3𝑜 N, 104.4𝑜 E 50 : 50

Fig. 2.11: World Radiation Data Centre stations used for computing the direct:diffuse ratio for downwelling solar
radiation, and for quality control check of computed radiation values in ArcGIS using Solar Area Calculator.

a differential distribution of radiation available for photosynthesis based on the location on the landscape. This is

particularly important for the simulation of the southern Siberian boreal forest located in the complex terrain of Altay-

Sayan and Zabaikal’e mountain ranges, as well as for the high latitude environment of northern taiga, where the unique

annual pattern of radiation exhibits a large component of diffuse radiation for most of the year due to the flat angles

of the sun. Available light is partitioned into direct and diffuse components using ratios derived based on radiation

datasets from the central Siberian stations (World Radiation Data Centre: wrdc-mgo.nrel.gov).

Incident radiation (direct + diffuse) received at bare ground (or top of the canopy) is computed in 𝑊𝐻𝑚−2 at a

monthly time step using the Area Solar Radiation tool in ArcGIS based on algorithms developed by Fu and Rich

(1999a, 1999b, 2002) and the 30m X 30m resolution ASTER Digital Elevation Model (METI and NASA, 2011)

resampled at a 10m X 10m resolution. In brief, the Area Solar Radiation tool computes incident direct radiation based

on a viewshed from a set number of compass directions (user-defined: 8-32). Diffuse radiation is computed using the

standard overcast diffuse model, in which incoming radiation depends on the sun’s zenith angle. Default atmospheric

transmissivity of 0.5 is used for central Siberia, as this fraction represents generally clear skies, and corresponds to

the prevailing anticyclonic conditions throughout most of the year in this region. Transmissivity and the direct:diffuse

ratio can be decreased to represent the radiation regime of particularly cloudy regions. Using the Area Solar Radiation

algorithm, slopes of different grades and aspects receive differential amounts of total radiation throughout the year,

which affects the monthly air temperature and the potential evapotranspiration of those locations. The differences in

radiation received in complex terrain can be quite significant, as shown for the top of the canopy of a mixed forest

in complex terrain (Figure 2.12a) and at the ground level below the canopy assuming a leaf area index of 1.3 (Figure

2.12b). This figure demonstrates the importance of including 3-dimensional terrain in the computation of available

light for prediction of species distribution (potential vegetation) across the landscape.

A limitation of the approximation of incident radiation using the Solar Area Radiation calculator in ArcGIS is in the

specification of the direct:diffuse light fraction. The same fraction is applied to all locations on the terrain, regardless

of slope or aspect. This can be particularly incorrect when considering high latitude light regimes in the northern

hemisphere, with larger direct radiation received on the south-facing slopes, and the light regime dominated by diffuse

light on north-facing slopes. Based on radiation data from the World Radiation Data Centre (see station list in Figure

2.11), direct:diffuse light fraction computed for locations in southern, middle, and northern taiga are approximately
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Fig. 2.12: Radiation input differs across the terrain based on elevation, slope, and aspect. (a) An area of complex
terrain in southern taiga, east of the Yenisei River (from ASTER DEM, METI and NASA, 2011). (b) The average
direct radiation experienced on different slopes within complex terrain in central Siberia on June 22nd, computed
using ArcGIS Area Solar Calculator tool. (c) Model-predicted available light factor for birch at the ground level based
on a closed canopy with a leaf area index of 1.3, computed as a fraction of light incident on top of the canopy, as in
(b), or on bare ground. (d) A species composition map (Bartalev, 2010; Bartalev et al., 2011; Huttich et al., 2014)
shows the observed distribution of birches along upper slopes, including a southeast-facing slope in the lower right
quadrant, and an area of higher elevation in the center. Birches are found in this panel predominantly where the
available ground-level light in (c) is greater than 50% of what birches require for regeneration.
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50:50, 45:55, 40:60, respectively. These ratios are estimated averages for the duration of the growing season at each

location, based on data from 1993, which is the most recent year for which data for all three locations is available.

2.1.4 Available Light

Shading by terrain is accounted for in the GIS-generated plot-level radiation values based on the resampled digital

elevation model. Shading by vegetation, on the other hand, depends on foliage density and is computed within a 50-m

thick layer of the atmosphere above the ground level using the Beer-Lambert Law:

𝐴𝐿ℎ = 𝐴𝐿𝑜 × 𝑒−𝑘×𝐷𝐿𝐴 (2.1)

where 𝐴𝐿ℎ is the available light at a given height ℎ above the ground, 𝐴𝐿𝑜 is the top-of-canopy normalized radiation

factor that includes shading due to terrain and aspect, 𝑘 is a constant that describes light extinction through the canopy,

and DLA represents the cumulative foliage density above height ℎ. DLA is synonymous with leaf area index (LAI).

Species-specific values of k vary in the range of 0.37 to 0.47 between species (Breda, 2003), and even greater variability

is observed based on stand density and tree age (Johansson, 1989). An average value of 0.4 is employed for the light

extinction constant in the simulation. Plotting this equation for LAI values of 1-10 results in Figure 2.13. In broadleaf

and light conifer forests, LAI values of 1-5 are common (Brooks et al., 1997a,b; Kull and Tulva, 2000; Shibistova et al.,

2002a,b; Shulze et al., 2002; Lindroth et al., 2008; Kobayashi et al., 2010), whereas coniferous forests can accumulate

LAI of up to 10 (Chen et al., 2005), and LAIs as high at 18 have been reported for some boreal regions (DeAngelis et

al., 1981;), but these high values may be an artifact of using 2-sided leaf area to calculate the LAI (Asner, et al., 2003).

In general, significantly more shading within and below the canopy is observed within dark conifer forests of Siberia

than in broadleaf or mixed stands.

The direct light simulation traces a sun ray from each of the 7 compass directions along a diagonal based on the

average sun elevation angle in that direction (no direct light from the north in extratropical northern hemisphere). The

direct radiation along each trace is scaled by the contribution of light from each compass direct over the course of the

growing season. In contrast, diffuse light is computed along 8 diagonal paths through the canopy and from directly

overhead. Light extinction is computed along these ray traces.

The shadow of a typical canopy dominant tree from central Siberia (24m, Simard et al., 2011) can extend up to 100m,

depending on foliage density and sun elevation angle. A sensitivity analysis for the maximum distance of a tree’s

shading effect for direct and diffuse light in the boreal ecosystem revealed that the maximum effect (tree shadow)

of a 20m tree on unvegetated flat terrain at 56𝑜𝑁 is approximately 100m for direct radiation, however, this depends

on the sun angle. This maximum distance was obtained using the lowest sun elevation angle (5𝑜) averaged for the
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Fig. 2.13: At the top of the canopy, the fraction of available light is 1. Light extinction through the canopy follows an
exponential function related to leaf area index (LAI). Broadleaf species generally do not establish in forests with LAI
greater than 5, because not enough light filters through the canopy for them to maintain a positive carbon balance.

northeastern section during the growing season. The of effect trees on one plot with regards to diminishing the amount

of diffuse light on adjacent and nearby plots extends up to 75m, which corresponds to approximately 7 plots in the

simulation. Beyond that distance, the effects are considered negligible. Within a forest, light along a ray trace is

likely to diminish due to the leaf area index (LAI) before reaching the distance of maximum shadow length. When the

maximum possible tree height was taken into consideration (larch, 41m, Shvidenko et al., 2006), the maximum distance

for the shading effect could extend to 450m and 160m for direct and diffuse light, respectively, when computing the

shading effect mathematically via the tangent of the sun elevation angle. The values are different, because the angles

used to compute shading are different for direct and diffuse light components. The analysis in GIS, however, reveals

that the effective shadow from the low sun elevation angle from the NE and NW is insignificant, i.e. less than 1% of

direct radiation extinguished along this shadow path, and that the effective shadow length when the sun is in the east or

west, at an average sun elevation angle of 19𝑜, extends 130m for direct and diffuse light. Beyond that distance, 0.5%

of the above-canopy radiation is occluded by the tree. This analysis helps to determine the smallest spatial domain

that would not cause numerical instability upon wrap-around in the simulation. In the spatially-explicit version of

ZELIG, the warp-around was shifted by one grid row, so that a tree does not shade itself (Figure 8.3 in Shugart et al.,

1988; Figure 2 in Weishampel et al., 1996). In contrast, in SIBBORK, the shadow is kept in the same grid row upon

wrap-around, but the size of the simulation domain is selected to exceed the longest possible shade to avoid having a

tree shade itself.
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Fig. 2.14: Sun ray tracing for direct light computation from 7 of the 8 primary compass directions at 4 different
angles, based on sun location during the growing season. The sun elevation angle is much greater to the SE, S and SW,
than to the other directions. The lowest sun elevation angles are experienced from the NW and NE directions. There
is no direct light from the N in Siberia. The colorbar symbolizes elevation (m) above sea level.
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The annual computation of the light environment is spatially explicit, and has a spatial resolution of 10m x 10m x

1m (plot size x 1m vertical step). This is also the most computationally-expensive subroutine of this single-thread

simulation, and has been accelerated using the Numba library (http://www.numba.pydata.org). The computational

demand for the 3-D light subroutine increases exponentially with increasing spatial domain. Furthermore, the light ray

tracing in complex terrain requires special parameterization. Originally, the light environment was computed within

a volume above the complex terrain that was capped at 50m above the highest point on the terrain. In order to not

increase the volume through which the light rays are traced above a complex terrain, the light is now computed only

within a 50m thick column of the atmosphere above each plot, which may have a different elevation than adjacent or

nearby plots. The trees can still shade each other on nearby plots, however, the light ray is capped at 50m above each

elevation level. This simplification significantly decreases the computational demands of the light subroutine above

simulated hilly or mountainous terrain.

2.1.5 Evapotranspiration

In ZELIG, potential evapotranspiration (PET) was computed via the Thornthwaite-Mather equation (Thornthwaite

and Mather, 1957) using average monthly temperatures and correction coefficients for each month and latitude. This

equation does not consider the available water (land surface limitations on evaporation), and is therefore intended

for the calculation of PET only. It is known to underestimate PET by 20-30% (Fisher et al., 2011). Furthermore,

the Thornthwaite-Mather equation has not been validated for PET calculations at high latitudes above 50𝑜 N (Botkin,

1993), and correction factors are not available for those regions. Fischer et al. (2011) recommends a radiation-based or

a combination approach for estimating PET in boreal regions. For SIBBORK, a modified Penman equation (Campbell,

1977) was selected:

𝑃𝐸𝑇 =
𝑎× (𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒+ 𝑏)× (𝑅𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛)

𝜆× 1000
(2.2)

where a and b are coefficients, with common values of 0.025𝑜𝐶−1 and 3𝑜 C, respectively, and 𝜆 is the latent heat of

vaporization (2430 𝐽𝑔−1). Air Temperature and Radiation in this calculation are plot-wide parameters that change

with each month of the year, and are in units of degrees Celsius and 𝐽𝑚−2 (converted from 𝑊𝐻𝑚−2), respectively.

The 1000 factor in the denominator converts PET to cm/month.

Due to the variation in air temperature and radiation input across complex terrain, evaporative demands (PET) are

heterogeneous across the landscape. Figure 2.15a compares the annual PET computed via the modified Penman

equation utilized in SIBBORK for southern taiga, middle taiga, and treeline locations (average of 10 years) to an

overview map of PET for Russia (Kolosova, 1982).
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The water budget for a single-layer soil was computed in ZELIG via

𝑟𝑢𝑛𝑜𝑓𝑓 = 𝑆𝑜𝑖𝑙𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒+ 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛− 𝑃𝐸𝑇 (2.3)

where the Soil Moisture parameter refers to the previous month’s soil moisture in a single-layer soil, which can be

at field capacity, between field capacity and wilting point, or at wilting point. At the start of the simulation, the soil

moisture is equal to field capacity. Any soil moisture at the end of this computation in excess of field capacity is con-

sidered runoff (overland flow and gravitational water). In certain regions of central Siberia, PET exceeds precipitation

during the growing season. Equation (2.3) overestimates soil dryness, especially in regions underlain by permafrost.

To estimate the soil moisture more realistically in SIBBORK, the water balance is computed as follows:

𝑟𝑢𝑛𝑜𝑓𝑓 = 𝑆𝑜𝑖𝑙𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒+ 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛−𝐴𝐸𝑇 (2.4)

where, AET is estimated as a fraction of PET (from equation (2.2)). This fraction, called evapotranspiration coefficient,

is estimated at 60-70% in central Siberia (Olchev and Novenko, 2011) and 30-50% in the driest region of central

Siberia near Yakutsk (Ohta et al., 2008; Matsumoto et al., 2008; Maximov et al., 2008). The actual evapotranspiration

depends on the structure and composition of the forest canopy (Nakai et al., 2008), which changes over the course of

succession or with altered environmental conditions, but the inclusion of a computation of AET with input from canopy

parameters and the estimation of foliage growth based on AET would introduce a circular dependency and increase

computational demand. Additionally, there is high interseasonal and interannual variability in the evapotranspiration

coefficient (Matsumoto et al., 2008). With the focus on the growing season and the central Siberian region along the

Yenisei River meridian, the evapotranspiration coefficient of 0.7 appeared to adequately estimate the 𝐴𝐸𝑇
𝑃𝐸𝑇 ratio. Figure

2.15b demonstrates the fit between the AET computed by SIBBORK (10-year average) and Global Evapotranspriation

dataset (Zhang et al., 2010; www.ntsg.umt.edu/project/et, spatial resolution 4x8km at 58𝑜𝑁 latitude). Furthermore,

the observed moisture coefficient (ratio of precipitation to PET), which varies in the range of 1-2 along the Yenisei

River meridian and dips below 1 in southern Siberia, is appropriately simulated by SIBBORK (Figure 2.15c). It is

interesting to note that some of the greatest uncertainty in the estimation of PET and AET using modeling and remote

sensing approaches is for boreal regions of Siberia and North America (Zhang et al., 2010).

2.1.6 Growing Degrees

There is an optimal temperature range for tree processes, above and below which the rates of photosynthesis, respira-

tion, and related processes are reduced (Waring and Schlesinger, 1985). Although the effectiveness of the photosyn-
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Fig. 2.15: Water budget variables for central Siberia. (a) Potential evapotranspiration is conveyed via the Kolosova
(1982) map, with northern treeline, middle taiga, southern taiga, and southern treeline PET quantities (mm/yr) com-
puted for the WMO weather stations of Dudinka, Severo-Enisejske, Enisejsk, and Kyzyl, respectively, and shown via
insets oriented north-to-south on map. Note that the PET computed for Kyzyl is on the order of 600mm/yr. Kyzyl is
located in an arid basin, surrounded by steppe vegetation. Forested hillsides in the vicinity experience a lower PET
(230-500mm/yr), depending on aspect and elevation. (b) Actual evapotranspiration from the Global Evapotranspira-
tion dataset (Zhang et al., 2010) is shown in the background. The AET computed in SIBBORK for the same 4 locations
as in (a) are shown via numerical labels (mm/yr). (c) The annual moisture coefficient from a map by Isachenko (1985,
background) is compared to the same quantity computed in SIBBORK (grey insets). This ratio is unitless.
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thetic process has a temperature dependency (Atkin et al., 2007), temperatures extreme (high) enough to damage the

photosynthetic apparatus do not occur in the Siberian boreal forest (Larcher, 1995). However, there is a lower limit

on the temperatures necessary for photosynthesis. For conifers, this limit is closer to 0𝑜𝐶, whereas broadleaf trees

initiate photosynthesis at temperatures above about 5𝑜𝐶 (Shugart et al., 1992; Chapman et al., 2006). For the purpose

of simplification in the model, it is assumed that all trees become photosynthetically active when the air temperature is

above 5𝑜𝐶. For ease of convention, the annual accumulated heat load in the simulation is expressed in growing degree

days above the base temperature of 5𝑜𝐶 (Shugart et al., 1992; Chapman et al., 2006; Shuman, 2010). Whenever a

daily air temperature exceeds this base temperature, growing degrees are accumulated. A day with an average daytime

air temperature of 14𝑜𝐶 would accumulate 9 growing degrees (𝐺𝐷𝐷5) above the base temperature. In the model,

daily temperatures are simulated and growing degrees are summed up. Some arboreal species, such as birch, function

best in warmer climes and have a low tolerance for frost or cold weather (𝐺𝐷𝐷5 minimum = 410𝑜𝐶). Others, such

as larch, can grow in very cold locations, and have a low growing degrees requirement (𝐺𝐷𝐷5 minimum = 300𝑜𝐶).

Growing degrees are accumulated over the course of the year, and can be used to track the amount of heat available

for vegetation processes, especially as climate changes.

In previous versions of ZELIG, each of the arboreal species had a minimum requirement of 𝐺𝐷𝐷5, and a maximum

heat tolerance (maximum 𝐺𝐷𝐷5), from which a parabolic curve for optimal growing degree days was derived (Pas-

tor and Post, 1986). However, Bugmann and Solomon (2000) suggest that a nonlinear response may be the more

appropriate parameterization of vegetation response to the accumulated annual 𝐺𝐷𝐷5. Based on empirical evidence,

SIBBORK was reparameterized such that trees will not experience stress from accumulated heat over the growing

season, if soil moisture is not limiting (McDowell et al., 2011; Bauweraerts et al., 2014; Wertin et al., 2012). How-

ever, too little warmth will be limiting to species with a certain growing degree requirement, and the minimum warmth

requirement is specified for each species in SIBBORK, as it was in ZELIG.

The parabolic and the nonlinear vegetation response parameterizations to the 𝐺𝐷𝐷5 are shown in Figure 2.16. His-

torical annual average 𝐺𝐷𝐷5, represented by a dashed line in Figure 2.16, summarizes the temperature conditions

over the second half of the 20𝑡ℎ century at a WMO weather station in central Siberia. The dashed line labeled “+ 2𝑜𝐶”

denotes what the average 𝐺𝐷𝐷5 sum may be with a 2-degree increase in the annual average temperature. Note that

with the parabolic parameterization of heat tolerance, larch (Larix sibirica) experiences significantly reduced growth

- less than 20% of optimal. In the nonlinear parameterization, none of the three species are affected by heat alone, and

growth is not decreased due to an increase in growing degrees, provided soil moisture is not limiting.

Growing degrees can be used to describe a characteristic of the environmental conditions, and the total annual heat

load can be the most limiting factor to tree growth at certain locations in some years. Larch has the lowest minimum
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Fig. 2.16: Species response to annual accumulated heat load (𝐺𝐷𝐷5) as was parameterized in ZELIG (a) and using
the new, non-linear parameterization in SIBBORK (b).

𝐺𝐷𝐷5 requirement of boreal tree species (300𝑜𝐶). This limit corresponds to the forest-tundra boundary conditions

(Tchebakova and Parfenova, 2006).

2.1.7 Soil Moisture

Soil moisture in the simulation was parameterized using site-specific field capacity and wilting point for the top meter

of soil. Field capacity and wilting point were approximated as one-quarter and one-eighth of total available water

capacity (TAWC) specified for site locations in a soils geospatial database (Stolbovoi and McCullum, 2002; Shuman,

2010). A newer soil moisture parameterization was developed after model testing. This new parameterization uses the

soil type (FAO) description in a geospatial database that describes soils for all of Russia (Stolbovoi and McCullum,

2002), from which soil texture is determined from the clay, sand, and silt contribution to the soil type. Thereafter, soil

field capacity and wilting point are approximated using the soil texture associated with each soil type class (Saxton

and Rawls, 2006). Although the estimation of field capacity as one-quarter of TAWC in the earlier parameteriation

(Shuman, 2010) followed the expected trend, with clay soils retaining more moisture against gravity, and sandy soils

allowing for more drainage, the wilting point was smaller than one-eighth of TAWC for all soil texture classes. The

over-estimation of wilting point may have led to flagging trees for drought-related stress at sufficient soil moisture

levels.
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FAO soil type drainage class TAWC FC (cm) WP (cm) soil texture
cambisols well-drained 106-180 26.5-45 13.25-22.5 sandy loam
chernozems well-drained 106-175 25.5-43.75 13.25-21.9 loamy
arenosols excessively drained 106 26.5 13.25 loamy sand
podzols moderately well-drained 106-180 26.5-45 13.25-22.5 sandy to loamy
fluvisols poorly and very poorly-drained 250 62.5 31.25 clay
gleysols poorly and very poorly-drained 250 62.5 31.25 clay
podzoluvisols well-drained 162-180 40.5-45 20.25-22.5 sandy, clay, loam
greyzems moderately well-drained 106-180 26.5-45 13.25-22.5 loamy, silty
histosols very poorly-drained 250 62.5 31.25 peat
andosols moderately well-drained 200 50 25 volcanic, fine
leptosols moderately poorly-drained 13-57 3.25-14.25 1.6-7.1 very shallow
regosols imperfectly drained 180 45 22.5 sandy, silty
phaeozems moderately poorly-drained 165-175 41.25-43.75 20.6-21.9 silty, loamy
solonetz imperfectly drained 165-180 41.25-45 20.6-22.5 clay
calcisols well-drained 106-180 26.5-45 13.25-22.5 silty
kastanozems well-drained 106-180 26.5-45 13.25-22.5 loamy
solonchaks poorly-drained 165 41.25 20.6 silty, clay
planosols imperfectly-drained 152-162 38-40.5 19-20.25 sandy
sands extremely well-drained 0 0 0 sand
vertisols imprefectly-drained 135 33.75 16.9 clay

Fig. 2.17: Soil type and drainage class obtained from Stolbovoi and McCullum (2002). Note: in some locations,
podzoluvisols are very poorly-drained, fluvisols are well-drained, and chernozems are moderately poorly-drained.
TAWC = total available water capacity. Field capacity and wilting point were estimated as one-quarter and one-eighth
of TAWC, as in Shuman (2010). Soil texture class was obtained for each soil type using ISRIC World Soil Information
database (isric.org).

soil texture field capacity (%v) wilting point (%v)
sand 10 5
loamy sand 12 5
sandy loam 18 8
sandy clay loam 27 17
loam 28 14
sandy clay 36 25
silt loam 31 11
silt 30 6
clay loam 36 22
silty clay loam 28 22
silty clay 41 27
clay 42 30

Fig. 2.18: An alternative soil moisture parameterization includes site-specific field capacity and wilting point approx-
imated from Saxton and Rawls (2006) using the soil texture class associated with each soil type from the geospatial
database.

40 Chapter 2. SIBBORK: Model Development



Modeling Boreal Forests in 3-D

The water budget for the simulation is computed for a single-layer soil as follows:

𝑆𝑜𝑖𝑙𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒 = 𝑆𝑜𝑖𝑙𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒𝑝𝑟𝑒𝑣 + 𝑃𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛−𝐴𝐸𝑇 − 𝑟𝑢𝑛𝑜𝑓𝑓 (2.5)

where Soil Moisture represents the soil moisture available to plants, 𝑆𝑜𝑖𝑙𝑀𝑜𝑖𝑠𝑡𝑢𝑟𝑒𝑝𝑟𝑒𝑣 refers to the total available

water remaining in the soil from the previous month, and AET is computed as a fraction of PET.

The model is initialized with soil moisture at field capacity, which is a characteristic of soil type. When soil moisture

exceeds field capacity, the excess water is considered as runoff and is removed from the simulation. When soil moisture

decreases below zero, the trees reach the wilting point and photosynthesis is inhibited. Field capacity and wilting point

are computed as a function of soil type and total available water from a soils database (Stolbovoi and McCullum, 2002).

For the purposes of simplification and convention, a single wilting point is specified for all species in the simulation.

When no soil type information is available, a wilting point of 15 bar is used (Bonan, 1988). Figure 2.19 shows the

process flow for the soil moisture computation in SIBBORK.

2.1.8 Soil Fertility

Soil fertility exerts a limit on the maximum amount of biomass that can be accumulated on a hectare of land per year

at a specified location. It is a cap on the annual productivity at a simulated site. This may be similar to a limit on gross

primary productivity (GPP). In SIBBORK, there is no limit to total standing biomass, just to the rate at which it can be

accumulated on an annual basis. When the vegetation on a simulated plot approaches this maximum rate of biomass

accretion, trees experience suppressed growth scaled by species-specific tolerances to low soil nutrition.

Russian forestry utilizes a site index parameter to describe how different species may perform at a given site (I=good,

V=poor). A species that requires a high amount of soil nutrition, e.g. fir, may grow poorly on the same soil on which

a species with low nutrition requirements, e.g. pine, may grow well and reach a larger diameter at a younger age. In

this case, site index V may be used to describe this location for fir, whereas for pine, the site index may be closer to I

or II. In this manner, site index is a species-specific characteristic, but this is very difficult to parameterize for mixed

species stands.

For the purposes of simplification and generalizability, soil fertility in SIBBORK is derived from the forestry yield

table parameter of Net Growth specified in tons per hectare (biomass) or cubic meters per hectare (biovolume) accu-

mulated per year for monospecies stands of different site indices. Central Siberia is dominated by site index III and IV

soils, whereas southern regions of central and western Siberia are dominated by site index II soils for the species that

grow there (Korpachev et al., 2010). However, site index III soils with larch may have greater annual productivity than
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Fig. 2.19: The soil moisture in SIBBORK is assessed as a dryness index, which is computed as a fraction of the
growing season with soil water content below wilting point.
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Fig. 2.20: Site index is estimated for monospecies stands based on average tree height at stand ages of 50 and 100
years. Here, the diameter-height relationship was used to convert the heights to diameters at breast height (DBH), so
as to compute the site index - biovolume (function of DBH) relationship for the soil fertility parameterization.

site index III soils with fir. For simulations of monospecies stands, the soil fertility GPP limitation is taken directly

from the forestry yield tables (Shvidenko et al., 2006). For simulation of mixed species stands, the site index of the

most productive species is used to determine the cap on GPP. For example, in middle taiga, cap levels of 6, 4 and 2

tons ℎ𝑎−1𝑦𝑟−1, which correspond to biovolume caps of 6, 5, and 4 𝑚3ℎ𝑎−1𝑦𝑟−1, are used for soils with site indices

II, III, and IV, respectively.

2.2 Vegetation Processes

2.2.1 Sapling Establishment

Regeneration is a stochastic process affected by the seed rate specified in the driver file for each species in the simula-

tion. Saplings establish up to a maximum per-plot stem density specified in the driver file. ZELIG utilizes a 1 stem/

𝑚2 maximum stem density, whereas SIBBORK allows the user to specify the stem density, which can exceed 1 stem/

𝑚2 in order to better represent dense pine forests observed in Siberia. The minimum stem density in SIBBORK is

1 stem/plot, which facilitates the simulation of open canopy forests encountered in northern taiga. When a sapling

is established, it is not assigned an explicit x,y position within a plot. Instead, the uncertainty of its location on the

simulated landscape is localized to within a specified plot. Saplings are planted with a DBH of 2.5±0.25𝑐𝑚. This size

may be representative of a 40-year old larch in severely limiting environmental conditions, or a 5-year old birch under

favorable conditions for the species. This discrepancy creates difficulty in comparing simulated stands with a specific

age structure to observed stands, however, usually, the comparison is good to within a decade (i.e. 40-year old trees in

the simulation compare well to 50-year old trees in the field). Saplings are established at the end of the simulation year,
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after mortality and growth have been accounted for. Sapling establishment is affected by the environmental factors of

ground-level light, growing degrees, and soil moisture.

Some species, notably aspen, birch and spruce, reproduce by stump sprouting. This type of regeneration is currently

not included in SIBBORK, although frameworks for this exist in FAREAST (Yan and Shugart, 2005) and later versions

of ZELIG (Larocque et al., 2006). Inclusion of stump sprouting in the model would likely increase the contribution of

aspen and birch to stand composition, especially after disturbances, such as wildfire.

2.2.2 Tree Growth

Annual tree growth is a function of the species type, tree size, and the effects of environmental conditions. An optimal

diameter growth increment (OGI) is computed for each tree based on its current size and species type. Estimation

of OGI has been modified following methodology described by Bragg (2001, 2003) to account for growth of older,

larger trees. Previous parameterization of OGI halted growth at an estimated maximum diameter. However, species-

specific maximum diameters are difficult to estimate. The new parameterization utilizes maximum observed growth to

determine the actual relative diameter increment (ARI). The potential relative diameter increment (PRI) is computed

by fitting a curve with the following form to a subset of the largest observed ARIs for a species:

𝑃𝑅𝐼 = 𝑎×𝐷𝐵𝐻𝑏 × 𝑐𝐷𝐵𝐻 (2.6)

The PRI represents optimal diameter increment for a species relative to its current size (DBH). Empirically-derived

coefficients a, b, and c are species-specific. OGI is computed via:

𝑂𝐺𝐼 = 𝑃𝑅𝐼 ×𝐷𝐵𝐻 (2.7)

annually for each tree in the simulation. This maximum gain in diameter represents the growth a tree would experience

at a given size if it had access to unlimited resources. The OGI is scaled down by environmental constraints represen-

tative of the conditions in each year of the simulation and the species-specific tolerances to such resource limitations.

The new parameterization for the optimal diameter increment does not constrict tree growth at an arbitrarily assigned

maximum diameter, but does significantly reduce vigor for older trees.

Figure 2.21 demonstrates how the optimal growth diameter increment (OGI) is computed in SIBBORK for different

species in the simulation. Based on forestry yield table regional averages of DBH at decadal time increments, pine

has a larger PRI than birch (a), which means that each year a pine tree has the potential to grow more, relative to its

current diameter, than a birch. The peak OGI (b) for birch is larger than pine, but pine continues to grow vigorously,

44 Chapter 2. SIBBORK: Model Development



Modeling Boreal Forests in 3-D

while birch growth drastically decreases as it approaches a DBH of 40cm. According to this approach, a pine tree with

a 40cm DBH could be expected to add a larger tree ring each year than a 40cm birch in non-limiting environmental

conditions.

Forestry yield tables (Shvidekno et al., 2006) represent regional averages. Using the Usolsky forestry inventory (Ershov

and Isaev, 2006), a potential relative increment was computed for pine (c). Note that the PRI is larger for pine in

Usolsky than in the yield tables. It is possible that the smaller spatial scale of the Usolsky forest inventory reflects

pine growth in microclimates particularly suited for this species. The difference between ZELIG and SIBBORK

parameterizations of OGI using Scots pine (Pinus sylvestris) as an example is shown in (d). The blue triangles represent

the forestry yield table data. Values for older trees are often extrapolated from young tree measurements rather than

measured directly. The black line is the ZELIG fit with a user-assigned maximum diameter of 56 cm. This curve fits

the yield table data quite well. However, Scots pines diameters in the >1m range have been reported (Shugart et al.,

1992a). The blue line is fitted to the yield table data using the curve defined by equation (2.7). The fit is appropriate,

and older trees are able to continue growing past 56cm in diameter. Setting the maximum diameter to 100 cm and using

the ZELIG parameterization for OGI results in the black dashed line. The Usolsky forest inventory contains averages

for smaller areas, although the values in the inventory still represent averages and do not capture maximum growth

of individual trees. The green squares represent a subset of the Usolsky inventory for areas where pine exhibited the

most annual growth. The green line is the curve fitted to the Usolsky subset using Bragg methodology and equation

(2.7). Although the ZELIG and the Bragg estimates based on Usolsky inventory data capture the rapid early increases

in growth and the maximum diameter increment experienced by a pine tree without any environmental limitations,

the growth experienced by older trees is represented quite differently by the two parameterizations. Expanding the

parameterization for growth of older trees is particularly important for simulation of Siberian boreal forests, where

more than half of the assessed stands were considered in the mature or over-mature stages in the 1990s (Krankina et

al., 1996).

Understanding that yield tables and Usolsky inventory data represent averages, and individual faster-growing trees

may be found in the region, the OGI curve was modified to include a 15% increase over the Usolsky-based maximum

OGI estimates, which is represented by the red line in Figure 2.21d. The OGI for each species in the simulation

is presented in Figure 2.21e, with aspen (Populus spp.) showing the largest maximum diameter increment, but all

conifers maintaining the potential even as they grow beyond 40cm DBH. Aspen and birch photosynthesis rates have

been shown to be more than twice the rate of gas exchange in pine and spruce (Kobak, 1988; Smith and Hinckley,

1995; Brooks et al., 1997), which supports the relatively fast growth rates of these tree species shown in Figure 2.21e.
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Fig. 2.21: Determining the optimal diameter increment based on species type and tree size. (a) Annual potential
relative increment for pine and birch and (b) optimal diameter increment for pine and birch, based on forestry yield
tables. (c) Forestry inventories representing a smaller spatial extent may capture greater annual tree growth than the
regional averages in yield tables. (d) Comparison of ZELIG and SIBBORK methodologies for determining the annual
optimal diameter increment based on species and tree size. (e) Optimal diameter increment for seven boreal species in
SIBBORK.
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2.2.3 Tree Mortality

Mortality is a stochastic process modeled using a uniform random number generator along with species-specific sil-

vicultural information specified in the driver file. Tree mortality can be from two sources: natural or stress-based.

Natural mortality, also known as age-based mortality, is based on the principle that only 1% of individuals within a

species survive to the maximum age, and therefore maximum size (max DBH, max height). Stress-related mortality

is dependent on environmental conditions and species-specific tolerances to resource limitations. Natural and stress-

induced mortality subroutines were retained from ZELIG, however, a new mortality trigger has been added coupled

with disturbance triggers. This type of mortality allows the user to specify the species and the sizes of trees that will

be removed from the simulation following a disturbance event.

Age-related Mortality

Age-related mortality is based on the principle that only 1% of individuals within a species will survive to the max-

imum age for that species, and follows the general trend described in the equation (2.8) and Figure 2.22 (Shugart,

1984). The important thing to note here, is that the 1% may be an appropriate estimate for forests without distur-

bances, however, inclusion of disturbances, such as wildfire or insect outbreaks, will significantly reduce the number

of individual trees that survive to the species-specific maximum age (Mielke et al., 1978).

𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 1− 𝑒
−4.605

𝐴𝐺𝐸𝑀𝐴𝑋 (2.8)

Stress-based Mortality

Stress-based mortality is a result of species-specific tolerances to resource limitations. When resources, such as light,

soil moisture and soil nutrition, are limited, the tree will not grow at the optimal rate for its size and species type. The

annual optimal diameter increment (ODI) is decreased based on the limitations from environmental conditions. In

ZELIG, when the actual diameter increment (growth) acquired by an individual in a given year is <10% of the optimal

diameter for a tree of its size and species type, a stress flag is activated for that individual. In SIBBORK, species-

specific thresholds for percent of ODI needed to induce stress are employed to decrease stress mortality of hardy

species that are able to survive multiple consecutive slow growth years (Keane et al., 2001). These thresholds were

estimated from forestry yield tables for each species (Shvidenko et al., 2006). Similar to ZELIG, after two consecutive

years with a stress flag, the individual in SIBBORK has a 37% chance of dying in each of the subsequent years until

the tree dies or until the stress flag is removed. The stress flag is removed when the tree achieves at least 10% of its
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Fig. 2.22: The age-related mortality differs for the boreal trees, based on the estimated maximum age for the species.
At each age, a tree has the specified probability of surviving to the next year, such that, for example, a 100-year old
pine has a 20% chance of surviving to the next simulation year.

species stress-flag threshold (%ODI)
Abies sibirica 6%
Larix sibirica 5%
Betula pendula 10%
Picea obovata 8%
Pinus sibirica 8%
Pinus sylvestris 10%
Populus tremula 10%

Fig. 2.23: The species-specific stress-flag thresholds were estimated based on the optimal diameter increment cal-
culations (see Tree Growth section for detail) and the forestry yield table values for decadal diameter increments for
mature (>75% of agemax) monospecies stands.

optimal diameter increment within a simulation year. Throughout a tree’s lifetime, it may be stressed and released

several times, based on environmental conditions and its species-specific tolerances to resource limitations.

SIBBORK is tailored toward the simulation of boreal ecosystems, although the framework is flexible enough to easily

re-parameterize it to the simulation of any type of forest ecosystem for which appropriate forestry data are available.

Boreal forests are dominated by hardy trees, which can survive in very limiting conditions for decades. Based on

forestry yield tables (Shvidenko et al., 2006), mature fir, spruce, Siberian cedar and especially larch can survive for

decades while incrementing the DBH by less than 0.1mm per year (on average). To reflect this resilience, the threshold

for stress flag assignment, which was 10% for all species in ZELIG, was restructured as a species-specific parameter,
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which allows Siberian larches to increase the DBH by as little as 5% of their annual ODI without being flagged for

stress-based mortality. Species-specific stress-flag thresholds are listed in Figure 2.23.

2.3 Allometry

Species-specific allometric equations in SIBBORK represent fitted relationships for height, biovolume, above-ground

biomass, above- and below-ground biomass, foliage biomass, and leaf area as functions of DBH. These relationships

were derived from the regional yield tables for the southern and middle taiga regions of central Siberia listed in Figure

2.24 (Shvidenko et al., 2006). Figure 2.25 conveys species-specific allometric equations employed in SIBBORK. The

DBH and base of the canopy are two structure-related state variables tracked by SIBBORK from year to year (Figure

2.1). Other tree dimensions are computed as a function of DBH in post-processing. Some relationships are conveyed

as piece-wise functions to preserve realism in tree structure. The equation form for the same variable, i.e. height,

may differ from species to species, which presents a significant difference from species-specific parameterizations

in ZELIG. This approach provides greater flexibility in using the equation(s) of best fit to describe the allometric

relationships for each species.

2.3.1 Height

The height equations in SIBBORK represent curves of best fit derived from yield table data for each species. The

form of the equation differs between species. To make sure this is the best approach, height equations from ZELIG,

a Monte Carlo gap model FAREAST (Yan and Shugart, 2005) and yield tables were compared for all seven species

in SIBBORK. The comparison revealed that the previous ZELIG parameterization, which computes tree height via

a second-order polynomial with species-specific coefficients based on estimated maximum diameter and height that

a tree of a given species can attain, did not always match the form of the height-diameter relationship presented in

the yield table data. When a second-order polynomial equation is used to compute height as a function of DBH,

height begins to decrease for large trees. This is not the case in nature. SIBBORK predominantly utilizes piece-wise

functions to estimate tree height as a function of DBH to reflect fast vertical growth in young stems, and slower growth

rate for mature trees. Figure 2.26 presents the comparison between three different parameterizations for height from

two different gap models and the forestry yield tables. SIBBORK uses the yield table parameterization, which involves

piece-wise functions for all but one species.

2.3. Allometry 49



Modeling Boreal Forests in 3-D

Fig. 2.24: Regional forestry yield tables used for deriving allometric relationships for different species in SIBBORK.

Height equation used in FAREAST:

𝐻 = 1.3 + (
𝐻𝑚𝑎𝑥

100
− 1.3)× (1− 𝑒

−𝑆×𝐷𝐵𝐻
𝐻𝑚𝑎𝑥−1.3 ) (2.9)

where 𝐻𝑚𝑎𝑥 is the estimated maximum height a tree of a given species can achieve, and S is the slope of the H-DBH

relationship for young saplings.

Height equation used in ZELIG:

𝐻 =
237 + 2×(𝐻𝑚𝑎𝑥−137)

𝐷𝑚𝑎𝑥
×𝐷𝐵𝐻 − 𝐻𝑚𝑎𝑥−137

𝐷𝑚𝑎𝑥

100
(2.10)

where 𝐻𝑚𝑎𝑥 and 𝐷𝑚𝑎𝑥 are the estimated maximum height and diameter at breast height a tree of a given species can

achieve. These maximum height and diameter values are difficult to estimate, and vary based on site conditions.
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Fig. 2.25: Species-specific allometric equations derived from regional forestry yield tables.
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Fig. 2.26: Comparison of height parameterizations across models. SIBBORK is parameterized from forestry yield
tables (green line).

2.3.2 Biovolume

Biovolume is a typical forestry survey parameter and represents predominantly the volume of the tree stem. SIBBORK

computes biovolume in 𝑚3/tree via a species-specific function of DBH derived from the average DBH, stem density,

and average stand biovolume variables presented in the forestry yield tables (Shvidenko et al., 2006). Species-specific

equations for computing the biovolume of individual trees are presented in Figure 2.25. These equations represent

lines of best fit for the stand biovolume (𝑚3/ℎ𝑎) divided by stem density (stems/ha) and the average DBH (cm).

Biovolume is not typically computed by gap models, however, as this is the parameter estimated in field surveys,

including it in the model facilitates comparison along an additional variable. Furthermore, average DBH, stem density

(stems/ha), and biovolume (𝑚3/ha) are reported within the same forestry yield table for each species, allowing for the

direct derivation of an allometric relationship for biovolume as a function of DBH. This is in contrast to the allometric
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relationship between biomass (t/ha) and average stand DBH, which is divided between forestry yield tables and tables

of biological productivity, which were manually joined along the age variable (Figure 2.27).

2.3.3 Biomass

Biomass measurements are destructive and labor intensive. For this reason, biomass is not typically measured in field

surveys, but is instead calculated from field-estimated stem biovolume using wood density. Focus on the tree stem

can significantly underestimate the amount of total above- and below-ground biomass associated with each tree, since

more than 30% of the biomass may be in the tree crown (Monserud and Tchebakova, 1996; Shvidenko et al., 2006),

and more than 25% of the biomass may be in the root system (Schepaschenko et al., 1998; Shvidenko et al., 2006).

Nonetheless, the common approach is to estimate the tree stem volume and convert it to biomass by multiplying it

by the wood density. The wood density can either be assumed the same for all trees (Krankina et al., 1996; Yan

and Shugart, 2005), or species- and region-specific values may be used to convert biovolume to biomass. There is a

lot of variability in species-specific wood density values reported in the literature (Monserud and Tchebakova, 1996;

Schepaschenko et al., 1998; Kajimoto et al., 1999; Miao and Li, 2007; Falster et al., 2015), and the values used for

the composition of the yield tables are not specified.

For SIBBORK, species-specific relationships were derived for above-ground biomass as a function of DBH based on

the data presented in what were perceived to be overlapping forestry yield tables and tables of biological productivity

for a given species and region. Since SIBBORK is an individual-based model, the relationship needs to represent the

biomass per tree as a function of DBH. This was achieved by dividing the average stand biomass (tons/ha) by stem

density (stems/ha), and fitting an equation to the relationship between this biomass and average stand DBH (cm). This

was accomplished using the stem density and DBH values provided in the yield table that corresponds to the same

species and ecotone as the biological productivity table. Foliage biomass, as well as the total above- and below-ground

biomass, are similarly computed as a function of DBH. Figure 2.28 shows how the contribution of foliage and roots to

the total above- and below-ground (AGBG) tree biomass changes over the course of a tree’s lifetime.

This process to determining biomass allometry is very error-prone and depends on the yield tables and tables of

biological productivity describing the same stands. Although species-specific equations for above-ground, as well

as above- and below-ground biomass are included in SIBBORK, the verification and validation of these parameters

is problematic, as few studies report above- and below-biomass estimates and the derivation of accurate biomass

allometry may not even be feasible using the available forestry tables.
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Fig. 2.27: The upper table contains the variables of average DBH, stem density, and stand biovolume. This facil-
itates the derivation of an allometric relationship for computing biovolume for each tree. The lower table contains
information regarding biomass of different tree parts and total above-ground, as well as above- and below-ground
biomass stand estimates. The common features between the two tables are the titles, which refer to the same species
and ecotone, as well as the site index and the stand age.
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Fig. 2.28: Using Siberian larch as an example, the contribution of different tree components to total above- and
below-ground tree biomass is shown for different stages in the tree’s lifetime. Data obtained from Shvidenko et al.
(2006).

2.3.4 Foliage Biomass

Foliage biomass comprises 1-30% of total tree biomass (Monserud and Tchebakova, 1996; Shvidenko et al., 2006).

According to the table of biological productivity, foliar biomass contributes more to the total biomass in the dark

conifers fir, spruce, and Siberian cedar (8-13%). The denser canopy facilitates more light extinction, and this is why

these species are collectively referred to as “dark” conifers. In contrast, light conifers - larch and pine - have lighter-

colored, less dense canopies, which comprise up to 4 and 6% of total tree biomass, respectively. A larger proportion of

young tree biomass is comprised of foliage. As the tree matures, foliage may constitute as little at 1% of total biomass.

Similar to tree biomass, foliage biomass is computed as a function of DBH based on the overlap of forestry yield

tables and tables of biological productivity. This calculation is prone to the same errors as the above-ground biomass

described in the previous section.

2.3.5 Leaf Area

Canopy leaf area estimates are of interest due to the control that the leaf area exerts on an array of physiological

processes, from photosynthesis and respiration (Asner et al., 2003) to water interception and sunlight availability

(Breda, 2003), and ultimately the biological productivity. Numerous approaches to computing leaf area can be found

in the literature, accompanied by several definitions of what should be considered leaf area (Scurlock et al., 2001). For
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broadleaf trees, this is fairly simple - the leaf area can represent the area of one side of a leaf or two sides of a leaf.

This is referred to as single-sided (projected) or double-sided (total) leaf area. Conifer needles can have cylindrical or

triangular prism shapes, of which the latter has three sides. Leaf area can therefore be defined as one-sided (projected),

two-sided, or three-sided (total). An additional definition for conifer needle leaf area estimates was suggested by Chen

and Black (1992): “half the total intercepting area”, also known as hemisurface area (Gower et al., 1999). In stand

descriptions, often the leaf area index is used instead, which represents the leaf area per ground area. Much of the

literature on leaf area (LA) and leaf area index (LAI) does not specify which definition was used to estimate the

leaf area, which makes model parameterization and comparison of model output to published field-based estimates

difficult. Furthermore, LA and LAI are site-specific, and are affected by soil nutrition and nitrogen content, soil

moisture, and other environmental conditions (Gower et al., 1999). This complicates the derivation of an allometric

relationship between DBH and LA that could be applied to a multi-century simulation - a time frame over which

environmental conditions could change significantly, especially when climate change is considered.

Leaf area is computed in SIBBORK in order to estimate the light environment throughout and below the canopy,

however, no physiological process in the model depends on the leaf area directly. The computed leaf area is allocated

evenly along the crown length of the tree (height - crown base) (Urban, 1990), and the horizontal extent of each tree’s

canopy within each 1m vertical step is assumed to be homogeneously distributed across the plot area (Shugart et al.,

1988).

The original ZELIG model was created for mixed broadleaf temperate forests, and computed leaf area (𝑚2) as a

function of DBH (cm) using the same equation form and coefficients for all species:

𝐿𝐴 = 0.160694×𝐷𝐵𝐻2.129 (2.11)

A later version of ZELIG (v2.3) computed leaf area as a function of tree diameter and sapwood cross-sectional area at

breast height:

𝐿𝐴 = 𝜋 × 𝐷𝐵𝐻2

2
− 𝜋 × (

𝐷𝐵𝐻

2
− 𝑟𝑠𝑎𝑝𝑤𝑜𝑜𝑑)× (𝑅𝑎𝑡𝑖𝑜 𝑠𝑎𝑝𝑤𝑜𝑜𝑑

𝑙𝑒𝑎𝑓𝑎𝑟𝑒𝑎
) (2.12)

where DBH is in cm, 𝑟𝑠𝑎𝑝𝑤𝑜𝑜𝑑 corresponds to the portion of the tree radius at breast height that represents the sapwood

(cm), and the 𝑅𝑎𝑡𝑖𝑜 𝑠𝑎𝑝𝑤𝑜𝑜𝑑
𝑙𝑒𝑎𝑓𝑎𝑟𝑒𝑎

is the species-specific ratio of the sapwood area in the tree stem to the leaf area of the

foliage. However, there is a significant difference in the vascular morphology of broadleaf and coniferous trees, and

field-based estimates of conducting sapwood area are difficult (Vertessy et al., 1995). In some broadleaf trees, the

allometric relationship is observed between the few outer annual rings and leaf area, whereas in other broadleaf trees

and in conifers the relationship is observed between the leaf area and the entire cross-sectional area of the sapwood
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species SLA (𝑚2/kg) Reference
Abies sibirica 11.6 Yan et al., 2010; Wang et al., 2011
Larix sibirica 22.9 Eguchi et al., 2004
Betula pendula 19.9 Niinemets et al., 2002; Repola et al., 2007
Picea obovata 12.9 Tjoelker et al., 1998; Hoffman and Usoltsev, 2002
Pinus sibirica 15.2 Tjoelker et al., 1998; Hoffman and Usoltsev, 2002; Lindroth et al., 2008
Pinus sylvestris 13.4 Tjoelker et al., 1998; Hoffman and Usoltsev, 2002; Lindroth et al., 2008
Populus tremula 15.9 Hoffman and Usoltsev, 2002; Breda, 2003

Fig. 2.29: Specific leaf area (SLA) for boreal species obtained from the literature.

(Albrektson et al., 1984; Breda, 2003). Even within plant functional types, there is significant variability in LA-

sapwood area allometry (Waring et al., 1982, Breda, 2003). Calculation of leaf area based on equation (2.12) may

thus be appropriate for some tree species in the boreal forest, but not for others.

The FAREAST leaf area calculation is based on the Shinozaki pipe model (Shinozaki et al., 1964) and uses the

following equation:

𝐿𝐴 = 𝐷𝐿 × (𝐷𝐵𝐻 × 𝐻 − 𝐶𝑟𝑜𝑤𝑛𝐵𝑎𝑠𝑒

𝐻 − 1.3
)2 (2.13)

where 𝐷𝐿 is the ratio of the leaf area to the squared diameter at the base of the canopy crown - a ratio that is the

same for all species in FAREAST. Height (H) and the distance from the ground to the first branch (CrownBase)

are both in meters. Although the FAREAST model has been validated for China and Russia based on the ability to

reproduce species composition and above-ground biomass, specifically the LA and the LAI calculations have never

been validated (Shugart, personal communication). Both parameters are used to compute the light environment in

the model, however, since FAREAST is a Monte Carlo simulation of independent plots, the light environment is only

computed from directly overhead. Due to the differences between the Monte Carlo simulation and the spatially-explicit

SIBBORK model, a LA or LAI parameterization that works well in FAREAST may not be appropriate for SIBBORK,

where direct and diffuse light is computed along multiple light ray traces.

A method presented in Breda (2003) computes leaf area as a function of foliage biomass:

𝐿𝐴 = 𝐵𝑓 × 𝑆𝐿𝐴 (2.14)

where 𝐵𝑓 is the foliage biomass in kg, and SLA represents specific leaf area values for each species in 𝑚2/kg. Pub-

lished SLA values for boreal tree species are shown in Figure 2.29.

Specific leaf area generally represents the area-to-weight ratio of leaves or needles, but definitions for SLA diverge

in the literature (Gower et al., 1999). Broadleaf trees (birch, aspen) generally have higher SLA values than conifers,
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and larch exhibits the highest SLA of boreal conifers (Kloeppel et al., 1998). SLA varies widely between stands

and seasons (Araki, 1972), depends on soil nitrogen and ambient 𝐶𝑂2 concentrations (Curtis et al., 2000), as well

as soil moisture and leaf age (Landsberg and Gower, 1997; Ermolova and Utkin, 1998). Specific leaf area can vary

significantly even within the crown of a single tree, with sun leaves thicker and heavier per unit area than the shade

leaves (Araki, 1972; Ermolova and Utkin, 1998; Asner et al., 2003).

However, this approach is attractive, since SLA values for different boreal species can be found in the literature, and

the forestry tables of biological productivity specify a foliage biomass estimate for monospecies same-age cohorts

(Figure 2.27). The latter creates a potential for deriving an allometric relationship between DBH and foliar biomass,

provided the cross-correlation between forestry yield tables and tables of biological productivity is correct. However, it

is important to keep in mind that SLA values are species- and site-specific, and can vary widely even within the crown

of an individual tree. The SLA values in Figure 2.29 may not be fitting for some simulated sites, and downscaling the

allometry from the stand-based tables of biological productivity to the individual trees in the simulation may not be

appropriate.

In the simulation, LAI normalizes the sum of leaf areas of all trees on a plot by the area of the plot (100 𝑚2). This is the

parameter used in the exponent of the Beer-Lambert Law (equation (2.1)) for calculation of extinction of solar radiation

as it travels through the forest canopy. Numerous approaches for LAI estimates exist in the literature, and some depend

on the divergent definitions and measurement methodologies for LA and SLA (Barclay, 1998; Scurlock et al., 2001;

Asner et al., 2003). LAI depends on time of year, canopy closure, stem density, stand age, and other structural

parameters, such as the leaf/needle angle and the degree of damage experienced by a crown from disturbances such as

fire or defoliators (Chen and Black, 1992; Chen, 1996; Scurlock et al., 2001). Typical LAI indices for forests range

3-19, with highest LAI values reported for boreal coniferous forests, and values less than 6 in broadleaf and mixed

stands (DeAngelis et al., 1981; Schulze, 1982; Chen, 1996; Asner et al., 2003). LAI values in the teens reported for

boreal and mixed forests may be a result of measurement methodologies or adjustments between definitions (Barclay,

1998). According to one of the definitions, LAI relates the one-sided leaf area to the ground area below the canopy, i.e.

the shade cast by the canopy of a tree when the sun is directly overhead (Barclay, 1998). Asner et al. (2003) conducted

a global survey of LAIs reported for different biomes, and estimated that the average LAI for boreal deciduous and

evergreen forests are 2.6 and 2.7, respectively, although this analysis under-represents Russian forests and accounts for

only one site in southeastern Siberia. Large scale average LAI values of less than 3.5 appear to characterize the middle

and northern taiga ecotones, while LAI of 3.5-4.5 is estimated for the southern taiga region from a remote sensing

and modeling-based product (Asner et al., 2003). Furthermore, LAI values reported in the literature often represent

area averages (ℎ𝑎−1) and do not represent the variability in LAI across the terrain or at point locations. A gap model,

however, computes LAI for much smaller areas, and greater variability in LAI is expected on a plot by plot basis. The
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divergence in LAI values reported for boreal forests complicates the validation of the LAI calculations in the model,

however, all SIBBORK-simulated LAI values fall within the broad range of LAIs reported in the literature for boreal

species.

The SLA parameterization from equation (2.14) was adapted in SIBBORK. Model testing revealed that this approach

may overestimate total leaf area and the leaf area index, with mature conifer forests exhibiting LAIs in the teens and

even the lower 20s. Although the lower side of this range may agree with some of the values reported in the literature

(Chen et al., 2002; DeRose et al., 2010) with adjustment factors for conifer needles and clumping of 1.5-2 (Barclay,

1998; Scurlock et al., 2001), the LAI values at the higher end of this range are rarely found in the literature, but

have indeed been measured in some forests (DeAngelis et al., 1981). Moreover, the simulated stand structure and

composition, both of which depend on the light environment computed using LAI, have been verified and validated

for southern, middle and northern taiga locations on flat terrain, as well as in complex terrain at the southern extent of

the boreal forest.

To determine the most appropriate leaf area parameterization for the boreal ecosystem, each of these four approaches

should be used to compute LA and LAI for a stand under the historical climate conditions, and model output compared

to published values of LAI for different monospecies stands. It will also be important to assess that the structure and

composition of the stands are appropriately simulated with each of the four parameterizations. However, this involves

scripting four different versions of the model, and conducting verification and validation testing with each version.

This falls outside of the scope of this dissertation project, however, highlights an area for further refinement of the

SIBBORK model. At this point, the framework of SIBBORK has been designed to allow for species-specific equations

for the LA calculation, so that the most appropriate approach can be selected and employed for each species in the

simulation.

A simpler, short-term solution to LAI overestimation could be a quality control check implemented to correct any

plot-wide LAI of greater than a certain maximum threshold to a reasonable value in the lower teens. This approach

has not been implemented, because within the simulated 3-D light environment, there is not much difference in the

amount of light available in the lower portions of the canopy with an LAI of 15 or 22. Most of the light below a canopy

with LAI of 15 is extinguished, which prevents shade-intolerant saplings from establishing in the subcanopy of dense

coniferous trees, preserving realism in the simulation.
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2.4 Environmental Effects on Vegetation Processes

Vegetation processes of sapling establishment, growth, and mortality are affected by environmental forcings. In ZELIG

(Urban, 1990; Urban et al., 1993; Weishampel et al., 1996), the growth response of trees to the environmental factors

of light availability, soil moisture, ambient temperature, expressed as growing degree days, and soil fertility, expressed

as maximum biomass per plot, were parameterized as in Figure 2.30.

In SIBBORK, the environmental factors of growing degree days, soil moisture, soil fertility, permafrost, ground-level

available light, as well as available light throughout and below the canopy are generated for the simulation area based

on climatological record (NCDC, 2005a, 2005b) and lapse rates from DEM, hydrologic modeling based on DEM, soil

datasets (Stolbovoi and McCallum, 2002; Stolbovoi and Savin, 2002), permafrost datasets (Brown et al., 2002), and the

Area Solar Radiation calculator based on DEM (Fu and Rich, 2002), respectively. The degree to which each species is

affected by the presence or limited quantity of each factor is based on species-specific tolerances, which were obtained

from the literature (Shugart et al., 1992a; Yan and Shugart, 2005; Larocque et al., 2016).

2.4.1 Available Light Factor

Available light is arguably the most important environmental constraint on vegetation growth and establishment

(Purves et al., 2008; Purves and Pacala, 2008), especially in environments with harsh and complex light regimes,

such as the high-latitude boreal forests. In the absence of shade, trees are able to achieve optimal growth, provided

other environmental factors are not limiting. In the shade, the growth rate diminishes until a species-specific compen-

sation point is reached. At the compensation point, the energy gained from photosynthesis equals the energy expended

on metabolism and respiration. Foliage and branches that are shaded to the point of acting as a drain on the plant’s

overall carbon budget are self-pruned. For example, shade-intolerant species may prune branches and foliage that

receive less than 9% of above-canopy light, whereas shade tolerant species may be able to maintain foliage down to

5% of above-canopy light (Figure 2.30a).

Following the approaches in other gap models (ZELIG, FAREAST), a shade tolerance class 1 (shade-tolerant) through

5 (shade-intolerant) is assigned to each species in the simulation based on literature descriptions (Shugart et al., 1992a;

Smith and Hinckley, 1995; Yan and Shugart, 2005; Shuman, 2010). The compensation point is computed based on

equation:

𝐴𝐿𝐹 = 𝐶1 × (1− 𝑒−𝐶2×(𝐴𝐿ℎ−𝐶3)) (2.15)
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Fig. 2.30: Each simulated tree interacts with the surrounding environment based on species-specific tolerances to
resource limitations. Growth responses are shown for (a) 5 shade tolerance classes to light limitations, (b) 5 drought
tolerance classes to soil moisture limitations, (c) species-specific heat tolerance, reformulated from Pastor and Post
(1986) based on Bugmann and Solomon (2000) and Bugmann (2001), and (d) 3 nutrient deficiency tolerance classes
to nitrogen limitations. The * in each case denotes the more tolerant species.
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Tolerance class 𝐶1 𝐶2 𝐶3

1 (very shade tolerant) 1.01 4.62 0.05
2 1.04 3.44 0.06
3 1.11 2.52 0.07
4 1.24 1.78 0.08
5 (very shade intolerant) 1.49 1.23 0.09

Fig. 2.31: The shade tolerance class coefficients and compensation points were retained from ZELIG (Urban, 1990).

where ALF is the Available Light Factor with a value of 0 to 1, while 𝐶1, 𝐶2 and 𝐶3 are coefficients specific to

the shade tolerance class. Specifically, 𝐶2 reflects the degree to which growth is affected by a decreasing amount of

light, and 𝐶3 represents the compensation point for the specific shade tolerance class (Figure 2.31). 𝐴𝐿ℎ is computed

using Beer-Lambert Law (equation (2.1)) and LAI, and represents the fraction of above-canopy light available at each

1-meter vertical step through the canopy.

2.4.2 Growing Degree Days Factor

The growing degree days factor (GDDF) is used to determine whether plant growth is limited by inadequate warmth

over the course of the growing season. As in ZELIG, this function is initially generated as a parabola based on the

maximum and minimum growing degrees that confound the species range (Botkin et al., 1972a) via:

𝐺𝐷𝐷𝐹 =
4× (𝑇𝑌 −𝑚𝑖𝑛)× (𝑚𝑎𝑥− 𝑇𝑌 )

(𝑚𝑎𝑥− 𝑇𝑌 )2
(2.16)

where GDDF is the degree days factor with a value of 0 to 1, TY is the current year’s growing degrees (𝐺𝐷𝐷5) in

the simulation, and min and max correspond to the maximum tolerated and minimum required growing degrees for

the species. Generally, the maximum corresponds somewhat to the southern boundary of the geographical range the

species inhabits. The left half of the parabola limits tree growth whenever not enough growing degrees are accumulated

during the growing season. It is important to note that no growth occurs at the 𝐺𝐷𝐷5 minimum for a species, and

very few representatives of the species may be found for several kilometers equatorward (or downslope) of this 𝐺𝐷𝐷5

isoline in pockets of favorable microclimates. If all other environmental factors are not limiting, some trees of the

species of interest may be found in locations experiencing annual 𝐺𝐷𝐷5 sums of 100𝑜 C or more above the 𝐺𝐷𝐷5

minimum for the species. The right half of the parabola in SIBBORK has been modified to a non-linear function and

extended at the non-limiting value (1.0), based on evidence that plant growth is not limited by heat alone, when enough

soil moisture is available (Bugmann and Solomon, 2000). The effects of GDDF on tree growth are shown in Figure

2.30c.
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2.4.3 Soil Moisture Factor

Each species in the simulation is assigned to one of five drought tolerance classes (1 = very drought-intolerant, 5 =

very drought-tolerant). Even the most drought-tolerant species require plant available water during at least 50% of the

growing season (Figure 2.30b). The fraction of dry days during the growing season is compared to species-specific

thresholds via the following equation:

𝑆𝑀𝐹 =

√︃
(𝑇𝑜𝑙/10−𝐷𝑅𝑇 )

(𝑇𝑜𝑙/10)
(2.17)

where SMF is the Soil Moisture Factor with a value of 0 to 1, Tol refers to the species-specific drought-tolerance class

(1 to 5), and DRT represents the minimum of 𝑇𝑜𝑙
10 and the fraction of the growing season with no plant available water

(soil moisture below wilting point).

2.4.4 Soil Fertility Factor

Although arboreal tree species inhabit regions with very slow decomposition rates and low soil nitrogen, even within

these harsh conditions boreal species require different levels of soil nutrition for optimal growth. In SIBBORK, species

are assigned to one of three nutrient stress tolerance classes (1 = very intolerant, 3 = very tolerant to poor soils). Just

like the other environmental factors, the soil fertility factor (SFF) ranges from 0 to 1 (Figure 2.30d). The species-

specific SFF is computed based on relative soil fertility (equation (2.19)) and the amount of biovolume that potentially

could be accumulated on a plot during each simulation year based on limitations of the other environmental factors:

𝑆𝐹𝐹 = 𝐶1 ×𝑁 + 𝐶2 ×𝑁 × 𝑠𝑓 + 𝐶3 ×𝑁 × 𝑠𝑓2 (2.18)

where 𝐶1, 𝐶2, and 𝐶3 are regression constants (Figure 2.32) based on the species-specific tolerance to nutrient stress,

𝑁 is the assigned nutrient stress tolerance class (1 to 3), and 𝑠𝑓 is the normalized soil fertility based on the soil fertility

value specified for this region in the simulation and the amount of biovolume that could be accrued on the plot this

year:

𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑡𝑦𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =
𝑆𝑜𝑖𝑙𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑡𝑦

𝐵𝑖𝑜𝑣𝑜𝑙𝑢𝑚𝑒𝐼𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑜𝑝𝑡𝑖𝑚𝑎𝑙
(2.19)

In ZELIG, the optimal biomass increment is computed based on the optimal diameter increment and represents non-

limiting conditions. In SIBBORK, the maximum possible biovolume increment is computed based on the limitations

on growth exerted by the ALGF and GDDF. In this manner, the actual growth that could be attained is downscaled,
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Tolerance class 𝐶1 𝐶2 𝐶3

1 (very intolerant) -0.6274 3.6 -1.994
2 -0.2352 2.77 -1.55
3 (very tolerant) 0.2133 1.789 -1.014

Fig. 2.32: The regression coefficients for the different tolerance classes to poor soil nutrition were retained from
ZELIG (Urban, 1990).

Growth on permafrost / permafrost presence Present Absent
Cannot grow on permafrost 0 1
Can grow on permafrost 1 1

Fig. 2.33: Boolean limitation of tree establishment and growth on permafrost based on species-specific tolerances to
this environmental parameter.

rather than the optimal growth:

𝑓𝑒𝑟𝑡𝑖𝑙𝑖𝑡𝑦𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =
𝑆𝑜𝑖𝑙𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑡𝑦

𝐵𝑖𝑜𝑣𝑜𝑙𝑢𝑚𝑒𝐼𝑛𝑐𝑟𝑒𝑚𝑒𝑛𝑡𝑀𝑎𝑥𝑖𝑚𝑢𝑚𝑃𝑜𝑠𝑠𝑖𝑏𝑙𝑒
(2.20)

2.4.5 Permafrost Factor

The permafrost parameterization is greatly simplified in SIBBORK. The permafrost presence (1) or absence (0) is

specified for each plot, similar to elevation or soil fertility. Each species in the simulation is assigned to one of two

groups based on whether it is capable of growing on permafrost (1) or not (0), and the permafrost factor is com-

puted based on the site and species specifications (Figure 2.33). Of the 7 species in the simulation, Siberian larch

(Larix sibirica), Siberian pine (Pinus sibirica) and spruce (Picea obovata) are able to grow on permafrost (Shugart

et al., 1992a; Tchebakova et al., 2009a). As much as 80% of Siberia is underlain by permafrost - a factor that sig-

nificantly affects species composition in those areas (Kotlyakov and Khromova, 2002; Tchebakova et al., 2009a).

The presence of permafrost for a region of interest can be obtained from the National Snow and Ice Data Center

(http://nsidc.org/data/gdd600.html; Kotlyakov and Khromova, 2002). Alternatively, similar to the site index, the pres-

ence or absence of permafrost can be specified by the user for each plot.

The parameterization of permafrost can be expanded to include interaction with soil moisture and soil fertility, follow-

ing the approaches in Bonan (1988).

2.4.6 Overall Growth Factor

The overall growth factor used to scale down annual tree ring growth is computed using all five environmental factors.

The Leibig’s Law of the Minimum is applied to below-ground effects (soil fertility, soil moisture, permafrost), to avoid
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unrealistically small annual growth. Regardless of whether soil moisture or soil fertility conditions are limiting, if a

species is not able to grow on permafrost and the presence of permafrost has been specified for the plot, that species

will not be able to establish on that plot. A multiplicative effect is assumed to occur from the limitations of the

above-ground environmental factors (available light, growing degrees) and the minimum of the below-ground factors.

𝐺𝑟𝑜𝑤𝑡ℎ𝐹𝑎𝑐𝑡𝑜𝑟 = 𝐴𝐿𝐺𝐹 ×𝐺𝐷𝐷𝐹 ×𝑚𝑖𝑛(𝑆𝑀𝐹, 𝑆𝐹𝐹, 𝑃𝑒𝑟𝑚𝑎𝑓𝑟𝑜𝑠𝑡) (2.21)

Using solely the environmental conditions as the limiting factor on species establishment and growth, SIBBORK sim-

ulates appropriate species composition for forests in northern, middle, and southern taiga, and even at the southernmost

boreal forest boundary in the complex terrain of Altay-Sayan mountains, without an explicit specification of species

ranges in the driver.

The model source code is available at http://www.github.com/sibbork/SIBBORK
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CHAPTER

THREE

MODEL CALIBRATION AND TESTING

“The gap between theory and practice is a lot smaller in theory, than it is in practice.” - YogiBerra

Abstract

Climate change is altering forests globally, some in ways that may promote further warming at the regional

and even continental scales. In order to predict how forest ecosystems might adapt to a changing climate, it

is important to understand the resilience and vulnerabilities that each species within that current ecosystem

might have to a modified future environment. Complex systems that occupy large spatial domains and

change slowly, on the order of decades to centuries, do not lend themselves easily to direct observation.

A simulation model is often the more appropriate and attainable approach toward understanding the inner

workings of large, slow-changing systems, and how they may change with imposed perturbations. We

report on a new, spatially-explicit dynamic vegetation model SIBBORK developed for the purpose of

investigating the effects of climatological changes on the long-term dynamics, structure and composition

of the Siberian boreal forest.

3.1 Introduction

There is uncertainty in forecasts of how global forests will be affected, but we know that changes in forest extent,

type and structure have the potential to feedback to the atmosphere and intensify climate change at the regional,

continental and even global scales (Bonan et al., 1995; Pielke and Vidale, 1995; Woodwell et al., 1995; Cox et al.,

2000; Bonan, 2008; Jackson et al., 2008; Hollinger et al., 2010; Groisman et al., 2013; Kuusinen et al., 2014).

Moreover, changes in vegetation structure and composition can reduce or accelerate the rate of carbon exchange

between the atmosphere and the biosphere in boreal ecosystems (Kolchugina and Vinson, 1995; Krankina et al., 1996;

Betts et al., 2000; Kumala et al., 2004; Randerson et al., 2006; Ma et al., 2012). In order to understand what changes
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may be expected in a forest based on changes in environmental conditions, we have developed a new ecological model,

called SIBBORK, that is robust and easily parameterized to represent dynamics of different forest ecosystems using

publicly available datasets, such as the World Meteorological Organization (WMO) temperature and precipitation

records, and information routinely collected in forestry surveys and reflected in forestry yield tables. The purpose

of SIBBORK development rests in the desire for (1) better understanding of forest response to climate change based

on tree process responses to the surroundings and (2) more explicit parameterizations of environmental conditions,

which depend on the tree’s position on the landscape at the smaller scale. Few gap models incorporate effects of

surroundings some distance away (20-100m) on tree processes. SIBBORK can be used to investigate biome shifts and

successional trajectories in forest ecosystems, to understand the likely compositional and structural changes a forest

may experience with climate change, to test potential mitigation approaches, such as introduction of new species and

expansion of timber plantations, assist with planning for habitat changes or shifting the economy to/from the timber

sector, and assessing ecosystem services. We focus here on describing this new model, the functionality that provides

advances over other models, and the testing of the model output against multi-dimensional time-series data.

3.2 Methodology

SIBBORK was developed to tease out the dependencies and interactions between trees and environmental conditions.

We are interested in understanding the internal forest processes and their potential responses to disturbances, because

forest structure and composition have a significant effect on how energy and carbon are cycled through the ecosystem

(Bonan et al., 1995; Liu et al., 2005; Bonan, 2008; Ashton et al., 2012). Due to the large extent, recent climatological

changes, and potential large (spatial scale) forcings that the Eurasian boreal forest can exert on the global climate, we

focused specifically on this ecosystem. Like many individual-based gap models, SIBBORK simulates the establish-

ment, growth and mortality of individual trees on plots approximately the size of a crown of a canopy dominant tree

(100𝑚2). Canopy size of each tree is limited by the plot size. However, unlike Monte Carlo type simulations of inde-

pendent plots (e.g. FAREAST, Yan and Shugart, 2005), the plots in SIBBORK are arranged in a grid and connected

to each other. Trees on each plot can interact with trees on adjacent and nearby plots through shading. The shadow of

a typical canopy dominant from central Siberia (22-24m, Simard et al., 2011) can extend up to 100m, depending on

foliage density and sun elevation angle. Trees within a plot also interact with each other via shading of diffuse light

from directly overhead as a function of cumulative leaf area above each 1m vertical level. In contrast, the shading

capacity of a tree on an independent plot in FAREAST is limited to the plot size (500𝑚2). Environmental conditions

are computed and specified at the plot level and reflect the edaphic, hydrologic, and climatological gradients associated

with relief. Since trees do not have explicit x,y position on the landscape, the uncertainty of a tree’s location on the
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terrain is limited to a specific plot. Certainly, it is possible to give each tree an assigned location within the simulated

domain and get rid of plot designation, however, the plots are retained for specification of environmental conditions

and stem density at the plot level and for ease of aggregating stand characteristics at different spatial scales. The

horizontal resolution of environmental conditions and vegetation structure is 10m X 10m, and the vertical resolution

of the light environment and canopy structure is 1m. Species-specific parameterizations and generation of climate

conditions synthesize our current knowledge of boreal ecosystems, climatology, and numerical modeling. This model

highlights important progress in ecological modeling via simulation of 3-dimensional space above a real landscape.

The model simulates the environmental conditions at the plot level, and the vertical and horizontal distribution of

vegetation across a 3-dimensional landscape. This renders the model fit for the application toward simulation of what

has already been observed as heterogeneous changes in temperature and precipitation across the spatial and temporal

domains, and the associated response of vegetation to this spatially and temporally heterogeneous climate change.

3.2.1 Development from ZELIG

ZELIG was derived from FORET (Shugart and West, 1977), which is a more generalized version of JABOWA (Botkin

et al., 1972). It was originally developed for temperate forests of North America (Smith and Urban, 1988; Urban

et al., 1991; Weishampel et al., 1996), but has since then been used in investigations of coastal forest (Urban et al.,

1993), dry tropical forest in Puerto Rico (Holm et al., 2012), upland and bottomland forests in the arid Midwest of

the U.S. (Holcomb, 2001), northern hardwood forests (Larocque et al., 2006, 2011), and Amazonian forests (Holm

et al., 2014) . Like JABOWA, ZELIG is based on the assumption of landscape homogeneity at the plot level and

within the simulation domain. ZELIG, however, presents one of the first departures from the standard gap model

by introducing the idea of simulating several adjacent plots to represent a transect on a landscape. We substantially

expanded the functionality of ZELIG (Urban 1990, 2000; Urban et al., 1991, 1993) through modification to the 3-

D light subroutine, simulation of canopy architecture and terrain representations, species-specific parameterization

and specification of the simulation area and plot size. We modified the governing equations for soil hydrology and

climate, and introduced species-specific allometry. The optimal diameter increment in SIBBORK is computed based

on observed maximum annual diameter increments from the yield tables (Shvidenko et al., 2006) and the Usolsky

timber enterprise inventory (Ershov and Isaev, 2006), using methodology described by Bragg (2001, 2003). This

is in contrast to the JABOWA-based calculation employed in ZELIG (Botkin et al., 1972), which depends on a set

maximum age for each species - a variable that depends on environmental conditions and is difficult to estimate. Soil

hydrology in SIBBORK utilized the modified Penman equation, which incorporates solar radiation and air temperature

inputs and is more appropriate for high latitude environments. Soil fertility in SIBBORK acts as a cap on gross

primary productivity (GPP), and annually limits actual biomass accumulation rather than maximum potential biomass
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accumulation based on optimal diameter increment computed in ZELIG (Urban, 1990). Soil fertility is specified at the

plot level for each location based on soil type (Stolbovoi and McCullum, 2002) and a map of biological productivity

for Russia (Isachenko, 1985). We built on the plasticity of ZELIG with simplified re-parameterization to different

site and species characteristics using georeferenced matrices as input files for plot-level specification of environmental

conditions (radiation, elevation-based temperature adjustment, soil fertility) for enhanced portability to simulation of

other ecosystems.

As in ZELIG, the simulated trees in SIBBORK are fully coupled to the light environment and soil moisture (e.g. light

affects trees, trees affect light), partly coupled to the soil fertility (soil fertility affects trees, but trees don’t affect soil

fertility), and uncoupled from (do not affect) air temperature. SIBBORK differs from ZELIG via modifications to how

the spatial domain of the simulation is specified, the ability of the light regime to be computed above varied terrain,

the computation of soil hydrology, the inclusion of permafrost and several parameterizations for tree growth and en-

vironmental conditions. SIBBORK simulates heterogeneous landscapes and different environmental conditions at the

resolution of the plot, and builds more plasticity into the specification of environmental conditions and aggregation of

results at different spatial scales. The enhanced simulation of the environmental conditions allow for wider application

of SIBBORK, including the study of boreal forests with complex light and soil moisture regimes.

The simulation inputs include allometric equations and species-specific tolerances to environmental conditions, as

well as initialization conditions, maximum stem density, climatological trajectory (stable or changing), and simulation

duration. Additionally, the user specifies the simulation domain using a georeferenced digital elevation model (DEM)

file. This can be artificial user-created terrain for testing purposes (e.g., flat or N- and S-facing slopes along an E-W

ridge), or real terrain, such as from ASTER DEM (METI and NASA, 2011). During pre-processing, the DEM will

need to be resampled at the desired plot size. Using the DEM and environmental lapse rates, temperature is computed

for each plot that is at a different elevation than the reference weather station. The ArcGIS Area Solar Radiation tool

(Fu and Rich, 2002) is used to compute monthly incident solar radiation, and includes published cloud fraction and

direct-to-diffuse radiation fraction for the simulated region, where available. Potential evapotranspiration (PET) is

computed as a function of monthly temperature and solar radiation for each year of the simulation. In this manner,

environmental conditions are either specified at the start or computed within the simulation at the plot level. This

allows us to resolve variability in conditions associated with topographic gradients, simulate transition zones, and

aggregate output at different spatial scales or via masks by terrain features, e.g. slope aspect or elevation.

The model can be initialized from bare ground or an initial stand conditions. Bare ground symbolizes the complete

absence of any trees on the landscape and represents the conditions following a disturbance, such as an intense wildfire,

clear-cutting, or a landslide. Establishment of trees into the disturbed area is assumed to occur from seeds from nearby

stands. Stump-sprouting and regeneration by layering are not currently parameterized in SIBBORK. Alternatively, to
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begin the simulation with a stand of a given structure and composition, initial stand conditions, including stand density

and average diameter at breast height (DBH) for each species, can be specified. The establishment of saplings can be

turned on or off for all or individual species, allowing the user to track the evolution of a given stand for comparison

to forestry yield tables or field data. Following pre-processing and initialization, each simulated year in the simulation

proceeds as follows:

1. Generate monthly average temperature and monthly precipitation sums from a Gaussian distribution based on

historical monthly averages and standard deviations recorded at the nearest WMO weather station(s). Then,

quality control check that the simulated monthly average temperature does not fall outside the range bound by

the absolute maximum or minimum temperatures observed for the region, and flush all negative precipitation

values to zero. Temperature and precipitation are simulated at a monthly time step.

2. Calculate growing degree days (GDD) from the simulated average monthly temperatures with a growing degree

base of 5𝑜𝐶. Compute thermal effects for each species in the simulation based on species-specific tolerances

and user-specified parabolic (Botkin et al., 1972) or non-linear (Bugmann and Solomon, 2000) response curves.

GDDs use temperatures simulated at a monthly time step, and are evaluated at annual time steps.

3. Compute PET via a modified Penman equation using simulated average monthly temperature and radiation

inputs. Next, estimate soil moisture based on precipitation inputs, actual evapotranspiration outputs (70% of PET

for boreal, Olchev and Novenko, 2011), field capacity and wilting point. Runoff is computed as gravitational

water above field capacity. PET, runoff, and soil moisture are computed at monthly time steps. Thereafter,

determine effect of available soil moisture on growth based on species-specific drought tolerances at an annual

time step.

4. Implement age-related and stress-related mortality. Individuals stressed for at least two consecutive years have

a 37% chance of mortality in each subsequent year of stress (Shugart, 1984). Dead trees are removed at the

beginning of each simulation year.

5. Determine optimal diameter increment for each species in the simulation. Optimal diameter increment rep-

resents maximum growth without environmental constraints. The optimal diameter increment for each tree is

determined at the end of each simulation year based on tree size and species.

6. Compute soil fertility limitations based on a combination of the potential annual biovolume accumulation, the

amount of new biovolume that can be supported by the soil quality on each plot, and species-specific soil

nutrition requirements. When the annual biovolume increment exceeds the annual GPP that can be supported

by the soil conditions, growth of all species on the plot is downscaled, but some species are more sensitive to

this limitation. This is computed at an annual time step.
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7. Determine available light for each grid block in the simulated environment above the terrain using Beer-Lambert

law extinction as a function of leaf area index (LAI). Compute incident direct radiation from seven compass di-

rections (no direct light from the north in extratropical northern hemisphere) and solar elevation angles. Assess

diffuse radiation along two angles from each of eight compass directions and from directly overhead. Adjust

crown base of each tree crown based on light extinction through the canopy and species-specific shade tol-

erances. Estimate shade-related growth limitations for each individual tree based on available light averaged

across the entire crown length. The light environment is computed at the end of each simulation year.

8. Compute the realized DBH increment for each individual tree in the simulation based on the optimal diameter

increment scaled down by the multiplicative effect of species-specific tolerances to environmental effects of

growing degree days, available light, and the minimum of the below-ground factors (soil moisture, soil fertility,

permafrost). Tree size is incremented at an annual time step.

9. Flag for possibility of stress-related mortality the individuals not realizing a species-specific threshold (%)

of their optimal growth in the current simulation year due to environmental limitations. Remove stress flags

from previously-stressed individuals that realize growth above a species-specific threshold (%) of their optimal

growth.

10. Compute ground-level light at the plot scale based on leaf area index and light extinction through the canopy

from multiple directions for direct and diffuse light. Ground-level light is computed at the end of each simulation

year.

11. A “seedbank” is generated based on relative viable seed availability for species in the simulation (e.g., more for

Scots pine than for aspen). Using a uniform random number generator, saplings are selected from the seedbank

for establishment up to a maximum stem density, which is specified at the plot level. New saplings are sprouted

from the seeds selected from the species-specific relative seed bank based on species-specific ground-level light

requirements and an accumulation of species-specific number of climatologically favorable years. New saplings

with a DBH of 2.5𝑐𝑚 ± 0.25𝑐𝑚 are planted within the 100𝑚2 plot, without an explicit (x, y) location within

the plot. New saplings are planted at the end of each simulation year.

The state variables of DBH, height of crown base, and stress flags for each individual in the simulation are carried over

from year to year. Environmental forcings affect how much of the optimal diameter increment is realized each year by

each individual tree. See Figure 3.1 for a conceptual diagram of the model.

I further developed the algorithm for light-ray tracing (Weishampel, 1994) for compatibility with independent and

interactive simulation modes. Figure 3.2 shows the configuration of simulated plots on the ground for the 1-D and 3-D

simulations of the light environment and the associated ray traces. To provide continuity in the generation of the 3-D
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Fig. 3.1: Conceptual diagram of process flow in SIBBORK. Pre-processing includes analysis of climatological,
radiation and edaphic factors for the location of interest and generation of topography and associated gradient matrices
using ArcGIS. Weather is generated at the monthly time step. State variables are updated annually. HDF output file
contains a record of state variables at user-specified increments. Height (𝑚), basal area (𝑚2), biovolume (𝑚3), foliar
biomass (𝑡), above-ground biomass (𝑡), above- and below-ground biomass (𝑡), and leaf area (𝑚2) are computed at the
individual level from DBH during post-processing, and aggregated at the user-specified scale.

light environment in the interactive simulation mode, the westernmost edge of the simulation grid is wrapped around

to the easternmost edge, and the southernmost edge of the grid is wrapped around to the northernmost edge, creating

a torus. In this manner, edge effects are eliminated and a tree located in the westernmost plot, for example, can still

cast shadows to the southwest, west, and northwest by wrapping this shadow around to the easternmost edge of the

simulation grid (Figure 3.3). To avoid numerical instability during edge-to-edge wrapping, the user should specify a

spatial domain wider and longer than the maximum shadow length during the growing season at the latitude of interest.

In contrast, in the 1-D simulation mode, independent plots are collocated and the light ray is not wrapped around. The

light is only computed from directly overhead, which limits the shade cast by the canopies to the plot they are on.

However, light is arguably the most important driver of forest dynamics (Purves et al., 2008; Purves and Pacala,

2008). SIBBORK is able to resolve the spatial interaction between light and vegetation, including height-structured
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competition, via this 3-D light subroutine. SIBBORK is therefore the logical model for simulation of boreal forest,

which has a unique light regime.

The 3-D light environment is comprised of a 50m-thick slice of the atmosphere above the grid of plots. Light is

diminished through shading by (1) terrain and (2) surrounding canopy. On a landscape, higher south-facing slopes

receive more light than north-facing slopes and valley bottoms throughout the growing season due to terrain shading.

Furthermore, SIBBORK computes direct and diffuse radiation as light travels through and below the canopy within

the simulated space above the simulation grid. The 3-dimensional light computation is spatially-explicit, as the light

environment at each location in the canopy is affected by foliage density and forest structure at adjacent and nearby

locations within the canopy, both vertically and horizontally. The shading effect is computed based on the cumulative

3-D canopy of all trees on one plot, however, the cumulative leaf area and its vertical distribution on a plot 100𝑚2 in

size is mostly determined by 1-2 canopy dominant trees. Within a forest, light along a ray trace is likely to diminish

due to LAI before reaching the distance of maximum shadow length.

Fig. 3.2: Comparison of 1-D and 3-D light subroutines in dynamic vegetation models. (a) In non-spatially-explicit
simulations, such as the 1-D mode of SIBBORK or Monte Carlo style simulations of independent plots at point
locations, the light is only computed from one direction - directly overhead. (b) In our spatially-explicit simulation,
the direct light is computed from 7 compass directions (no light directly from the north in the northern hemisphere),
and the diffuse light is computed from an isotropic sky from 8 compass directions and from directly overhead.
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Fig. 3.3: Over the course of the growing season, a single 20m tree casts a shadow in different directions. The shadows
to the northeast, north, and northwest are generally shorter than the shadows to the east and west, because the solar
angle in the southwest, south, and southeast is greater. (a) A slice through the E-W plane. Full (100%) light (red), no
light in the regions below terrain (blue), and varying degrees of shade (yellow, orange) from a single 20m tree along
the direct light ray traces. Edge wrapping eliminates edge effects, here from E to the W edge. (b) View from above:
shade along 7 directions and wrap-around of shade that the tree casts to the E and W. The shadows to the southeast
and southwest are not significant during the growing season, so only 5 significant shadows (yellow) are seen from
above. The shadows cast to the east and west are similar in length, however, due to the positioning of the tree within
the simulation grid, the shadow to the west should extend past the westernmost edge of the simulation domain. The
remainder of this shadow is wrapped around to the easternmost edge and enters the simulation space from the east, in
this case, overlapping with the shadow cast by the tree to the east. (c) Synthesis of (a)-(b) for a 3-D view of the terrain
and light environment above the simulation area.

The annual optimal diameter increment has been modified following methodology in Bragg (2001, 2003). Annual

diameter increment (ADI) curves were fitted for each species in the simulation using equation form presented in (3.1)

𝑂𝐼 = 𝑎×𝐷𝐵𝐻𝑏 × 𝑐𝐷𝐵𝐻 (3.1)

where OI is the optimal diameter increment (cm), DBH is in cm, and a, b, and c are species-specific coefficients. The

approximation of the optimal ADI in ZELIG (Urban, 1990) and JABOWA (Botkin et al., 1972) individual-based gap

models is based on the assumption of a maximum tree age, which is difficult to estimate. Additionally, the formulation

assumes no tree growth occurs past the maximum age. The Bragg formulation does not constrict tree growth to

an estimated maximum age, but does significantly reduce vigor for older trees. Removing the maximum tree age

assumption allows for trees in favorable environmental conditions to continue growing and accumulating carbon, as

supported by Luysseart et al. (2008). Figure 3.4 compares the Bragg and JABOWA-based formulations.

For each species, the ADI curves based on Usolsky inventory reflect an annual increment approximately double the

magnitude of the ADI from forestry yield tables. Yield table values represent regional averages. The Usolsky inventory

reports averages from smaller areas, some of which may be representative of microclimates, in which some species
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experience enhanced productivity. We assumed that the optimal ADI, not affected by environmental factors, will be

greater than even the maximum observed ADI from the Usolsky forest. The adjustment coefficient between largest

observed ADI reflected in the forestry yield tables and the ODI in SIBBORK was determined iteratively for each

species and varied between 1.2 and 5.0.

Fig. 3.4: The difference in parameterization of the annual ODI in ZELIG and SIBBORK is demonstrated by the
black and blue lines, respectively. Here, Pinus sylvestris growth is shown as an example. The black triangles and a
fitted Bragg-curve (blue) show the average observed ADI, as represented in regional forestry yield tables. The green
squares and the fitted Bragg-curve (green) denote the maximum observed diameter increments in Usolsky. These
values are averaged across a smaller area, and may capture some pockets of microclimates where Pinus sylvestris has
achieved greater annual growth. The red line represents the annual ODI parameterized in SIBBORK based on iterative
adjustment of a multiplier coefficient for the ADI from the yield tables.

Species-specific allometric equations in SIBBORK represent fitted relationships for height, biovolume, and biomass

as functions of DBH (shown for Siberian fir in Figure 3.5). Some relationships are conveyed as piece-wise functions to

preserve realism. In ZELIG, allometric equations for each species followed the same form and no piece-wise equations

were used.

In contrast to the ZELIG estimation of leaf area as a function of DBH, the leaf area calculation in SIBBORK utilizes

species-specific conversions from foliage biomass to leaf area following the method described by Breda (2003):

𝐿𝐴 = 𝐵𝑓 × 𝑆𝐿𝐴 (3.2)

where LA is leaf area (𝑚2), 𝐵𝑓 is foliage biomass (kg), and SLA represents published specific leaf area values for each

species (𝑚2𝑘𝑔−1). Foliage biomass was empirically-derived as a species-specific function of DBH based on forestry

yield tables.
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Fig. 3.5: Species-spSpecies-specific allometric equations in general follow polynomial or exponential forms for each
species, but piece-wise functions describe growth better for structural forms of some species and include logarithmic
functions for older trees. Species-specific allometric equations were derived by fitting lines of best fit to regional yield
table data from Shvidenko et al. (2006).

Finally, in ZELIG, PET was computed via the Thornthwaite-Mather equation (Thornthwaite and Mather, 1957). How-

ever, the Thornthwaite equation has not been validated for the calculation of PET at high latitudes above 50𝑜𝑁 (Botkin,

1993), and correction factors are not available for those regions. For this reason, a modified Penman equation (3.3)

was utilized for the computation of PET in SIBBORK for the boreal forest:

𝑎× (𝑇𝑎 + 𝑏)× 𝑆𝑡

𝜆
(3.3)

where 𝜆 is the latent heat of vaporization (2430 𝐽𝑔−1), a and b are coefficients with typical values of 0.025𝑜𝐶−1 and

3𝑜𝐶, respectively, 𝑇𝑎 is the average monthly air temperature (𝑜𝐶) and 𝑆𝑡 is the solar radiation (𝑊𝑚−2) computed in

GIS at the plot level (Campbell, 1977). This approach allows for representation of hydrological gradients in SIBBORK

based on terrain slope and aspect.

Specific regional forestry yield tables for the southern taiga ecotone in central Siberia were utilized for parameter-

ization of SIBBORK (Figure 3.6). Species-specific equations for (above-ground) biovolume were derived from the

regional forestry yield tables with greatest productivity (i.e., site index I), as it is expected that the tree growth in the

model will be throttled back by resource limitation during simulation on less productive sites. Allometric equations

for computation of foliage biomass, above-ground biomass, as well as above- and below-ground biomass were derived

from forestry tables of biological productivity.
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Fig. 3.6: Description of regional forestry yield tables used for the parameterization of SIBBORK. Whenever multiple
yield tables are listed, the tables with maximum productivity were used to derive the allometric equations for the
species.

3.2.2 Model Testing

Following a stand-replacing disturbance, numerous saplings regenerate on bare ground. This stage in succession

corresponds to a rapid increase in biomass accumulation. As the saplings grow, peak biomass is attained before the

competition for space, light and other resources results in natural thinning and a decrease in stand biomass via mortality

of trees from the initial cohort. As new gaps in the canopy open up due to tree mortality, new saplings regenerate in

the gaps. Eventually, equilibrium is reached between regeneration and mortality, resulting in the stabilization of stand

biomass, basal area, and biovolume - this defines the mature or equilibrium forest. Figure 3.9 shows this behavior for

biovolume of a larch stand initialized from bare ground. During model testing, we assessed SIBBORK’s ability to

reproduce these stand dynamics via verification and validation tests.
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Verification of the model involves the comparison of model output to the data on which it was “trained” - which

was used for parameterization of the model and creation of input files for the simulation. Verification assesses how

well the numerical model aligns with the conceptual model (Cale et al., 1983). In this case, the conceptual model

includes the assumptions that tree establishment, growth, and mortality depend on the light environment, climate and

soil conditions. This simplified model quantifies the dependencies of each species on these four environmental factors,

and adjusts growth based on species-specific tolerances to resource limitations.

Conversely, a model can be validated by comparing the model output to an independent data set, information from

which was used to initiate the model, but which was not employed in parameterization. Validation tests the accuracy

of the concept map and how well the model can be generalized to new scenarios, environments and locations. The

model may need to be revised several times in order to achieve the desired accuracy and realism in representation of

forest growth and responses, and to better match the computer simulation to the concept map of the forest processes,

feedbacks, and interactions (Cale et al., 1983).

Usually, model verification and validation are conducted by comparing model output from a given year of simulation

(or a time-average) to a dataset that represents a “snapshot” of the forest conditions at a given time. A stronger

test is the comparison of model output to data that represents a timeseries and reflects how the structure of a stand

changes over time (Bugmann, 2001). Verification and validation of SIBBORK employed this stronger test. SIBBORK

output was evaluated against multi-dimensional empirical timeseries. Plot-level output was spatially averaged across

a 9-ha simulation domain and compared to field data at specific time increments. Averaging across 150 independent

simulation replicates enhanced statistical validity of model output (Bugmann et al., 1996). Only flat terrain was

simulated for model calibration and testing.

Model Verification

The forestry yield tables used for verification contain species-specific data on regional average DBH (cm), height

(m), stem density (stems/ha), basal area (𝑚2ℎ𝑎−1), biovolume (𝑚3ℎ𝑎−1), and biomass (t/ha) at decadal or 5-year

increments, for 100-300 years of tree growth. Mature forests and old growth are generally not represented in forestry

yield tables, so this dataset could only be used to verify relatively young forest structure, for stands that have not

yet peaked or stabilized in biomass (see Figure 3.9). The “young stands” column in Figure 3.7 corresponds to the

time frame used for verification comparison between model output and forestry yield table data for each species. The

model was initialized from the same initial conditions (average DBH, stem density) as the first record in the yield table

for the species (Figure 3.8). Thereafter, estimated growth of individual trees was compared to observed growth at 5-

or 10-year increments, depending on data record, using linear regression on the three variables that represent forest

structure: average DBH, height, and stem density. Stand aggregate basal area, biovolume, and biomass are functions
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Species Young stands Maximum bio-
volume

Stabilized bio-
volume

Maximum age for species
(1% survive to this age)

(units) (age in years) (years in sim) (year in sim) (age in years)
Abies sibirica < 80 100-110 > 270 300
Larix sibirica < 50 70-80 > 240 400
Betula pendula < 30 35-45 > 100 120
Picea obovata < 60 80-90 > 280 500
Pinus sibirica < 60 75-85 > 210 400
Pinus sylvestris < 70 90-100 > 240 300
Populus tremula < 30 40-50 > 80 100

Fig. 3.7: Timeframe definitions for “young” stands and “mature” stands were obtained from monospecies simulations
of 1000 years in duration. Between young and mature stands, a peak in biovolume is observed in the simulation and
in natural forests, however, this peak is not represented in forestry yield tables likely due to management practices,
and is only specified here for simulated dynamics. Mature stands are those with stabilized biovolume, biomass, and
basal area. This timeframe was used for model verification against the Usolsky forest inventory. :math:‘*‘ Maximum
species age values were obtained from Nikolov and Helmisaari (1992).

of DBH and stem density, so if the structure of the forest is simulated appropriately, the stand aggregate information

is more likely to also compare well to observations.

Fig. 3.8: Initial conditions from the first year of record of the forestry yield tables (Shvidenko et al., 2006) used to
initialize model for verification testing.

Model validation

To assess that the predictive capability of the simulation continues from young into mature forests, simulated and

observed biovolume from mature forest stands were compared using linear regression. Model validation employed

an independent dataset from the Usolsky forest enterprise (Ershov and Isaev, 2006), containing average age, DBH,

height, and biovolume for polygons with homogeneous canopy composition (i.e., same dominant species). Space-for-

time substitution was used to generate a timeseries dataset for quantitative evaluation of the simulated mature boreal

forest characteristics. The Usolsky forest is managed, and the histories of the stands within the enterprise are not

known (i.e., thinning, logging schedule, natural disturbances).
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Fig. 3.9: Typical biovolume accumulation pattern after a stand-replacing disturbance, here for Larix sibirica, is shown
here via the solid line, and was obtained by spatially averaging output from 900 plots in the simulation domain and
across 150 independent model runs initialized from bare ground. Dash-dot line represents biovolume accumulation
presented in a forestry yield table for larch. “Young” stands were defined as stands at less than 30% of the maximum
age for the species. This timeframe is shaded in a tilted rectangle along the left side of the figure, labeled “young”.
Stand structure characteristics (DBH, height, stem density) of young stands were verified against forestry yield tables
via linear regression. Equilibrium stands were defined as those with stabilized basal area and biovolume. This time
frame is shaded in a rectangle along the right side of the figure, labeled “mature”. Stand structure (DBH, height, stem
density) and aggregate (basal area, biovolume) characteristics of mature stands were validated against an independent
dataset from the Usolsky forest timber enterprise via non-parametric Smirnov-Kolmogorov test and linear regression.
The region shaded under the peak denotes the difference in biovolume accumulation patterns between natural and
managed plantation stands.
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For each monospecies simulation, the model was initialized from bare ground. Sapling establishment was turned on

only for the species of interest. Spatially averaged (across the simulation area of 9-ha) biovolume was recorded at

ten year intervals during the “mature” timeframe from 150 independent replicate model runs and assessed against

biovolume records from the Usolsky forest inventory for areas with corresponding dominant species and average age.

The more interesting analysis, of course, is for mixed forest. Records of mixed forest characteristics are available for

several species combinations in the yield tables, Usolsky inventory, and in the literature (Petrov and Ponomareva, 1977;

Reimers, 1990; Shugart et al., 1992a; Roser et al., 2002; Schulze et al., 2005; Chen et al., 2005). For each comparison,

only the species present in the observed forests were included in the simulation. Whenever initial conditions were

provided, the model was initialized from those initial conditions. Otherwise, the model was initialized from bare

ground. The timing and magnitude of successional transitions from pioneer to equilibrium species was qualitatively

evaluated. The basal area, biovolume and biomass of simulated forests at decadal increments were quantitatively

evaluated against available data.

Model Generalizability

The model’s generalizability was tested using observations from three types of forest stands at a middle taiga site,

which is located outside the calibration region and has different soil characteristics, climate and radiation budget than

the southern taiga ecotone represented in forestry yield tables or the Usolsky forest. Antonio et al. (2007) suggest that

allometric relationships are not affected by stem density, climate, or site index, therefore, these relationships were left

unchanged in SIBBORK for the generalizability test, however, there is new evidence that the allometric relationships

are changing in regions of Siberia (Lapenis et al., 2005), and the static allometry may be a limitation of the model when

it is applied to investigate stands outside of the calibration region or to climate sensitivity analysis. Site characteristics

are reported in the bottom row of Figure 3.10.

The observed forest types at the middle taiga location include a birch-dominated 50-year old stand, a mixed forest

with an estimated age of 250 years, and a 400-500 year old forest dominated by 200-year old fir. The mixed forest

contains fir, birch, spruce, Siberian cedar, and species from the Sorbus genus. The latter, are not parameterized in

the model, as mountain ash, rowan, and other species of the Sorbus genus are not considered economically viable

and are, therefore, not represented in forestry yield tables or forest inventories. The model was initialized from bare

ground, with regeneration turned on for all the species present in the mixed forest described by Roser et al. (2002).

We evaluated the projections of average DBH, height, stem density, basal area, and species composition for each of

the three types of stands.
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Characteristic middle/southern taiga middle taiga
Lat. (N) 57.6 61.0
Long. (E) 95.4 89.5
Alt. (m amsl) 180 180
Plot size (𝑚2) 100 100
Mean Monthly Temperature (𝑜𝐶) -21.1 to +18.6 -23.2 to +18.5
Mean Monthly Precipitation (mm) 13.03-62.29 30.9-84.2
Soil Field Capacity (cm) 41.0 62.5
Soil Wilting Point (cm) 20.5 31.25
Mean Monthly Radiation (𝑊𝑚−2) 115 115
Mean Monthly Radiation (Growing Season) (𝑊𝑚−2) 176 166
Relative Direct : Diffuse Solar Radiation (Growing season) (%) 47:53 45:55

Fig. 3.10: Site parameters for the Usolsky forest (southern taiga), located near the confluence of the Angara and
Yenisei Rivers in southern Krasnoyarsk Region, Russia, and the climatological and radiation parameters for the middle
taiga site described by Roser et al. (2002), used to test model generalizability. The climate parameters were computed
based on data from the Yenisejsk and Turukhansk World Meteorological Organization stations, respectively. Ranges
represent monthly low and high averages. Soil characteristics were obtained from Stolbovoi and Savin (2002). Field
capacity was computed as Œ of Total Available Water Capacity (cm), and wilting point corresponds to œ of field
capacity (cm) in the top 1 meter of soil, using methodology from Shuman (2010). The radiation parameters were
computed using Area Solar Calculator in ArcGIS (Fu and Rich, 2002) and validated against World Radiation Data
Centre datasets from Vanavara (60° 12’ N, 102° 10’ E) and Ekaterinburg (56° 29’ N, 60° 23’ E) stations. These
environmental parameters represent the difference between the simulation of southern and middle taiga in central
Siberia.

3.2.3 Site Descriptions

The region’s continentality, extensive snow cover, unique light regime, and the influence of the Siberian semi-

permanent high pressure system and the continental arctic air masses facilitate the extreme cold winter temperatures.

The rest of the year, continental temperate and continental tropical air masses bring little precipitation to the region

(Lydolph, 1977; NCDC, 2005a, b). Annual PET demands regularly match and in some regions exceed annual precip-

itation (Shugart et al., 1992a; Yamazaki et al., 2004). In general, throughout the short growing season, there is either

not enough heat or moisture, or both, to support most arboreal species, resulting in a floristically-simple ecosystem

dominated by frost-hardy trees.

Training Region

Shvidenko et al. (2006) present a compilation of several hundred yield tables for natural, fully-stocked, managed and

unmanaged, single-species and mixed-species forests across various regions of Eurasia. The yield tables are applicable

for specified regions where the terrain can be described as flat or nearly-flat (less than 20o slope). Highest productivity

yield tables for each species predominantly for the southern taiga ecotone were used for parameterization of the model.

Validation Site
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The validation site (57° 36’ N, 95° 23’ E) is within the boundaries of the Usolsky Forest Enterprise located in southern

taiga, at the confluence of the Yenisei and Angara rivers (Ershov and Isaev, 2006). This site will from hence forth be

referred to as the Usolsky forest or the southern taiga location. The topography of the Usolsky forest is representative

of the lower slopes of the central Siberian uplands, with elevation ranging from 95 to 460m amsl.

A continental climate with short, warm, dry summers, and long, dry, cold winters characterizes this region of central

Siberia. Mean annual air temperature is −1𝑜𝐶. The average annual precipitation is 410 mm, with a minor wet season

occurring in June-August (WMO data analysis, NCDC, 2005a, b). Annual evapotranspiration rates are in the range

of 500-700 mm (Yamazaki et al., 2004; MOD16 Global Terrestrial Evapotranspiration dataset) and exceed average

growing season precipitation, indicating that soil thaw and the thawing of the active permafrost layer are important

sources of soil moisture in central Siberia. Areas of insular permafrost underlay southern taiga, however, no detailed

information is available regarding presence of permafrost at the validation site within the Usolsky forest. Figure 3.10

lists additional site parameters.

The Usolsky forest inventory was collected in 1992 by an East-Siberian Forest Inventory Enterprise and compiled

into a GIS dataset, which includes average age, DBH, height, and dominant species for over 120,000 irregularly-

shaped polygons ranging in sizes from 34𝑚2 to tens of hectares. Polygons are grouped by dominant species, so that

each polygon represents only one canopy dominant species. Subcanopy species are recorded for some polygons. The

vegetation in the Usolsky forest varies based on the logging rotation, with significant areas of closed-canopy taiga. Ten

primary arboreal species within six genera comprise the forest: Betula spp. and Populus spp. are found along higher

elevation slopes and in areas of recent disturbance; Picea obovata, Abies sibirica, and Pinus sibirica generally occupy

the moist soils on north-facing slopes, and along rivers and stream drainages; while Larix sibirica and Pinus sylvestris

are found on poor soils at higher elevations. The minimum average DBH recorded is 2cm. At the time of inventory,

the stem densities ranged 3,000-10,000 stems/ha, with maximum stem densities observed in stands dominated by

Abies sibirica. The basal area in Usolsky ranged from 16 to 320 𝑚2ℎ𝑎−1. When only canopy dominant trees were

considered, the average tree age in the Usolsky forest was 107 years, the average height was 20.3m, and the average

DBH was 24cm. The average tree age on each polygon was reported to the nearest 5 years, average DBH - to the

nearest centimeter, and average height - to the nearest meter. Biovolume was specified for < 20% of the polygons in

the survey. In 1992, the average biovolume within Usolsky was 183 𝑚3ℎ𝑎−1, with up to 510 𝑚3ℎ𝑎−1 of above-ground

biovolume accumulated on the most productive sites along river banks in stands dominated by old growth (>100 years

old) Pinus sylvestris.

New Location Site
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We tested the generalizability of the model by applying it to the simulation of vegetation at a location 600km north-

northeast of the Usolsky forest without additional tuning of model parameters. This site experiences colder winters,

and a similar, though wetter, growing season regime compared to the Usolsky forest. Figure 3.10 reflects the dif-

ferences in climate, radiation budget, and soil characteristics between this middle taiga site and the Usolsky forest

location.

3.3 Results

3.3.1 Verification

Figure 3.11 and Figure 3.12 summarize the significant agreement between observed early stand development in Siberia

and the evolution of the young monospecies stands in the simulation over the course of several decades. The stand

structure, assessed through DBH, height, and stem density, is accurately projected, with high Pearson correlation

coefficients for the linear regression on all three variables (range: 0.93-0.99) for the seven species in the simulation.

Regression slopes for the major stand structure variables approached unity (µ±s for DBH: 0.92± 0.1; height: 0.96±

0.05; stem density: 0.95 ± 0.05). Regression line intercepts were close to zero for height and DBH, and 19.3 for

stem density. The intercept for stem density is not expected to be close to zero, since the model simulation for this

comparison was not run long enough to have all trees in the simulation die. The simulated self-thinning process and

the associated decrease in stem density as the stand matures compared well to the forestry yield table data.

Fig. 3.11: The model reproduced biovolume accumulation patterns for thousands of trees of different species with
reasonable accuracy
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Fig. 3.12: Results of linear regression on the main stand structure variables show a high correlation between output
from 150 model replicates and observed values (from forestry yield tables). The Pearson correlation coefficients are
for regression not forced through the origin. The sample size varies between species due to different stem densities
specified in the initial conditions.

3.3.2 Validation

The range and overlap of the biovolume distributions demonstrate that the structures of the simulated monospecies

stands were very similar to the observed mature stands (Figure 3.13). As the generalizability of the model should not

be sacrificed to obtain a perfect match with a single validation dataset, we evaluated the robustness of the simulation via

linear regression on simulated, spatially-averaged biovolume against observed monospecies stands in Usolsky forest

(Figure 3.13h). The model reproduced biovolume accumulation patterns for thousands of trees of different species

with reasonable accuracy (average R2=0.83, RMSE=30 𝑚3ℎ𝑎−1, slope=0.97, intercept=20).

In the assessment of dynamics in a mixed stand containing larch, fir, Siberian cedar, and birch (Semechkin, 1990, in

Shvidenko et al., 2006), simulated forest composition changed from a birch-dominated forest to one dominated by

pine over the course of three centuries (Figure 3.14 top panel). The same successional transition was reproduced by

SIBBORK using two approaches: (1) starting with the same initial conditions as the first year of record in the forestry

yield table, and (2) starting from bare ground. Throughout the simulation, fir and larch consistently contributed 5-15%
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Fig. 3.13: (a-g) Simulated and observed biovolume distributions for the seven major species included in the SIB-
BORK simulation of central Siberian boreal forests. Good overlap of distributions is more important than differences
identified by the Smirnov-Kolmogorov test, as the model is not intended to simulate just the test site, but needs to be
generalizable across the broader region of Siberia. (h) Linear regression analysis reveals a strong relationship between
simulated and observed timeseries of biovolume for mature stands at decadal time steps, with slope near unity and 𝑅2

> 0.64 for all seven monospecies stands.
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to the overall biomass of the forest. Presented in Figure 3.14 are the averages from 150 replicates, however, even a

single model run reproduces the successional transition along the appropriate pathway and at appropriate times. The

simulated structure of this mixed stand closely tracks the observed structure of the stand: average height of 25m and

24m, basal area of 44𝑚2ℎ𝑎−1 and 40𝑚2ℎ𝑎−1, and biomass of 280t ℎ𝑎−1 and 260t ℎ𝑎−1 during the timeframe of

250-300 years from disturbance for observations and simulation output, respectively, on site index III soils, which

have an approximate GPP of 7𝑚3ℎ𝑎−1𝑦𝑟−1.

The most interesting feature of the SIBBORK model is the ability to simulate heterogeneous stands of mixed-age

mixed-species forests. In the 7-species mixed forest simulation, the environmental conditions and species-specific

tolerances to resource limitations dictated which species established when, if at all. The successional trajectory,

reflected through biomass changes for different species, is depicted in Figure 3.14 (middle panel) and compares well

to literature descriptions of the forests at different stages of succession in the same region (Petrov and Ponomareva,

1977; Reimers, 1990; Schulze et al., 2005). The realism of biomass dynamics and successional transitions in a 1000-

year simulation was assessed using potential natural vegetation of the central Siberian region. The transition between

pioneer and equilibrium species in the simulation occurred at the appropriate time from disturbance (Roser et al., 2002;

Shvidenko et al., 2006), as shown in Figure 3.14. Initially, birch dominated the simulated landscape (180m amsl, flat),

as expected. Starting around the sixth decade of the simulation, birch is gradually superseded by larch and pine.

Thereafter, a mixed broadleaf/conifer forest existed briefly one and a half centuries post disturbance. By year 200,

the forest was comprised predominantly of larch and pine. Larch in Siberia coexists predominantly with pine (Pinus

sylvestris), because the foliage of both species is light enough to facilitate coexistence of these two shade-intolerant

species. The larch/pine forest is replaced by dark conifers (Siberian cedar, fir, spruce) three centuries post disturbance.

Canopy structure of dark conifers facilitates the trapping of light, so the forest floor is dark and pioneer species are not

able to return until large enough gaps are formed (mortality of dominant trees on several adjacent plots). Sufficient

mortality of dark conifer species is observed approximately four centuries post disturbance, and the larch/pine forest

returns, with few birches growing in areas with particularly large gaps. Over the course of the 1000 year simulation,

two cycles of larch/pine forest replacement with dark conifers occurred in the current version of SIBBORK, which

does not include disturbance.

Total biomass was computed using biovolume and species-specific and, where available, region-specific bulk density

values from the literature (Curtis et al., 2000; Yatskov et al., 2003; Seedre et al., 2013). Total biomass of mature

mixed forest averaged across 150 replicates and across five levels of soil nutrition (site indices) was 104.3 ± 30.1 (t

ℎ𝑎−1), which compares well with 99.61±48.53 (t ℎ𝑎−1) reported for the region near the confluence of the Angara and

Yenisei Rivers (Houghton et al., 2007) and represents the variety of soil conditions observed in the region (Stolbovoi

and McCullum, 2002). Structural and compositional agreement between simulated and observed stand dynamics
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Fig. 3.14: [Caption on next page]
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of multi-species boreal forest over the short (decades) and long (centuries to millennia) time scales provide further

support for validation of SIBBORK.

Figure 3.14 Results of multi-dimensional model testing are presented in three panels. The same color-coded legend

for species shown in the middle panel applies to all subsets, except the lower leftmost bar graph. (a) SIBBORK output

is compared to forestry yield table records (Shvidenko et al., 2006) for secondary succession dynamics in a mixed

broadleaf-conifer forest comprised of four species: Pinus sibirica, Betula pendula, Picea obovata, and Larix sibirica.

Observed shifts in species composition are reproduced by a simulated secondary succession trajectory over the course

of 300 years from stand-replacing disturbance (bare ground). (b) Successional dynamics in a 1000-year simulation

appropriately represent the transition from a short-lived birch-dominated (Betula spp.) community, to co-dominance

by larch and pine (Larix sibirica, Pinus sylvestris), to a dark conifer forest comprised of fir (Abies sibirica), spruce

(Picea obovata) and Siberian cedar (Pinus sibirica), with few instances of larch and pine. Similar successional stages

and transitions are described in the literature for southern and middle taiga forests (Reimers, 1990; Shugart et al.,

1992a; Schulze et al., 2005). (c) The order of bars in all three graphs is the same: observed (Roser et al., 2002)

(left bar) and simulated (right bar) for each age group. Simulation of stand structure at a new location revealed the

robustness of SIBBORK in reproducing forest stands outside of the model verification region. The leftmost figure

demonstrates that the observed and simulated basal area of 50, 250, and 400-500 year old forest stands at a middle

taiga site are very close. This figure represents the average per hectare basal area from 150 independent replicates of

the model simulation. Each model simulation represents a 9-ha area, divided into 900 plots. The standard deviation

was obtained from each simulation. The standard error of the means, computed as the standard deviation divided by

the square root of the number of samples is on the order of 0.01−0.1𝑚2ℎ𝑎−1 for each time step in the simulation. For

clarity, these error bars were omitted from the figure. Errors or variability in the field observations were not reported

by Roser et al. (2002). The two right-most figures in this panel show the observed and simulated species composition,

with the presence of Sorbus spp. in the observation dataset (center), and with Sorbus spp. contribution removed (right)

and the species composition for the observations normalized to the total stems without Sorbus spp. The simulation

does not include Sorbus spp., which comprises a group of trees and shrubs in the Rose family and is not valuable for

the timber industry.

3.3.3 Generalizability

The results of the generalizability test (Figure 3.14, lower panel) demonstrate the flexibility of the model with regards

to application to a different region of the Siberian boreal forest without the need for tuning model parameters for tree

growth and tree responses to the surrounding environment. The simulated structure and composition are comparable
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to stand characteristics from three different stands at a middle taiga site (Roser et al., 2002). The youngest of the

three is an even-aged 50-year old birch-dominated stand with the main canopy height of 15m, stand density of 4600

stems/ha, and basal area of 30.2 𝑚2ℎ𝑎−1 (Roser et al., 2002). Around the 50th year of the simulation, the birch stand

exhibits an average height of 18.5m (for stems with DBH > 6.0cm), stem density of 1300-1400 stems/ha (for stems

with DBH > 3.0cm), and the basal area peaks at 28 𝑚2ℎ𝑎−1. The transition from birch to fir dominance occurs over the

years 90-130 in the simulation, which compares well to the transition at stand age 100-150 years at this middle taiga

site. The mixed forest during the transition period contains birch, fir, spruce, and a small contribution from Siberian

cedar. Approximately 200-400 years post stand-replacing disturbance (in the model: from bare ground), a mixed

coniferous forest develops. Aside from lack of silvicultural information of the Sorbus genus, which is not represented

in the model, the species composition in the simulation matches closely the observed composition of the 250-year

old mixed coniferous forest. The simulated mixed forest exhibits an average height (for stems with DBH > 6.0cm)

of 20-21m, stand density of 2200 trees/ha (including all stems with DBH > 3.0cm), and basal area of 38.5 𝑚2ℎ𝑎−1.

Field observations from the mixed reflect forest structure with a mean height of 22m, stem density of 2467 stems/ha,

and basal area of 35.7 𝑚2ℎ𝑎−1. The 200-year old fir-dominated forest occurs 400-500 years post disturbance. At this

point in the simulation, the forest is co-dominated by fir and Siberian cedar, with spruce comprising a smaller fraction,

and only a few isolated old growth birches. This is comparable to the fir-dominated forest described by Roser et al.

(2002), except in the observations spruce contributes somewhat more to stand composition than Siberian cedar. The

reported stand characteristics include a mean canopy height of 22m, stem density of 1056 stems/ha, and basal area 46.5

𝑚2ℎ𝑎−1. The simulation produces fir-dominated stands with mean canopy height of 21-23m, stem density of 1050-

1150 stems/ha, and basal area 46-47 𝑚2ℎ𝑎−1. Only stems with DBH greater than 6cm were used in calculating mean

canopy height and stem density to avoid skew of the average height by the presence of a multitude of smaller stems.

Roser et al., (2002) did not report what size trees were included in the stem density estimate, so we retained stems with

DBH > 3.0cm for the comparison. The close match between simulated and observed stem densities at different stand

ages reflects the models ability to realistically balance sapling establishment and stem mortality rates. SIBBORK

simulates successional transitions similar to those reported by Roser et al. (2002), which further demonstrates the

model’s robustness and generalizability to regions outside those used for model training and validation.

3.4 Discussion

Ecologists develop vegetation models for the prediction of specific features, such as timber yield or canopy pro-

cesses. These models predict the specific characteristic(s) that defines the model’s purpose. In predicting the long-term

changes in forest dynamics, especially with changes in climatological parameters, it is important to test the model’s
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predictive ability against a diverse, multi-scale timeseries of observations (Bugmann, 2001). It is important to un-

derstand whether the computations of some parameters are dominated by a single “key” parameter. Qualitative and

quantitative tests should include the evaluation of multiple outputs for monospecies and mixed stands, as well as for

even- and mixed-age stands. Quantitative evaluation of SIBBORK model functionality has involved the comparison of

field observations against multiple model outputs (DBH, height, basal area, biovolume, species composition) at differ-

ent stages in succession. It is important to test the model in these multiple dimensions. Most often, model output for

one or a couple of parameters is compared to field observations or remote sensing data that represent a “snapshot” of

forest structure at a specific time. For a stronger test, we compared SIBBORK model output from several centuries of

simulation to multiple timeseries of field data, as this approach allowed us to see whether the internal stand processes

of the forest are simulated well over time.

Multi-dimensional testing of the SIBBORK model included qualitative and quantitative evaluation of model output for

simulated stands at different points from bare ground, without fitting to each stage in secondary succession. Individual

process formulations (tree growth, mortality, light extinction through the canopy, etc.) and overall stand dynamics

were evaluated against multiple datasets from within the calibration region (southern taiga) and outside of this region

(middle taiga). The model quantitatively and qualitatively reproduces the structure and dynamics of young and mature

stands in monospecies and mixed forest. SIBBORK simulates the correct structure and appropriately-timed succes-

sional transitions, whether initialized from a set of initial conditions or from bare ground, where the latter represents

succession following a stand-replacing disturbance, which are common in this boreal region. Multiple combinations of

species have been tested, including all of the arboreal species whose ranges overlap the validation sites and for which

we were able to obtain forestry yield table data. In each case, SIBBORK model output produced realistic combinations

of species at each stage in succession, and matched fairly closely to the observed stand structure and total biovolume.

Moreover, SIBBORK output matched the evolution of species composition, stand structure, and biovolume over the

course of several centuries. Although the match is not perfect, model output from a given year of simulation closely

matches observed structure of stands whose age is within 10 years of the simulation year. It is important to remember

here that when SIBBORK introduces saplings into the simulation, they are planted at approximately 2.5cm DBH. For

some species and under some growing conditions, this may be representative of a 40 year old tree, e.g. larch under

very limiting environmental conditions, whereas for other species and environmental conditions, the 2.5cm DBH may

be more representative of a 4-5 year old tree, e.g. birch in favorable conditions. Therefore, if the simulated forest is

compared year by year to the observed forest, the successional transitions in the simulated forest are likely to occur in

earlier years than observed. When the birch saplings are establishing in the first decade of the simulation, the stand

structure is more representative of a birch stand in its 2𝑛𝑑 decade from bare ground.
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The random and systematic errors of the data presented in the regional forestry yield tables are estimated at 4-7%

(Shvidenko et al., 2006). The uncertainty associated with the Usolsky forest inventory, as well as the histories of the

observed stands with regards to management and natural disturbances are not known. The match of model output to

verification and validation datasets may well be within the uncertainty of these datasets. Additionally, approximately

2% of the middle and southern taiga forest area are dominated by arboreal species not of interest to the timber industry

(Shvidenko and Nilsson, 2002) and not represented in the yield tables. These species (e.g., Sorbus spp.) are not

represented in SIBBORK, which may contribute to the uncertainty of model estimates.

The 3-D character of the SIBBORK model facilitates the simulation of successional processes that are not explicitly

parameterized, such as regeneration of shade-intolerant species in gaps the size of multiple large tree crowns. These

multi-scale processes are not captured in non-spatially-explicit simulations of independent plots. Upon conducting the

multi-level tests, it is evident that some of the internal forest processes, such as competition for light and space, and

the transition of trees from the subcanopy to the main canopy, are represented in the simulation although not explicitly

parameterized. When the model captures a multitude of stand characteristics at different stages post disturbance, we

can utilize the model to further our understanding of how forest ecosystems operate and the consequences of changes

to edaphic and climatological conditions at different points along a successional trajectory. This gives us greater

confidence in applying the model toward the simulation of boreal forest with shifts in temperature and precipitation

regimes that are likely to accompany climate change in Siberia.

SIBBORK brings a multitude of advantages to the table that are not represented by other classical gap dynamics

models, such as FAREAST (Yan and Shugart, 2005), or spatially-explicit forest dynamics models, such as FORMIX3

(Huth et al., 1996) and FORMIND (Kohler and Huth, 1998). Dynamics and patterns on scales larger than the size

of a plot are not resolved by models of independent plots, such as FAREAST. The average landscape dynamics in

FAREAST are obtained from an average of 200 independent plots. However, since FAREAST is not spatially explicit,

trees on each of the independent plots do not interact with trees on other simulated plots and the average dynamics

are extrapolated to the landscape scale from the plot scale (500𝑚2). In contrast, SIBBORK simulates a continuous

landscape, with the spatial domain of the simulation tested up to 81 hectares, and environmental conditions specified

at the plot-level. Extrapolation of stand dynamics to the landscape scale may be more appropriate from simulations

that encompass a larger spatial domain and more explicitly represents the varying conditions on the terrain.

Similar to FORMIND, SIBBORK does not assign an exact location for each tree on the landscape, and does not

explicitly include space-based competition, aside from limitation to stem density and maximum annual GPP cap at the

plot-level. In contrast to FORMIND, however, species-specific parameterization allows for resolution of interspecific

competition in SIBBORK, and does not limit the species range to associations with vegetation from the same plant

functional type. This allows for new species assemblages to emerge as environmental conditions change, which is in
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accordance with what has been observed through pollen records and other vegetation history reconstruction studies

(West et al., 1981; Webb and Bartlein, 1992; Shugart et al., 1992a). In post-processing, trees can be grouped into

similar-age, similar-DBH cohorts or analyzed individually. Additionally, SIBBORK has finer horizontal and vertical

resolution in the 3-D light environment computation, compared to FORMIX3, wherein the plot size is larger (20m X

20m) and the light is computed for 5 canopy layers, each several meters thick. SIBBORK is more similar to FORMIND

with regards to the vertical resolution of the light environment and foliage distribution, which are computed in 1m

vertical increments. SIBBORK contains a more complex mortality subroutine, which includes species-specific age-

related mortality, as well as stress-related mortality based on species tolerances to resource limitations. However,

SIBBORK does not spatially-resolve Chablis-type events, and dead trees are removed from the simulation without

damage to the surrounding trees. This lack of damage from tree-fall may be appropriate for lower-density boreal

forests where mortality often results in standing snags, but may need to be refined before SIBBORK can be applied

to study tropical forests with significantly greater stem density. FORMIND and SIBBORK can be used for similar

applications, including investigation of the effects of logging practices and other disturbances on forest dynamics and

composition.

A model such as SIBBORK, verified to this extent, may present a unifying theory for the internal organization of

Siberian boreal forests and the adaptive behavior of individual trees within the landscape-scale forest dynamics. SIB-

BORK simulation includes complicated dynamics not expressed in other models, such as regeneration of pioneer

species in gaps the size of multiple tree crowns, early and mature forest structure and dynamics without spin-up, and

strong coupling to local environmental conditions that reproduce species ranges without external limitation to where

each species can grow. No one model is best at simulating every process, structure, and pattern within the complex

forest ecosystem, but SIBBORK does represent individual-level and landscape-level characteristics and dynamics in

a way that is consistent with observed patterns. At this stage, SIBBORK may be in a “Medawar zone” described by

Grimm et al. (2005) - a functional balance between the model’s ability to compute dynamics and still possess a degree

of realism in the structure and composition of the forest. The ability to simulate forest structure dynamically opens the

possibility for furthering our understanding of how the boreal ecosystem operates and how its function, and especially

its role as a sink for atmospheric carbon, may change with already-occurring temperature and precipitation regime

shifts (Kharuk et al., 2007, 2009, 2013; Soja et al., 2007; Tchebakova et al., 2011). SIBBORK-based predictions of

forest structure and dynamics can be utilized for testing the effects of mitigation approaches geared toward maintaining

the boreal forests’ role as a carbon sink (Krankina and Dixon, 1994; Ashton, 2012), such as viability of new plantations

on abandoned agricultural lands, the replacement of low-productivity broadleaf stands with conifers, or understand-

ing which species are more likely to retain productivity under changing climatological conditions. Additionally, the

3-dimensional nature of the SIBBORK can be utilized for generation of synthetic data of foliage distribution in forests
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under different environmental conditions, which can be used to facilitate novel approaches for driving future devel-

opment of new remote sensing instrumentation and developing algorithms for analyzing remote-sensing data from

current systems for a multitude of environmental conditions.

3.5 Conclusions

SIBBORK presents a new approach to modeling the boreal forest. We have demonstrated the application of SIBBORK

to simulation of young and steady-state boreal forest structure and behavior, as well as successional dynamics in a

mixed forest under historical climate (1950s-2000). The model has been calibrated to southern taiga in Krasnoyarsk

region of central Siberia, and tested on independent datasets from within that region. Generalizability of the model was

tested by simulating forest stands at a site in the middle taiga ecotone, located 600km north-northwest of the calibration

region, without fitting. The model accurately simulates the structure and dynamics of mixed and monospecies boreal

stands across a simulation area of up to 81-ha over multiple time scales. SIBBORK is particularly suited to address the

heterogeneous response of vegetation to changing temperature and precipitation regimes due to its ability to explicitly

resolve spatial characteristics of landscape and forest at a fine resolution.
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CHAPTER

FOUR

STRUCTURE AND DYNAMICS IN COMPLEX TERRAIN AND IN A

CHANGING CLIMATE

“A new tool does not merely increase the number of ways to attack old problems, but also changes the

nature of these existing problems, and, in an extreme case, may reveal whole new classes of problems to

systematic inquiry.” - E. Di Paolo, J. Noble, and S. Bullock (2000)

Abstract

To understand how the Siberian boreal forests may respond to near-future climate change, we employed a

modeling approach and examined thresholds for significant and irreversible changes in forest structure and

composition that are likely to be reached by mid-21st century. We applied the new spatially-explicit gap-

dynamics model SIBBORK toward the understanding of how transition zones, namely treelines, which

are notoriously undersampled and difficult to model, may change in the near future. We found that a 2𝑜𝐶

change in annual average air temperature significantly altered the structure, composition, and productiv-

ity of boreal forests stands both in the northern and the southern treeline ecotones. Treeline migration

occurs at smaller temperature changes. Based on the current (1990-2014) observed warming trends, a

2𝑜𝐶 increase in annual average temperature compared to historical climate (1961-1990) is likely to be

experienced at the northern treeline by 2040 and at the southern treeline by 2050. With regards to the

forest biome, the most significant warming to date has been predicted and observed in Siberia. A 2𝑜𝐶

increase in annual average temperature compared to the second half of the 19th century is smaller than the

predictions of even the most conservative RCP2.6 climate change scenario (IPCC, 2013), and has previ-

ously been assumed to not likely result in dramatic changes to ecosystems or biome shifts. We show that

at a +2𝑜𝐶 change, biome shifts from forest to steppe are likely to occur across a large area in southern

Siberia. These changes in land cover will inevitable result in changes in the biodiversity, carbon storage,

and the ecosystem services provided by the boreal forests of southern Siberia.
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4.1 Introduction

Boreal forests contain approximately half of the terrestrial carbon (Gower et al., 2001), which is mostly stored in

soils and permafrost (Strauss et al., 2013). However, changes in boreal forest vegetation structure, composition and

productivity can affect how the below-ground carbon is exchanged with the atmosphere (Betts et al., 2000; Kumala

et al., 2004; Bonan, 2008; Hollinger et al., 2010; Ma et al., 2012; Groisman et al., 2013; Kuusinen et al., 2014).

For example, increased tree mortality from wildfires, insect outbreaks, and other disturbances, release carbon to the

atmosphere. It additionally leads to albedo changes and more exposed soils, which can facilitate further release of

carbon from soils and permafrost (Krankina et al., 2005). Simultaneously, a warmer environment may facilitate

increased productivity, especially in forests where precipitation and air temperature increase concurrently.

There is uncertainty in how these changes in forest structure and composition will affect the role of Russian boreal

forests in the global carbon cycle. To understand how the boundaries of the Siberian boreal forest may shift in the near

future and to provide a rigorous test for a new gap dynamics model, we applied the SIBBORK vegetation model to

the investigation of potential changes at the northern and southern treeline transition zones in central Siberia, which

has some of the fastest recorded warming rates (Gruza et al., 2015). These shifts in temperature regimes are likely to

drive change in forest structure in the near future, in as little as decades. This will likely have a significant effect on

how carbon is cycled between the boreal ecosystem and the atmosphere.

Modeling allows us to synthesize field data, to understand forest processes, and to extrapolate for conditions not cur-

rently observed, such as future climate. Any model is based on simplifications and assumptions, which carry with them

a certain level of uncertainty. Our study employs a new spatially-explicit gap dynamics model, SIBBORK, which has

been validated for forest composition and structure for southern- and middle-taiga ecotones (Brazhnik and Shugart,

2015). SIBBORK does not include chilling requirements for growth and regeneration that could drive especially the

southern boundary of species ranges, or frost tolerance that may limit the northward distribution. The species ranges

in SIBBORK are reproduced based on interspecific competition in combination with species-specific tolerances to

limitations on four environmental factors deemed of primary importance for forest vegetation processes (Pastor and

Post, 1986; Urban, 1990): available light, soil moisture, soil fertility, and growing degree days. The model explicitly

considers the fully-coupled 3-dimensional light-environment including the effect of available light on tree growth, and

the feedback with the amount of foliage affecting available light throughout the canopy. The model does address the

multitude of other ways in which vegetation potentially affects the local microclimate. The current version of SIB-

BORK does not include permafrost or disturbances, whereas changes in both have been forecast for the near future in

Siberia and may contribute to current treeline location and future migration. Nonetheless, SIBBORK contains several

strengths that render it the appropriate model for this investigation. For example, SIBBORK utilizes species-specific
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parameterizations, which include tolerances to environmental stressors and reflect differences in vascular and root

structure (e.g. larch is more drought-tolerant than spruce due to difference in root structures (Babushkina et al., 2010),

and pine is more drought-tolerant than broadleaf species due to differences in vascular structure (Bauweraerts et al.,

2014). Furthermore, SIBBORK does not require or assume landscape homogeneity, which allows for heterogeneous

landscapes and associated gradients to be simulated. Vegetation responds to the environmental conditions on the land-

scape, and we are therefore able to resolve the differential responses of vegetation, which include differences in stand

structure and composition, based on the simulated conditions on the landscape. Application of SIBBORK to the sim-

ulation of transition zones and the response of vegetation in these ecotones to changes in the thermal regime presents

a rigorous test of this model’s capabilities.

4.2 Methods

SIBBORK is an individual-based gap model, which tracks the establishment, growth, and mortality of individual trees

on 10m x 10m plots, which are arranged in a grid along user-specified terrain (Brazhnik and Shugart, 2015). Tree

location on the terrain is resolved at the plot scale for a maximum stand density. Since it retains plots and specifies

environmental conditions at the plot-level resolution, SIBBORK is not a continuous space model sensu Grimm and

Railsback (2005) for competition and other interactions. The governing equations in SIBBORK address tree growth,

the interactions among trees through shading, and the interactions between trees and their environment. The four

environmental factors explicitly parameterized are growing degrees days above a base temperature of 5𝑜𝐶 (𝐺𝐷𝐷5),

soil moisture as a function of precipitation, evapotranspiration and runoff, available light throughout the canopy as

a function of foliage density, and soil fertility, which caps the annual gross primary productivity. The environmental

conditions (incident radiation, air temperature, soil fertility) are specified at the plot-level, which significantly enhances

the resolution of the conditions on the landscape and allows for simulation of vegetation response to changes in those

conditions.

In a transition zone simulation, environmental conditions change along a transect or across a region. Artificially

compressed gradients (i.e. radiation, temperature) can be imposed within the simulation domain. At the southern

boreal treeline in central Siberia, the transition is along a steepened gradient due to the presence of complex terrain.

On mountain slopes, transitions between ecotones occur along 100s of meters, whereas similar transitions occur along

100s of km on flat terrain (Holtmeier, 2005; Soja et al., 2007; Kharuk et al., 2010a). Using the ASTER GDEM

(NASA and METI, 2011) resampled at 10m x 10m resolution, the incident radiation is computed using the Area

Solar Calculator (Fu and Rich, 2002) in ArcGIS (ESRI v10.2, 2014). An environmental lapse rate of 6.5𝑜𝐶𝑘𝑚−1 is

applied to extrapolate the temperature from the nearest weather station to the simulated landscape based on elevation
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(Polikarpov, 1986). Downscaling of precipitation to the resolution of several meters is poorly understood, therefore,

in the model, the entire simulated region receives the same monthly precipitation. Soil fertility, field capacity, and

wilting point are specified for each plot based on soil type using data and soil nomenclature from Onuchin (1962) and

Stolbovoi and Savin (2002).

A treeline is a transition between a region dominated by arboreal vegetation and one with a general absence of trees

(Stevens and Fox, 1991). These transitions occur at the northern or southern edge of tree dominance, or on a more local

scale, such as along an elevational gradient or along the boundary of a body of water. The drivers of northern treeline

are poorly understood, but likely include a combination of the following: the distribution of continuous permafrost

(Kryuchkov, 1973), the average position of the polar front (Bryson et al., 1970; Pielke and Vidale, 1995), the 10−12𝑜𝐶

July isotherm (Arctic Atlas, 1985; Anuchin et al., 1986; MacDonald et al., 2000), the length of the growing season

(Stevens and Fox, 1991), incident radiation during the growing season (MacDonald et al., 2000), winds (Holtmeier

and Broll, 2005), the balance between precipitation (P) and potential evapotranspiration (PET) (Hogg and Hurdle,

1995), and other components of the local climate (Woodward, 1987; Körner, 1998; Esper and Schweingruber, 2004;

Dulamsuren et al., 2005b; Kharuk et al., 2006; Sun et al., 2011). In contrast, the southern treeline of the boreal forest

experiences a large degree of climatic continentality, and has different potential drivers, which may include a combina-

tion of the local temperature/precipitation regimes (Savva et al., 2003; Dulamsuren et al., 2005a; Chytry et al., 2008),

the 19 − 20𝑜𝐶 July isotherm (Arctic Atlas, 1985; Anuchin et al., 1986), the P-PET balance (Kharuk et al., 2013b),

winds (Kullman and Kjallgren, 2006; Holtmeier and Broll, 2010), fire regime (Tchebakova et al., 2009; Ivanova

et al., 2010), and competition with shallow-rooted grasses, which may be better at utilizing the meager amounts of

precipitation received during the growing season than deep-rooted, large-structured trees (Stevens and Fox, 1991).

Additionally, the microclimates associated with complex terrain, as well as resource and vegetation patchiness, can

promote tree establishment and growth even when the surrounding conditions are not favorable to arboreal vegetation.

Not all of these environmental factors are captured by SIBBORK, however, the simulation of transition zones, such

as treelines, provides a rigorous test for the strength of SIBBORK in simulating 3-dimensional terrain and associated

gradients, and the resulting heterogeneous response of vegetation to the conditions on the landscape.

We selected the relatively data-rich northern treeline ecotone in the Krasnoyarsk Region of central Siberia for simu-

lation with SIBBORK to better understand how the structure and dynamics of this vegetation may change with shifts

in temperature and precipitation regimes. The topography at northern treeline is relatively flat (Figure 4.1a), with

poor drainage and low soil fertility on gleyzem soils (Stolbovoi and Savin, 2002) underlain by continuous permafrost

(Kotlyakov and Khromova, 2002). Along the Yenisei River meridian, the treeline is observed between the World Mete-

orological Organization (WMO) weather stations of Dudinka (#23074, 69.4𝑜𝑁 , 86.18𝑜𝐸, 19m above mean sea level

or amsl) and Turukhansk (#23472, 65.47𝑜𝑁 , 87.56𝑜𝐸, 32m amsl), 440 km to the south. Average monthly temperatures
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Fig. 4.1: Northern treeline. (a) Map showing average July temperature isotherms (𝑜𝐶) in the vicinity of the northern
treeline. The steepened temperature gradient in the simulation captures the transect between 7𝑜𝐶 and 16𝑜𝐶 July
isotherms, which corresponds to a 700km transect along the Yenisei meridian. The topography at the northern treeline,
near Dudinka, is relatively flat, compared to regions farther south, where trees begin to occupy low-lying terrain along
stream banks. In the simulation, only flat terrain was used. (b) The simulated forest structure along the compressed
temperature gradient under a historical climate (1961-1990). The spatial domain of the simulation is 12x181 plots
(~22ha). 1 – denotes tundra, where no arboreal vegetation is observed. 2 – denotes a region of individual trees or
small clusters of larches beyond the treeline. 3—denotes a uniform block of newly-established saplings. SIBBORK
establishes saplings with 2.5±0.25cm diameter at breast height (DBH), which makes these newly-established saplings
appear as a block. Within the first decade following establishment, stress levels will determine whether these saplings
will remain in the simulation as viable trees. However, during this first decade, new saplings are generally considered
an artifact of the inseeding subroutine. 4 – denotes the transition between open canopy and closed canopy larch
forest. 5 – denotes closed canopy forest. (c) The simulated species composition along the compressed temperature
gradient under a historical climate (1961-1990). The color legend is same as in (d), light pink denotes the tundra.
The treeline and open canopy forest are dominated by larch. Further south, the closed canopy forest is dominated by
larches (Larix sibirica) with a small admixture of spruce (Picea obovata). (d) Observed species composition along
the 700km transect from the tundra to Turukhansk. The tundra and unvegetated areas (e.g. river) are denoted in white.
The northern treeline is irregular, and depends highly on local topographic, edaphic, and climatological conditions.
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and precipitation totals were computed for these two stations using the meteorological record from 1936-1990 (NCDC

2005a, b). The climates at the two stations set the conditions for the southern and northern edges of the simulated

transect, with a linear interpolation of monthly temperatures in between to specify the thermal regime at the plot-level.

The ArcGIS Area Solar Calculator (Fu and Rich, 2002) was used to compute monthly radiation at the plot-level for

Igarka (#23274, 67.28𝑜𝑁 , 86.32𝑜𝐸, 30m amsl), located between Dudinka and Turukhansk, which was then validated

against observations from the nearest World Radiation Data Centre (wrdc-mgo.nrel.gov) station in Olenek (68.30𝑜𝑁 ,

112.26𝑜𝐸). The northern treeline is discontinuous, dominated by larch (Larix sibirica), with a maximum productivity

of up to 100 m3 ha-1 (wood volume) found along the river and stream banks (Bartalev, 2010; Bartalev et al., 2011;

Huttich et al., 2014). Environmental conditions specified in SIBBORK simulation of northern treeline are listed in the

top row of Figure 4.2.

Fig. 4.2: Environmental conditions at northern and southern limits of the boreal forest in central Siberia. Top row:
climatological and edaphic conditions at Dudinka, near northern treeline. Bottom row: climatological and edaphic
conditions near Kyzyl, in southern Alay-Sayan mountain region.

Fig. 4.3: Observed warming trends by location and season during 1990-2014 from Gruza et al. (2015).

In contrast, the southern taiga treeline occurs in the complex terrain of the generally east-west-oriented Altay-Sayan

mountain system (Ivanova et al., 2010) and mountain ranges of northern Mongolia. Treelines are found for both the

lower and higher elevational limits of forest. Although north-western Altay-Sayan receives considerable precipitation

on windward slopes (up to 1600 mm/yr; Chytry et al., 2008), the south-central Altay-Sayan region, and specifically the
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Tannu-Ola, Sengilen, and Obruchev ranges are characterized by high continentality, with average July temperatures

exceeding 20𝑜𝐶 in the valleys and basins, annual precipitation of 200-500mm and PET of 150-300 mm/yr (Samoilova,

1973; Ivanova et al., 2010). Both slopes are in a rain shadow, but the south-facing slopes receive more insolation,

which drives higher PET demands and results in drier soils and vegetation dominated by grasses rather than trees.

The distribution of vegetation differs based on elevation and slope aspect, with coniferous forests dominating the

north-facing slopes, and steppe and hemiboreal forests prevalent on south-facing slopes, called “expositional forest-

steppe” (Sedel’nikov, 1979; Wilmking et al., 2004; Dulamsuren et al., 2005b; Kulagin et al., 2006; Chytry et al., 2008;

Kharuk et al., 2009, 2010a, b; Timoshok et al., 2014). Species composition differs among the different sub-regions

within the Altay-Sayan Mountains. Although there is variability between individual mountain ranges, on average

the south-facing slopes below 1500m amsl are dominated by the steppe ecotone. An alpine belt, containing larch

(Larix sibirica), Siberian fir (Abies sibirica), and Siberian cedar (Pinus sibirica, also called Siberian pine or Siberian

Stone pine) stands is found 1500-2000m, above which alpine tundra dominates. Along north-facing slopes, dark taiga,

comprised of Siberian fir, Siberian spruce (Picea obovata), and Siberian cedar, extend up to 1750m, with the subalpine

belt found 1750-2100m, and tundra above that (Isachenko et al., 1988; Gorchakovsky and Shiyatov, 1978; Istomov,

2005; Chytry et al., 2008; Kharuk et al., 2013b), although in some locations the transition to tundra is found higher, at

2200-2400m (Ovchinnikov and Vaganov, 1999). The variability of vegetation belts along the Altay-Sayan mountain

ranges is often on the order of 300-500m and can be up to 1000m (Monserud and Tchebakova, 1996).

To simulate the southern treeline, an artificial digital elevation model for an idealized 3000m tall “mountain” with

south- and north-facing slopes was generated. This DEM was used to compute the incident radiation in ArcGIS and

the elevation-based temperature adjustment from the nearest WMO weather station located in Kyzyl (#36096, 51.4𝑜𝑁 ,

94.23𝑜𝐸, 629m amsl) using the 6.5𝑜𝐶𝑘𝑚−1 lapse rate (Polikarpov et al., 1986). GIS-generated monthly radiation was

validated against observations from the nearest World Radiation Data Centre station in Irkutsk (51.16𝑜𝑁 , 104.21𝑜𝐸).

PET and 𝐺𝐷𝐷5 were computed along the mountain slopes using plot-level monthly temperature and radiation input,

and simulation-wide precipitation (200-500 mm/yr; Samoilova, 1973; NCDC 2005b). I did not adjust the precipitation

received on the north- versus the south-facing slope of the idealized mountain in the simulation, and focused more on

the average conditions representative of the Tannu Ola and Sengilen ridges, which are most proximal to the southern

treeline in the Krasnoyarsk region (Figure 4.4).

A soil fertility gradient was generated based on description of mountain soils in that region, with more fertile soils

along the foothills, and shallower, less fertile soils toward the top of the ridge (Samoilova, 1973; Chytry et al., 2008;

Chlachula and Sukhova, 2011). Soil fertility in SIBBORK is specified as a cap on gross annual productivity (GPP).

Simulated plots along the lower slopes were assigned a GPP cap of 6 t ℎ𝑎−1𝑦𝑟−1, whereas GPP in plots at the top

of the ridge was capped at 1 t ℎ𝑎−1𝑦𝑟−1. The GPP limit was estimated based on the correlation between site index
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Fig. 4.4: Southeastern Altay-Sayan mountain region. The Tannu-Ola and Selingen ridges are denoted by the dashed
line. Only the Russian territory is shown. Vegetation distribution along the north- and south-facing slopes of the
Selingen and Tannu-Ola ranges is comprised of Siberian pine (Pinus sibirica), Siberian larch (Larix sibirica), and
small patches dominated by Scots pine (Pinus sylvestris), as shown here using the Hybrid Biomass and Land Cover
Map for Central Siberia (Bartalev, 2010; Bartalev et al., 2011; Huttich et al., 2014), which is based on satellite and
field observations. In general, thin ribbons of larch stands are observed on south-facing slopes, and dark taiga is
observed on north-facing slopes, with steppes in the basins and tundra above a certain elevation on the ridges.

and forest productivity in forestry yield tables (Shvidenko et al., 2006). Soils in these mountains are mostly well

draining cambisols, with kastanozems in the arid valleys where arboreal vegetation is generally absent (Samoilova,

1973; Stolbovoi and Savin, 2002; Ivanova et al., 2010). Field capacity and wilting point were computed from a

georeferenced database of soils (Stolbovoi and Savin, 2002) for the average cambisols found on Sayan mountain

slopes. Environmental conditions specified in SIBBORK simulation of southern treeline are specified in the bottom

row of Figure 4.2.

To minimize computational expense, the spatial domain of the northern treeline simulation was limited to 2km x

120m (22ha). A compressed thermal gradient was created via temperature adjustment to each row of plots within this

swath of landscape. The generated July temperature gradient is shown in Figure 4.1a, and stretches between 7 and

16𝑜𝐶. This temperature gradient corresponds to an approximately 700 km-long transect along the Yenisei meridian,

as determined from temperature interpolation between the Dudinka, Igarka, and Turukhansk WMO weather stations.

Conversely, for the simulation of the southern treeline, an idealized 100-3000m amsl mountain was created (6km x

120m, 70ha), with half of the area on the north-facing and the other half on the south-facing slopes. Elevation-based
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adjustment to air temperature was applied, but the thermal gradient was not compressed, so the distances and elevation

within the simulation represent actual distances and elevation gradients.

For all simulations, the historical climate, which is described by monthly average temperatures and precipitation sums,

was defined by the WMO pre-1990 record, as in Gruza et al. (2015). Simulations were initialized from bare ground (no

trees, but seeds available), with inseeding turned on for all species of interest to the timber industry in the Krasnoyarsk

Region. The start year of the simulation was assigned based on the average age of the forest reported for each region,

which is based on the mean fire return interval for the region of interest: ~100 for northern treeline (Pautova, 1976;

Mitrofanov, 1977; Deyeva, 1985, 1987; Esper and Schweingruber, 2004; Kharuk et al., 2005, 2006), 60-80 years for

southern Siberian mountains (Onuchin, 1986; Houghton et al., 2007; Buryak et al., 2009; Ivanova et al., 2010). In this

manner, we initialized the simulation so as to obtain a forest of approximately the observed age by the beginning of

pronounced warming in 1990 (100 years, Kharuk et al., 2005). Wildfire and other disturbances rarely occur at northern

treeline, so the average age of the stands can be in excess of 100 years (Esper and Schweingruber, 2004). In contrast,

frequent disturbances, such as annual ground fires on the dry south-facing slopes (Ivanova et al., 2010), significant

variability in crown fire frequency over the 20th century, and an increased occurrence of insect outbreaks (Kondakov,

2002) in the Altay-Sayan mountains maintain a younger forest, but the more moist north-facing and upper slopes have

some old trees in excess of 400 years (Ovchinnikov and Vaganov, 1999; Istomov, 2005).

To approximate the stand age in the simulation, the first year of the simulation was initialized from bare ground

corresponding to the calendar year 1890 and 1910, in the simulation of the northern and southern treeline ecotones,

respectively. In the year 1990, warming trends were applied as seasonal linear monotonic increases to the simulated

monthly temperature based on the observed seasonal warming trends for each region (Buermann et al., 2014; Gruza

et al., 2015). Both, historical and warmed air temperatures were adjusted at the plot-level for elevation relative to

the nearest weather station. The historical climate parameters and the warming trends are specified in Figure 4.2

and Figure 4.3, respectively. Model output from 150 replicates was recorded at 5 year increments. The height,

biovolume, and species of the dominant tree on each plot were averaged across the replicates, and raster maps of the

most frequently dominating species (mode), as well as Lorey’s height and biovolume, were generated at plot-level

resolution. (Note: biovolume is a field-estimated parameter commonly reported in forestry yield tables and field

surveys. This is in contrast to biomass, measurements of which require destructive sampling, and is often computed

from field-estimated biovolume using bulk wood density, instead.) The precipitation regime was not altered alongside

warming during these simulations, as no appreciable changes in growing season precipitation were observed in the

Altay-Sayan mountains since the 1970s (Kharuk et al., 2013; Gruza et al., 2015), and although annual precipitation

has somewhat increased at the northern treeline, this transition zone is not water limited and increase in soil moisture

is not likely to significantly affect the arboreal vegetation growing there.
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4.3 Results

Based on very simple parameterization of climatological and environmental conditions, in which the plots receive an

enhanced temperature adjustment based on the distance from the nearest weather station, creating a steepened temper-

ature gradient across the northern treeline ecotone, equal receipt of precipitation on each plot, and GIS-based incident

radiation for the latitude of interest, SIBBORK generates annual PET and 𝐺𝐷𝐷5 at the plot level. In this simulated

environment, SIBBORK plants saplings and grows trees based on species-specific tolerances and silvicultural infor-

mation. In this case, SIBBORK planted and grew predominantly larches, the height, biovolume and density of which

decreased to the north. North of a certain point along the air temperature gradient, no saplings established. This

constitutes the northern forest limit – the treeline – in the simulation (Figure 4.1 b and c).

In the simulation, the treeline coincides with where the 12𝑜𝐶 July isotherm and the 30cm/yr PET isoline occur on

the simulated landscape. These conditions are similar to those observed at the northern treeline (Kolosova, 1982;

Malysheva, 1993). Trees become stunted north of 500𝑜𝐶 𝐺𝐷𝐷5. The established larch saplings are stressed due to

insufficient heat during the growing season and succumb to stress-related mortality within the first few decades of life

north of 400𝑜𝐶 𝐺𝐷𝐷5, and are not able to establish north of 300𝑜𝐶 𝐺𝐷𝐷5. This latter cutoff is in agreement with

the Sayan Mountain model (Monseud and Tchebakova, 1996), which also draws a division between tundra and taiga

vegetation at 300𝑜𝐶 𝐺𝐷𝐷5. Moreover, this is congruent with reported minimum 300− 400𝑜𝐶 𝐺𝐷𝐷5 requirements

for Siberian larch (Osawa et al., 2010). South of 500𝑜𝐶 𝐺𝐷𝐷5, canopy dominant larch trees achieve 20-24m in

height, with average biovolume of 102 ± 39𝑚3ℎ𝑎−1, and an admixture of spruce begins to appear. This compares

well to observed biovolume of 75− 100𝑚3ℎ𝑎−1 in larch stands between the 14𝑜𝐶 and 15𝑜𝐶 July isotherms, reported

in a georeferenced database of stand biovolume and composition by Bartalev and his colleagues (Bartalev, 2010;

Bartalev et al., 2011; Huttich et al., 2014). Furthermore, this compares well with the observed average biovolume of

40−120𝑚3ℎ𝑎−1 reported for northernmost stands of Siberian larch in central Siberia (Osawa et al., 2010). The likely

reason the simulated biovolume appears at the higher part of this range is because the small saplings are not excluded

from the biovolume calculation. Bartalev (2010) does not report the minimum DBH used for biovolume calculation

in his database.

The structure and composition of the simulated forest along these thermal transitions are shown in Figure 4.1 b and

c. If there are no disturbances and the forest is allowed to grow for several centuries, spruce plays a more dominant

role south of 500𝑜𝐶 𝐺𝐷𝐷5 by year 400 (this corresponds to region 5 in Figure 4.1 b and c). To the south of that,

mixed dark conifer taiga prevails. In the simulation of the northern treeline, trees essentially stop growing where they

are supposed to. Species ranges are not specified in SIBBORK. Species stop growing whenever the environmental

conditions are not favorable to seedling establishment, or where the trees are too stressed to obtain >10% of age- and
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species-specific optimal diameter growth and succumb to stress-related mortality, as is the case north of the treeline.

To the south, species (e.g., larch) may be outcompeted by other species (e.g., spruce), for which the site conditions are

more favorable. 𝐺𝐷𝐷5 is not the only driving factor for the northern treeline and species distribution, but here provides

a systematic way to describe the orientation of stands of different structures and composition along a (compressed)

thermal gradient. The simulated species distribution closely resembles the observed species distribution between the

tundra and Turukhansk, and simulates the location of the northern treeline very close to the observed treeline along

the Yenisei River meridian, as shown in Figure 4.1 c and d.

Within the first few decades of warming corresponding to year 1990-2020, the sparse, unstable, severely stunted larch

saplings at the northern treeline are able to establish farther north, up to the new 400𝑜𝐶 𝐺𝐷𝐷5 isoline, with unstable

saplings extending north to the new 300𝑜𝐶 𝐺𝐷𝐷5 isoline. Colonization to the north appears almost immediate, on the

order of years to decades, as conditions change to allow regeneration. This is an artifact of the sapling establishment

subroutine, which plants trees at a DBH of 2.5±0.25𝑐𝑚. Siberian larch of this diameter can be 4.7-6.4m tall and 16-40

years old, depending on site index, which makes it seem as though trees, not saplings, appear beyond the treeline mere

years after the warming trend is applied. This rapid response could be delayed through modification to the inseeding

subroutine or if spatially-explicit dispersal processes were included in the model (Kharuk et al., 2006). However, not

enough data are available on small saplings with DBH less than 2.5cm in this region for validation of a new sprouting

subroutine. With regards to vegetation responses in the spatial and temporal domains, regeneration of larches has been

observed >3km from the nearest treeline (Kharuk et al., 2006), and rapid treeline equilibration with environmental

conditions is seen in some paleoecological as well as in more recent records (Clark, 1998; Kullman and Kjallgren,

2006), thus, the limit on seed dispersal may not need to be as stringent. As warming continues over the course of 150

years, however, the treeline in the simulation does not continue to advance northward. Instead, the stands south of

the treeline accrue biomass, and a gentle decrease in maximum tree height is observed between what used to be the

treeline under the historical climate, where full mature trees now grow, and the new treeline.

For the simulation of the southern boreal boundary, SIBBORK computes PET and 𝐺𝐷𝐷5 on each plot based on

temperature at the WMO station elevation and radiation computed for the north- and south-facing slopes of a given

steepness. Slopes of both aspects receive the same amount of precipitation. SIBBORK appropriately simulates a

drier environment on the south-facing slope and a 12𝑜𝐶 July isotherm around 2000m amsl on the north-facing slope.

Because of differential environmental conditions, different species are able to establish and become dominant at dif-

ferent elevations on the two opposite slopes. On the south-facing slope, no trees occur in the simulation up to 1400m.

Between 1400 and 2200m, larches dominate, with stunted and stressed larches occurring close to the lower (1400-

1500m) and upper (2100-2200m) elevational treelines. Larches at the lower tree line are stressed by insufficient soil

moisture, whereas at the upper timberline they are stressed by insufficient heat. Above 2200m no arboreal vegetation
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is simulated. On the north-facing slope, the vegetation is starkly different – dark conifers (fir, spruce, Siberian cedar)

dominate the slope up to 1800m. The Lorey’s height of the mixed conifer forest reaches 22-24m at lower elevations,

and gradually decreases to 5m at 1800m. Above 1800m, larches gain dominance, but these trees are significantly

shorter (3.7 ± 0.7𝑚) than the stands observed on the south-facing slope at the same elevation. Above 2040m the

larch populations are unstable, severely stunted, and stressed by insufficient 𝐺𝐷𝐷5. No arboreal growth occurs in

the simulation above 2180m on the north-facing slope. The simulated elevational distribution of boreal vegetation is

remarkably similar to observed vegetation belts in the Altay-Sayan mountain system (Figure 4.5).

Fig. 4.5: SIBBORK model output (bottom row) compared to descriptions of vegetation belts by aspect and elevation
in the Altay-Sayan mountain region found in the literature. Note that aspect is not always specified in descriptions
of vegetation belts, and so may include the highest and lowest elevations observed for certain vegetation, describing
a larger range than may be encountered on a slope of a given aspect. Each article describes different regions within
the Altay-Sayan mountain region, and it is understandable that the climate at the same aspect and elevation on various
mountain ranges is likely to be different due to local conditions, location of the mountain range within the mountain
system, differences in local lapse rates, and the location of this elevation band relative to the overall mountain height
(Kammer et al., 2002). “None” signifies no arboreal vegetation at the specified elevation and aspect.
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Within the first few decades of warming (this corresponds to 1990-2030), the lower treeline on the south-facing slope

retreats uphill up to 2000m. Larches are able to establish sparsely at 1600-2000m, but they are drought-stressed and

do not survive more than a few decades. Meanwhile, on the north-facing slopes, the larch stands grow taller, and

the admixture of spruce in the 1600-2000m belt increases. As warming continues over the course of 150 years (this

corresponds to years 2110-2150), the spruces almost completely replace the larches on the north-facing slope, while

on the south-facing slope the lower treeline retreats to 2000m. By the year 2100, the upper treeline advances to 3000m,

which is the highest elevation simulated.

4.4 Discussion

Overall, the SIBBORK simulation of the environmental conditions, as well as vegetation structure and composition in

the northern and southern boreal treeline ecotones match field observations.

Larch dominates the northern treeline in central Siberia. The treeline is not a continuous wall of forest, but rather a

gradual decrease in stand density from south to north, until just a few individual trees or clumps of trees are surrounded

by tundra (Aksenov et al., 2002; Holtmeier, 2005). In the simulation, the northernmost stands are sparse and stunted,

with tree height and biovolume increasing southward along the simulated transect. Just to the east of Dudinka, along

the lower slopes of the Putorana Plateau, stands with average heights of 6.2m and biovolume of 4− 33𝑚3ℎ𝑎−1 have

been observed, albeit for birch stands. In our simulation, northern treeline is comprised of larch stands with Lorey’s

height of 7.2 ± 2.6𝑚, and biovolume of 6 − 10𝑚3ℎ𝑎−1. Biovolume for larch-dominated treeline along the Yenisei

River meridian is not available, and often only described as “sparse larch” (Bartalev, 2010; Bartalev et al., 2011;

Huttich et al., 2014).

The gradual decrease in stand density is appropriately simulated by SIBBORK, with few individual trees separate

from the low density open canopy forest (region 2 in Figure 4.1b), and biovolume increasing from 7 ± 1.3𝑚3ℎ𝑎−1

near the treeline to 45.9 ± 14.2𝑚3ℎ𝑎−1 at the 14𝑜𝐶 July isotherm. Spruce is not encountered until the transition

from very poorly drained gleyzems soils to moderately well drained podzolic soil, 200-300km south of the northern

treeline along the Yenisei River (Stolbovoi and Savin, 2002; Bartalev, 2010; Bartalev et al., 2011; Huttich et al.,

2014). Spruce begins to appear just north of the 16𝑜𝐶 July isotherm in the simulation, and dominates stands south of

the 16.3𝑜𝐶 July isotherm that are more than 400 years old. Spruce in 200-year old simulated stands have a biovolume

of 104 ± 78𝑚3ℎ𝑎−1 (not shown). In younger stands (< 200-years old), spruce appears as an admixture just north of

the 16𝑜𝐶 July isotherm, where at least 600 𝐺𝐷𝐷5 are accumulated annually. Simulated spruce admixture agrees well

with observations of 100-200-year disturbance regimes (predominantly fire) that maintain younger, larch-dominated

stands (Pautova, 1976; Mitrofanov, 1977; Deyeva 1985, 1987; Esper and Schweingruber, 2004; Kharuk et al., 2005;
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Kharuk et al., 2006). Moreover, the presence of spruce to the south is also supported by field-based estimates - spruce

stands with an average biovolume of 100−125𝑚3ℎ𝑎−1 have been observed at the northernmost range of spruce along

the Yenisei River (Bartalev, 2010; Bartalev et al., 2011; Huttich et al., 2014), which is situated near the 16𝑜𝐶 July

isotherm.

Although Monserud and Tchebakova (1996) examined the thermal requirements for the tundra, subalpine taiga, mon-

tane taiga, and dark-needled montane taiga in southern Siberia, the thermal limits for the ecotones are also likely to

be valid for the northern treeline thermal gradient. They found that tundra generally exists in regions where the total

thermal accumulation is less than 300𝑜𝐶 𝐺𝐷𝐷5, sparse and subalpine vegetation is found between 300 and 550𝑜𝐶

𝐺𝐷𝐷5, and dark taiga occurs in regions that acquire at least 750𝑜𝐶 𝐺𝐷𝐷5 during the growing season. The transi-

tions between no arboreal vegetation and sparse larch stands occur in the simulation around the 300𝑜𝐶 𝐺𝐷𝐷5. The

stands, dominated by larch, just as in the subalpine taiga ecotone, become thicker and taller between 300 and 500𝑜𝐶

𝐺𝐷𝐷5, at which point a small admixture of spruce (a dark needle-leaf conifer) begins to occur, with almost complete

spruce and mixed dark taiga dominance south of the 16.3𝑜𝐶 July isotherm, which is approximately collocated with

the 750𝑜𝐶 𝐺𝐷𝐷5 isoline. The model simulation appropriately reproduces the observed species distribution along

a thermal gradient. Field observations from the northern treeline ecotone in Siberia reveal that individual trees can

establish few (Kharuk et al., 2006) to tens of kilometers (MacDonald et al., 2000) from the nearest tree stand. These

observations facilitate the interpretation of fast (decades) colonization of the tundra upon warming in our simulations,

which do not include a spatially-explicit seed dispersal subroutine.

Northward expansion of sparse larch stands into the tundra, and the increasing density and crown closure of what used

to be sparse stands near the northern treeline have been observed in various regions of northern Siberia, with rates

of treeline advancement of 3-10 m/yr near Khatanga (Kharuk et al., 2006; Sun et al., 2011), 1-4 m/yr in the Polar

Urals (Devi et al., 2008), 4-14 m/yr in the Polar Urals (Kharuk et al., 2003), and comparable rates at numerous sites

between those two locations (Esper and Schweingruber, 2004), with likely increase in colonization rate as climate

warms and as the new young treeline individuals reach reproductive maturity (Kharuk et al., 2006) and are able to

provide a more sheltered environment for establishment of new saplings. If the reproductive processes are temperature

controlled, rapid advance of the northern treeline is likely (Grace et al., 2002). Saplings that have established north of

the 19th century treeline have experienced slow growth, often growing no more than 4m tall in 50 years (Esper and

Schweingruber, 2004). SIBBORK also simulates slow growth of northernmost saplings, which reach 5.3± 1.0𝑚 over

the same time frame. Increasing crown closure has been observed near the historical northern treeline (Kharuk and

Fedotova, 2003; Kharuk et al., 2006), and SIBBORK appropriately simulates an increase in foliage density in trees

located at the historical northern treeline following a period of warming.
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Fig. 4.6: The simulated distribution of arboreal vegetation along south- and north-facing slopes on an idealized 3000m
tall mountain is visualized here using a green pillar to symbolize the largest tree on each 10m X 10m plot. The spatial
domain of the simulation is 12x581 plots (~70ha). (a) The historical treeline. The upper mountain profile shows forest
structure for the year 1990, which was grown using the historical climate (1961-1990). The lower mountain profile
shows forest structure for the year 2100, following 110 years of warming using observed, average 1990-2014 seasonal
warming trends for the region (Gruza et al., 2015). The upper timberline shifted upslope by almost 1000m over the
course of 110 years of warming. The lower timberline on the south slope receded above 2000m within the same time
frame. (b) Detail of upper north-slope forest structure. 1 – denotes a block of new saplings. SIBBORK establishes
saplings with 2.5±0.25cm diameter at breast height (DBH), which makes these newly-established saplings appear as a
block. Within the first decade following establishment, stress levels will determine whether these saplings will remain
in the simulation as viable trees. However, during this first decade, new saplings are generally considered an artifact
of the inseeding subroutine. Above the block of new seedlings, arboreal vegetation is absent. This region corresponds
to alpine tundra. 2 – denotes sparse tree stands akin to the structure of the forest-tundra ecotone or the Subalpine
Taiga/Golets Taiga ecotones described by Monserud and Tchebakova (1996). 3 – denotes closed forest dominated by
fir, spruce, and Siberian cedar. This vegetation belt resembles the Dark-needled Chern Taiga described by Monserud
and Tchebakova (1996). (c) Detail of south slope forest and treeline structure. 1 – denotes a block of new saplings,
same as on the north-facing slope. 2 – denotes individual trees and small stands of larch, akin to the Golets Taiga
ecotone described by Monserud and Tchebakova (1996). 3 – denotes closed forest, dominated by larch, similar to the
Montane Taiga described by Monserud and Tchebakova (1996). 4 – denotes stunted individual and clustered larch
trees, similar in structure and composition to the Light-needled Subtaiga, Forest-Steppe, and lower on the slope – the
Dry Larch Taiga peristeppe ecotones described by Monserud and Tchebakova (1996). Lower down the slope, arboreal
vegetation is absent. This corresponds to the Montane Steppe ecotone, where the soils are too dry to support tree
growth. Simulated vegetation distribution corresponds well with observed vegetation belts in the southeastern Altay-
Sayan mountains, which is shown in Figure 4.4. In simulation and observations, south-facing slopes have patchy
vegetation mid-slope, whereas arboreal vegetation on north-facing slopes extends to 1800-2000m. Many south-facing
slopes do not have arboreal vegetation and correspond to the steppe ecotone.
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The mountains of southern Siberia stretch for over 1,065,000 𝑘𝑚2 and include the Altay-Sayan ranges, as well as

the Zabaikal’e region to the south and east of Lake Baikal, where forests and forest-steppe cover 80% of the territory

(Samoylova, 1973). Along the southern boundary of the boreal forest, ribbons of forest appear predominantly on

north-facing and upper slopes in the Altay-Sayan mountain region. The forest belt, thus, has a lower treeline limit on

south-facing slopes dictated by soil moisture conditions, and an upper timberline on slopes of all aspects driven by

temperature (Samoilova, 1973; Dulamsuren et al., 2005a).

In SIBBORK, it is possible to monitor which environmental factor exerts the greatest limitation on growth of each

individual tree. In the simulation, the trees along the upper treeline are most limited by insufficient growing degree

days, whereas the growth of trees along the lower treeline on the south-facing slope is most severely limited by

insufficient plant available water and too great of a fraction of growing season spent in drought, where soil moisture is

below the wilting point.

Larch dominates both the lower and upper treeline on south-facing slopes, with occasional admixtures of pine (Pinus

sylvestris) and birch (Betula spp.) (Babushkina et al., 2010). Stand density and tree height near and at the forest

boundary are smaller than in the middle of the forest belt (Samoilova, 1973), and our simulations appropriately repro-

duce this observed patchiness near the upper and lower treelines (Figure 4.6). The larch stands at the lower treeline

are stressed, and this boundary is likely to recede as temperatures warm without corresponding increases in precipi-

tation (Dulamsuren et al., 2008, 2010). A 300-m upward retreat of the lower treeline due to increased tree mortality

was recently observed in the Altay mountains in just 6 years (Kharuk et al., 2013b). Germino and colleagues found

that higher sunlight, such as may be available at the upper or lower treelines on south-facing slopes, compared to

north-facing slopes or flat terrain, in combination with warm temperatures and water stress, inhibit the growth of Picea

and Abies saplings in montane regions (Germino et al., 2002). These species are generally not found on south-facing

slopes in the Altay-Sayan mountains, and in the Zabaikal’e region just to the east (Figure 4.4). In our simulations,

these species are appropriately absent from south-facing slopes, which are dominated by larch, with small patches of

pine and birch (Figure 4.6). Lorey’s height for northern-aspect mid-slope forests in the simulation exhibit a range of

7-17m (mean±std: 9.9 ± 2.2𝑚), which compares well with observed heights in birch-fir-pine forests in the Khamar-

Daban mountains of the Zabaikal’e region, just to the east of the Altay-Sayan complex (range: 7-14m, mean±std:

10.8 ± 3.6𝑚) in 40-60 year old stands (Onuchin, 1986). Additionally, simulated forest biovolume on south- (range:

8 − 150𝑚3ℎ𝑎−1) and north-facing (range: 7 − 49𝑚3ℎ𝑎−1 for 80-year old stands; 100 − 181𝑚3ℎ𝑎−1 for 200-year

old stands when plots with young saplings regenerating in recently-formed gaps with biovolume of less than 1kg/-

plot are excluded from calculation) slopes correspond well with observed biovolume in the Selingen range (range:

N 100 − 175𝑚3ℎ𝑎−1; S sparse-150𝑚3ℎ𝑎−1; sparse denotes < 100𝑚3ℎ𝑎−1, Bartalev, 2010; Bartalev et al., 2011;
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Huttich et al., 2014). Figure 4.6 represents the simulated species distribution along south- and north-facing slopes in

the mountains of southern Siberia.

In the early 1990s, forests of the Krasnoyarsk region were assessed to be a weak sink for atmospheric carbon (Krankina

and Dixon, 1994), however, with increasing air temperatures not accompanied by any significant changes in precipi-

tation in the southern part of this region, forest vegetation is likely to be stressed from temperature-induced drought,

especially in southern Siberia (Allen et al., 2010), and the increased mortality is likely to shift the role of these forests

into sources of atmospheric carbon. As warming forces forests to recede higher uphill (migration of the lower tim-

berline), but the upper timberline advances at a slower rate, there is the likelihood of significantly decreasing forest

cover in this region. It has been hypothesized that increasing PET demands as a result of increasing air temperatures

accompanied by only meager, if any, increases in precipitation, will stress and decrease the productivity of the boreal

forests in Siberia (Briffa et al., 1998; Knorre et al., 2006; Allen et al., 2010), Europe (Dirnbock et al., 2003), Canada

(Hogg and Hurdle, 1995; Ma et al., 2012), and Alaska (Bonan and Shugart, 1989; Barber et al., 2000), and potentially

result in biome shifts (Stitch et al., 2008; Buermann et al., 2014).

Regeneration and advancement of arboreal alpine vegetation in continental montane areas may be more sensitive to

changes in the soil moisture than to the thermal regime (Holtmeier and Broll, 2005), and as the climate in southern

Siberia becomes warmer and drier, grasses may significantly outcompete tree saplings, especially on dry soils (Ivanova

et al., 2010). Others have forecast the rapid (decades to centuries) upslope migration of the lower and upper treelines

(Tinner and Kaltenreider, 2005), as well as the migration of the southern boreal forest boundary northward over the

next few decades (Tchebakova et al., 2009). The upward retreat of the lower treeline on the south-facing slopes in the

Altay-Sayan mountains has been observed in the last decade, most pronounced on south- and southeast-facing slopes,

where forest receded upslope by over 200m in just 7 years (Kharuk et al., 2013b). Similarly, increased drought-induced

mortality of birch was observed in the forest-steppe region on south-facing slopes in Transbaikalia mountains to the

east of Lake Baikal and only a few hundred kilometers east of the simulated region (Kharuk et al., 2013a), effectively

shifting the lower treeline upslope by 22-40m within the first decade of the 21st century. Increased drought-induced

mortality has been observed in aspen (Populus tremuloides) stands in the Rocky Mountains in the U.S. (Anderegg et

al., 2012; Huang and Anderegg, 2012) and Canada (Hogg et al., 2008) with similar rates of retreat.

With regards to the upper timberline, a shift of 160m since the 1890s has been noted (Istomov, 2005), which expands

on the shift of 100m observed in the Western Sayan Mountains between 1976 and 2000 (Kharuk et al., 2010a), with the

greatest regeneration above treeline observed on north- and northwest-facing slopes. Other field studies report similar

rates of upward timberline migration in the latter half of the 20th century along the southern boundary of the boreal

forest in Russia (63 ± 37𝑚 in 42 years; Kharuk et al., 2010b) and Scandinavia (165 ± 20𝑚 in 50 years; Kullman,

2000, 2001, 2004). In addition to the treeline shifts, there are also shifts of species ranges along the slopes, with
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SIBBORK appropriately reproducing the upward shift in Siberian cedar and fir populations, the beginnings of which

have already been observed in Altay (Moiseev, 2000). Shifts in optimum elevation of plant species, which focuses

on the center of distribution range, rather than just the upper or lower montane limit, of 2.94 ± 1.09 m/yr have been

observed in the mountains of western Europe since 1971 (Lenoir et al., 2008), showing that the observed warming with

no appreciable change in precipitation regime affects the entire range of species, and not just the range boundaries.

Furthermore, increased stand density and crown closure has been observed at the upper alpine treeline, sometimes in

addition to, and sometimes in lieu of pronounced upslope timberline advance (Kullman, 2005). This change in stand

structure has also been appropriately simulated by SIBBORK.

Previous modeling studies have suggested that a significant loss of forest is likely to occur in mountain areas with

a +2𝑜𝐶 change in average annual temperature in Europe (Dirnbock et al., 2003) and North America (Chapin et al.,

2004), especially when the precipitation regime does not concurrently change or becomes drier. The +2𝑜𝐶 also

appears as an important threshold for the substantial decrease in forest-covered area along the simulated mountain

slopes of southern Siberia in our study. The area occupied by pine-larch forests in Tuva (southern Sayan) has decreased

by 70% since 1990, due to increased tree mortality and fire activity, and decreased regeneration post disturbance

(Buryak et al., 2009; Ivanova et al., 2010). Retreat of forests from the simulated southeastern Altay-Sayan region

(Tuva basin) has been forecast based on observations of warming and drying conditions in the region (Tchebakova,

2006). The replacement of forest-steppe with steppe at the lower treeline has already been observed following fire

and permafrost retreat (Monserud and Tchebakova, 1996). This ecotone shift is likely to persist with warming and an

increase in drought mortality and fire frequency in the coming decades, and is simulated appropriately by SIBBORK,

even though the simulation does not include explicit parameterizations of disturbances and permafrost.

Numerous environmental factors that may affect treeline location, such as permafrost, winds, snowpack, and seed

dispersal, are not included in this version of SIBBORK, so it is entirely possible that the northern treeline, which

appears to be a function of air temperature in the simulation, may have completely other drivers. The model essentially

simulates the theoretical treeline, based on environmental conditions, and as those conditions change, the colonization

of areas that become favorable or retreat from regions that become no longer favorable may occur significantly faster

than observed in nature, as the model does not address the increased susceptibility of young sapling to stress, compared

to mature individuals, and does not explicitly represent seed dispersal.

Crawford and colleagues suggested that the northern treeline in Siberia may actually retreat south with warming due to

increased soil and permafrost melt resulting in paludification (Crawford et al., 2003). Since permafrost is not included

in the current version of SIBBORK, the possibility of this feedback is not represented in our simulations. Increases in

stand density and canopy closure have been observed at the upper timberline in southern Siberia (Kharuk et al., 2010a,

b). In SIBBORK, however, the maximum stand density limit is specified in the model driver. Although the simulation
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can contain less than the maximum number of stems per plot due to unfavorable conditions, the possibility of future

environmental conditions facilitating denser stands is not accommodated by the static limit on maximum stand density.

Wind is an important factor in maintaining not only the northern forest boundary, but also the upper timberline (Resler

et al., 2005; Kullman and Kjallgren, 2006), and lack of parameterization for this factor may result in establishment of

saplings in sheltered areas on the terrain not due to shelter from the wind, but rather due to decreased incident radiation

and, therefore, PET demands, again, missing the exact combination of driving factors for the location of the treeline,

but getting the gist of it with the limited environmental factors that are explicitly resolved in the simulation.

The model does not consider the differences in allometric relationships observed between trees within a forest com-

pared to those on the exposed treeline edge (Hogg and Hurdle, 1995). It is assumed that the environmental conditions

along the treeline edge will differ from those within the closed canopy, and the growth of treeline trees will be adjusted

in the simulation based on the stress those individuals experience. Kharuk and his colleagues (Kharuk et al., 2013a)

have found that in areas with increased tree mortality from temperature-induced drought stress, vegetation underlain

by patches of permafrost was not adversely affected by increased temperatures, because the thawing of the permafrost

active layer provided sufficient soil moisture throughout the growing season. The simulation can be improved to

reflect this heterogeneous response using a spatially-explicit parameterization for permafrost and associated soil pro-

cesses. Additionally, with more local precipitation data available from field sites in southern Siberia (Monserud and

Tchebakova, 1996; Kharuk et al., 2009, 2010c, 2013b), it will be possible to adjust precipitation by elevation and slope

aspect, which would improve the resolution of local environmental conditions and the associated vegetation response

to changes in these conditions. Disturbances, such as wildfire and insect outbreaks, are not included in this version of

the SIBBORK model. An increase in the frequency and extent of these disturbances has already been observed across

the Eurasian boreal forest (Buermann et al., 2014), and their incidence is expected to continue to increase. Presence of

disturbance shifts the forest age structure to a younger forest, with greater dominance by pioneer species, such as birch

and pine. Repeated fires inhibit regeneration of arboreal species, promote dominance of grass species (Kukavskaya et

al., 2013), and expedite the shift from a forest to a grassland or steppe biome (Kukavskaya et al., 2014).

4.5 Conclusions

The SIBBORK dynamic gap model keeps track of the establishment, growth, and mortality of millions of trees across

tens of hectares of artificial or real terrain, and simulates heterogeneous response of vegetation to the conditions on

the landscape. SIBBORK appropriately reproduces transition zone vegetation, with the structure and composition

closely approximating the observed forests at the northern and southern boreal forest limits, including the upper and

lower elevational treelines in the complex terrain of southern Siberian mountains. The ability to appropriately simulate
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vegetation distribution in central Siberia (Brazhnik and Shugart, 2015) and at the transition zones, not only provides a

rigorous test of the model’s capabilities, but also helps us understand the potential response of these ecosystems with

continued warming. Alarmingly, the loss of forest at the southern treeline far exceeds the rate and amount of forest

gained at the northern and upper elevational treelines, however, this is consistent with observations from Siberia,

Scandinavia, and North America. A spatially-explicit gap dynamics model that is able to simulate forest structure and

composition across ten of hectares provides a strong platform for understanding what near-future changes in forest

vegetation and the associated carbon cycling are likely in different regions of the Siberian boreal forest.

Observed warming trends in the Siberian boreal forest exceed predicted trends for this time period (IPCC, 2013; Gruza

et al., 2015). It is likely that not only will the forest vegetation be responding to larger climate changes than predicted,

especially in mountainous southern Siberia (Tchebakova, 2006), but also that the rate of response may be faster than

anticipated. Boreal forests in Siberia have experienced significant decline, both in the wood stock (𝑚3ℎ𝑎−1) and area

covered since 1980s (Shvidenko and Nilsson, 2002). The observed increase in wildfires and insect outbreaks in recent

decades, which has resulted in the dieback of millions of hectares of forest in southern Siberia (Soja et al., 2007)

makes this investigation particularly pertinent. Furthermore, Hansen and colleagues have found that during the first

decade of the 21st century, the ratio of forest loss to forest gain was 2.1 for boreal forests, with Russia experiencing

greatest forest loss compared to the rest of the globe (Hansen et al., 2013). This forest dieback has occurred with

less than +2𝑜𝐶 increase in annual average temperature, demonstrating that the boreal forest ecosystems may be much

more sensitive to warming than previously anticipated.
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CHAPTER

FIVE

MODEL SENSITIVITY

“The most important challenge for ecologists remains to understand the linkages between what is going

on at the level of the physiology and behavior of individual organisms and emergent properties such as

the productivity and resiliency of ecosystems.” - S. Levin (1999)

Model sensitivity refers to a range of conditions for which model output is realistic, which may be limited by the

underlying assumptions of vegetation responses to environmental forcings or by the computational domain selected.

The model, thus far, has been implemented with 100𝑚2 plots and spatial domains of at least 9 hectares. It is possible

that computations on smaller or larger plots may not yield output that compares well to observed stand structure

and composition, or that simulation of smaller areas using edge-to-edge wrapping results in numerical instability or

periodicity in the available light that is an artifact of the model algorithm rather than simulated terrain or vegetation.

Although the SIBBORK model has been verified and validated against several multi-dimensional datasets, model

structure and functionality warrants further examination. Verification and validation were only conducted on a few

variables, predominantly limited by available data. Additionally, the biomass simulated by the model has not been

verified or validated due to lack of information on the conversion factors between field-estimated biovolume and

reported biomass, and an error-prone approach of manually joining forestry yield and productivity tables. SIBBORK

has appropriately reproduced observed vegetation in the southern, middle, and northern taiga ecotones, demonstrating

the generalizability of the model algorithms within central Siberia, but it is important to understand how certain user-

specified parameters may affect model output. Moreover, does spatial explicity enhance predictive capabilities? Does

model simulation using 1-D light versus 3-D light yield different results? How does the spatial resolution (plot size)

affect model output? Furthermore, model application toward understanding how the central Siberian boreal forest may

respond to climate change and how this response is different in the 1-D and 3-D modes are explored in this chapter.
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5.1 Does spatial-explicity matter?

Simplification of many ecological models includes simulation of vegetation on flat terrain, on one or several inde-

pendent plots with the same environmental conditions, and consideration of light only from overhead. SIBBORK

takes this several steps further, through the explicit simulation of terrain and the associated environmental gradients,

light ray tracing in 3-dimensions, and variable foliage density with height. Vegetation processes depend on air and

soil temperature, both of which vary significantly with topographic position (Dixon, 1986). The amount of photo-

synthetically active radiation (PAR) available to plants varies based on terrain elevation, aspect, slope steepness, and

surrounding topography. Whether the trees on plots within the simulation interact across the spatial domain or not, the

representation of terrain and associated gradients may facilitate a more realistic vegetation response through structure

and composition.

Classical gap dynamics models simulate independent plots approximately the size of the crown of a canopy dominant

tree or the size of the estimated zone of influence of a canopy dominant (Urban and Shugart, 1992; Yan and Shugart,

2005; Larocque et al., 2006, 2011). The patch dynamics simulated on each plot are averaged across several model runs

to obtain average landscape dynamics. SIBBORK differs from these models by the ability to run in the independent

and interactive plot mode. ZELIG also could be run in the independent plot mode, however, individual plots in

the simulation were then collocated in space and always experienced the same input parameters and environmental

conditions in any given year of the simulation. In contrast, the 1-D mode in SIBBORK retains the plot position on the

landscape, allowing for different environmental conditions to be specified at the plot level, and simply not permitting

the trees on the plots to interact (e.g. shade trees on adjacent and nearby plots). The ability to simulate the same spatial

domain with plot-level environmental conditions in 1-D and 3-D modes allows for a direct assessment of whether the

spatially-explicit interactions expand the model’s predictive capabilities.

1-D vs 3-D on Flat Terrain

For the initial comparison, the simulation was maximally simplified by utilizing only flat terrain, and generating an

environment that is minimally limiting to boreal tree growth. These conditions are representative of some of the most

productive forest stands in middle and southern taiga of central Siberia (Houghton et al., 2007), in the vicinity of

the Usolsky forest (validation site, Ershov and Isaev, 2006). Two batches of 20 simulations each were initialized

from bare ground, with all species contributing to the seed bank, and all plots in the simulated grid experiencing the

same initial environmental conditions. Maximum stem density was capped at 1000 stems/ha. The simulations were

run for 600 years with a non-random historical climate (i.e., random number generator seed set for both simulation

modes) across a 9 hectare spatial domain. One batch of simulations was run in the 1-D light mode, whereas the other
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was run in the 3-D interactive mode. Model output was spatially averaged across all 900 plots in the simulation.

Model output was further averaged across replicate runs. The successional trajectories from both types of simulation

were qualitatively evaluated. The timeseries distributions of average stand DBH, Lorey’s height, basal area, and

biovolume were quantitatively compared using the nonparametric Smirnov-Kolmogorov test. Stand aggregate basal

area, biovolume and biomass for mature forest (>300 years from bare ground) were compared between simulation

modes using ANOVA. Each species’ contribution to stand aggregate basal area was used to compute the species

composition at 10 year intervals. The comparison between forest structure simulated with 1-D and 3-D light modes is

shown in Figure 5.1, Figure 5.2 and Figure 5.3.

In the 1-D light simulation, diffuse light extinction is computed from directly overhead, scaled down via Beer-Lambert

law (equation 2.1) and overhead LAI. The highest LAI achieved in this simulation is 20. This is realistic for dark

conifers spruce, fir and cedar, but not for birch (DeAngelis et al., 1981; Chen et al., 2002; Stenberg et al., 2013),

for which LAI also peaks at 20 in the 1-D simulation. Similarly high LAI values have been observed in densely

planted young birch and aspen stands (Johansson, 1989), when the saplings were less than 3m in height. In the model,

the saplings are planted at a 2.5 ± 0.25𝑐𝑚 average DBH, and such small saplings do not occur, nor does the stand

density reported in this study (50,000-90,000 stems/ha). During the time of birch dominance, the stem density in

the simulation is approximately 200 stems/ha. Pine and larch, which have fluffy canopies, peak at LAI of 9 and 5,

respectively, which is a little bit higher than observed values (Gower and Richards, 1990; Wirth et al., 1999; Shibistova

et al., 2002; Lindroth et al., 2008; Stenberg et al., 2013). MODIS-based LAI estimates for a coniferous forest just to

the north of Usolsky (57.3𝑜𝑁 , 91.6𝑜𝐸) fall in the range of 4-6.5 (Chen et al., 2005) and could vary as much as 30%

over the course of the summer (Chen et al., 1999). These estimates are known to underestimate LAI for these types

of forests, so values greater than 6.5 are still reasonable. The field-based estimates of LAI from the same study were

slightly greater than 7. Compared to field observations, the LAI simulated in the 1-D light mode for birch is too high,

but falls within the realistic range for the conifers in the simulation.

The overall stand structure exhibits shorter heights and smaller DBHs across all species in the 1-D mode, compared to

the 3-D model output, as can be seen in Figure 5.1 - a snapshot from the year 500. Pine appears to persist as the canopy

dominant in the 1-D simulation starting around 150 years from bare ground and throughout the rest of the simulation.

In the 3-D simulation, pine and larch co-dominate the canopy in a mature forest, with spruce transitioning from the

subcanopy to the top of the canopy toward the end of the 5th century from bare ground. Pine and larch play a greater

role in the mature forest in the 3-D mode than in the 1-D mode. Fir contribution to stand composition is similar in

both simulation, but since the 1-D simulation results in significantly lower aggregate stand basal area, the proportional

contribution of fir is much smaller in the 3-D simulation mode. The evolution of stand composition as a function of

contribution to total stand basal area by each species is shown in Figure 5.3.
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Fig. 5.1: The stand structure is conveyed via color-coded pillars by species. Each pillar represents the tallest tree on
the plot. Although the subcanopy and understory are not represented in this visualization, the heterogeneity in the top
of the canopy is easily observed in both simulations. Even the largest, tallest trees in the 1-D simulation are smaller
than in the 3-D mode.

MIXED FOREST: MODE 1-D 3-D
DBH (cm) cedar: 15.4(0.4) cedar: 20.9(0.7)
Lorey’s height (m) pine: 26.3(0.6) larch: 28.1(0.6)
LAI 20 4.4
stand basal area (m2/ha) 15.4(0.4) 34(0.9)
species-specific basal area(m2/ha) cedar: 6.0(0.2) cedar: 14.3(0.7)
biovolume (m3/ha) 137(8) 404(17)
species-specific biovolume (m3/ha) cedar: 37(3) cedar: 127(14)
biomass (t/ha) 102(6) 298(11)

Fig. 5.2: The maximum average DBH and LAI, maximum species-specific basal area and biovolume, stand aggregate
basal area and stand aggregate biovolume normalized to per hectare, as well as maximum Lorey’s height, are shown for
the mature mixed forest (>300 years old) simulated using 1-D and 3-D light regimes. Although the height of canopy
emergents is comparable between two different simulation modes, the 1-D simulation produces significantly smaller
stems, with lower stand biomass, biovolume, and basal area. Average values are presented with standard deviations
in parentheses. All variable values are statistically significantly different at the 0.05 level (ANOVA) between the 1-D
and the 3-D simulation modes.
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Fig. 5.3: The evolution of stand composition is conveyed for 1-D and 3-D simulations based on each species contri-
bution to total stand basal area. When climate is held constant, the average basal area across model replicates responds
to the same occasional limitations in environmental conditions (3 occurrences of drought during the 600-year simu-
lation). The average of the model replicates is therefore jagged, and these 3 drought events do not get averaged out.
To better assess the average stand evolution, climate was allowed to vary randomly around the mean. This produces
much smoother curves, as each simulation has its own years of drought that are not necessarily coincident in model
replicates.

Forest biovolume in Russian forests, averaged for young, middle-aged and mature/overmature stands is in the range of

99.85 ± 44.35𝑚3ℎ𝑎−1 (Alexeyev, 1998; Forest Fund of Russia, 1995). Parsing the same dataset into young, middle-

aged, and mature/overmature stands, the average biovolume estimates in each age class are 27.5, 100.2-140.4, and

131.3 𝑚3ℎ𝑎−1. This is averaged across all of Russia, all types of soils and environmental conditions. The biovolume

from the 1-D simulation of mature forest does correspond well with average observed values in mature/overmature

stands. These types of stands comprise over 50% of the Siberian boreal forest (Alexeyev, 1998; Krankina and Dixon,

1994). The higher end of the productivity spectrum, however, is not represented by these average values, and is not

captured in the 1-D simulation mode.

Multiple estimates of average forest biomass are reported in the literature for boreal stands that represent different

ecotones and age structure groups, which are often not clearly defined. In one summary of average biomass estimates

(Houghton et al., 2007), above-ground biomass range of 80.6-223 t/ha is reported. Stand biomass values of 99.61 ±
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48.53 t/ha (Houghton et al., 2007) and 43.3-245.2 t/ha (Krankina et al., 2005) have been reported for Usolsky forest

and central Siberia in general, respectively. Field observations from a site in central Siberia (60.75𝑜𝑁 , 89.38𝑜𝐸)

report 107 t/ha biomass for a stem density of 450 stems/ha, which is half the stand density in this simulation (Wirth et

al., 1999; Shibistova et al., 2002). Although biomass does not scale linearly with stem density, it may be possible to

estimate that a stand at this site with a stem density of 1000 stems/ha, as in the simulation, may exhibit biomass closer

to 200 t/ha. Carbon storage in above-ground biomass at another study site (60.73𝑜𝑁 , 89.15𝑜𝐸), just to the north of

Usolsky, was estimated in the range of 100-200 tC/ha (Schulze et al., 2002). As carbon makes up approximately half

of the tree’s biomass (Ajtay et al., 1979; Kobak, 1988; Patenaude et al., 2004), we can estimate that the above-ground

biomass at this study site is in the range of 200-400 t/ha. Furthermore, a coefficient of 0.4 tC/𝑚3 (Yan and Shugart,

2005) can be used to backwards-compute the stand biovolume, which then falls in the range of 250 − 500𝑚3ℎ𝑎−1.

A coefficient of 0.516 tC/𝑚3 is also sometimes used to estimate carbon stocks from forest biovolume (Krankina et

al., 1996). This can be used to backwards-compute a biovolume for the forest studied by Schulze and colleagues,

which results in a range of 194 − 386𝑚3ℎ𝑎−1. A more recent space-based LIDAR estimate of carbon contained

in the boreal above-ground biomass in Siberia is in the range of 27.6-65.6 tC/ha (Neigh et al., 2013), which can be

used to estimate the above-ground biomass: 55.2-131.2 t/ha, and the above-ground biovolume: 69 − 164𝑚3ℎ𝑎−1 or

53.4− 127𝑚3ℎ𝑎−1, depending on which conversion factor is used.

Modeled biomass from both simulation modes falls within the wide range of field-estimated values, however, I was

trying to simulate the most productive stands, and the biomass from the 1-D simulation is comparable either to the

middle of the range or the lower end of some estimates, more representative of average stand conditions. In contrast,

biomass and biovolume from the 3-D simulation more appropriately align with the higher end of the reported ranges of

above-ground biomass and biovolume from stands in central Siberia. When all site indices (soil productivity ranges)

are represented in the simulation, or when the average soil fertility (site index III) is used, the 3-D simulation output is

also comparable to the middle of the ranges reported in the literature (:math:104.3pm30.1t ha^{-1}‘, Chapter 3). Note

that biomass is a questionable calculation in SIBBORK based on the uncertainty associated with linking forestry yield

tables to tables of stand productivity (see Section 2.3.3).

With regards to the successional trajectory, both simulation modes appropriately simulate a birch stand initially, fol-

lowed by a mixed birch-pine forest approximately 50-100 years from bare ground (Houghton et al., 2007), with

co-dominance of the two species in the main canopy and other shade-tolerant conifers coming up in the understory.

Aspen contributes very little to stand composition in both simulation modes, which is in accordance with observations

(Krankina et al., 2005). Starting with 100 years from bare ground, a mixed conifer forest exists, with contributions

from larch and pine in the main canopy, and fir, spruce and cedar in the subcanopy, regardless of simulation mode.

Stand composition determined from how much each species contributes to total basal area differs somewhat between

122 Chapter 5. Model Sensitivity



Modeling Boreal Forests in 3-D

the 1-D and 3-D simulation modes, with larch and pine playing a greater role in the 3-D simulation (36±1%), whereas

the dark conifers contribute more to stand composition (78 ± 4%) in the 1-D mode. The most stark difference is that

in the 1-D light mode, the stand basal area is less than one half of what is simulated in the 3-D light mode (Figure 5.3).

1-D versus 3-D in Complex Terrain

For the second comparison, the southern boundary of the boreal forest in the Altay-Sayan mountains was simulated

using 3-D and 1-D light subroutines, and non-random historical climate for 200 years. Complex terrain was simulated

following the idealized mountain approach from Chapter 4. Almost 7000 plots were simulated in a 70-ha spatial do-

main that included a south-facing slope and a north facing slope extending from 100m to 3000m amsl. Simulations

were initialized from bare ground. Plot-level environmental conditions varied based on elevation and aspect, with

south-facing slopes receiving more radiation throughout the growing season and, therefore, experiencing higher PET

demands. Temperature was extrapolated from the Kyzyl WMO station (51.4𝑜𝑁 , 94.23𝑜𝐸) using the standard atmo-

spheric lapse rate of 6.5𝑜𝐶/𝑘𝑚. Soil nutrition was highest along the lower slopes, and poorest above 2000m. All

environmental conditions and species-specific parameterizations were the same across the two simulations. The only

difference was the ability of trees on a plot to shade trees on adjacent and nearby plots in the 3-D simulation, and the

computation of the light environment from different angles versus only from directly overhead.

In the 1-D simulation, birch and larch were more prevalent in the main canopy on the north-facing slopes, interspersed

with fir. Larch occupied the subcanopy, while pine, aspen and birch sprouted and persisted in the understory in a

fir-dominated forest - un unlikely position for any of these shade-intolerant species (Shugart et al., 1992). In the 3-D

simulation, the north-facing slopes were dominated by fir, with Siberian cedar and spruce coming up in the understory

and subcanopy, which matches field observations (Gorchakovsky and Shiyatov, 1978; Isachenko et al., 1988; Istomov,

2005; Chytry et al., 2008; Bartalev, 2010; Bartalev et al., 2011; Kharuk et al., 2013b; Huttich et al., 2014) and

other modeling studies (Monserud and Tchebakova, 1996). The upper north-facing slopes were dominated by a belt

of larches in both simulation modes, however, the 3-D mode output also contains an admixture of spruce, which

is in accordance with observations from the Altay-Sayan mountain region (Polikarpov et a., 1986; Monserud and

Tchebakova, 1996; Kharuk et al., 2009; Bartalev, 2010; Bartalev et al., 2011; Huttich et al., 2014; Timoshok et al.,

2014). At the timberline on the north-facing slope, both modes appropriately simulate sparse canopy cover and stunted

larches.

The simulated biovolume was six times smaller in the 1-D mode, mostly comprised of larch and fir, with greater

contribution from birch and cedar (on a percent of composition basis) than in the 3-D simulation. The latter also

has mostly larch and fir, but with a greater admixture of spruce (Figure 5.4 and Figure 5.5). This difference is likely

due to the light regime and the resulting LAI. When the light is only computed from overhead, it doesn’t matter
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Fig. 5.4: Stand structure and composition of 200 year old forest on north-facing slopes near the southern extent of
the boreal forest are shown using 1-D and 3-D model output. The stand composition is conveyed via color-coded
pillars by species. Each pillar is scaled to represent the aggregate biovolume on each plot, not tree height. In the 3-D
simulation, (a) the biovolume can reach 12𝑚3/𝑝𝑙𝑜𝑡, and (b) stand composition contains significantly more spruce. In
the 1-D simulation, (c) the biovolume in the 1-D simulation is about six times smaller, and (d) the forest is mostly
comprised of larch, fir and cedar. The scale bar on the right denotes elevation above mean sea level (amsl). The slope
extent is 100m-3000m amsl.

MIXED FOREST: MODE 1-D 3-D
DBH (cm) 7 11-12
Lorey’s height (m) 19 18
LAI 18 5
maximum biovolume (m3/plot) 2.5 12
average biovolume (m3/plot) 0.91(0.28) 6.5(2.44)

Fig. 5.5: The output from the complex terrain simulation is spatially explicit, as each plot has its own environmental
conditions based on its location on the terrain. Spatial averaging or aggregation of this output doesn’t make sense. This
table only reports the maximum average DBH and LAI, maximum and average plot-aggregate biovolume (standard
deviation in parentheses), as well as maximum Lorey’s height simulated along the slopes of the idealized 3000m tall
mountain for 200 year old mixed forest using 1-D and 3-D light regimes. The values were obtained from raster analysis
for each variable.

what the surrounding forest is like, and one may assume that the surrounding forest contains similar structure as the

independent plot simulated. In a 3-D light regime, however, the light environment is affected by the canopies upslope

and downslope, which are higher or lower by virtue to elevation differences. The trees in the 3-D simulation, therefore,

are able to receive more light throughout the canopy, as the canopies are staggered on the terrain, and this affects light

penetration to the subcanopy and the understory. In this manner, the effective LAI is significantly smaller in the 3-D

mode, and the trees, especially in the subcanopy and understory, are able to achieve more growth each year.
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Both simulations appropriately simulate south-facing slopes mostly without arboreal vegetation, with a narrow belt

mid-slope dominated by larch (Tchebakova et al., 2001). The trees are stunted at the upper and lower timberlines.

The evolution of the stands is very similar in the first 200 years, with mature trees occurring in the upper half of

this elevation belt. However, in the 3-D simulation, there are more mature larch trees, whereas in the 1-D simulation

higher mortality is experienced due to stress from shading, and the mature larch stands are more sparse. The average

available light factor experienced by trees in the 3-D simulation varied between 0.1 and 0.5 in the 1-D mode, with

greatest shading experienced by the understory (trees <6m tall), compared to 0.4-0.7 in the 3-D mode. Additionally,

the larch elevation belt was routinely wider in the 1-D mode (1300-2500m amsl) than in the 3-D mode (1500-2350m

amsl), as a result of more unstable larch sapling populations generated in the 1-D mode. In both simulations, the treed

zone on the south side was simulated within the observed range of elevations: lower timberline 717 ± 372𝑚, upper

timberline 1883 ± 297𝑚 (Samoilova, 1973; Polikarpov et al., 1986; Isachenko, 1988; Rakovskaya and Davydova,

1990; Chytry et al., 2008; Kharuk et al., 2010a, 2013b).

The primary advantage of the 1-D light regime is the faster runtime, since the light computation is significantly

simplified. For a 600-year simulation with 7 species on 9-ha of flat terrain, runtimes for the 1-D mode are on the

order of 3.6 ± 0.1 minutes, compared to 5.4 ± 0.1 minutes for the 3-D mode. For the 200-year simulation with 7

species on 70-ha of complex terrain, the runtimes were on the order of 15 minutes and 24 minutes, for the 1-D and 3-D

modes, respectively. The variability in the runtime depends on how many trees are present in the simulation. The 1-D

light regime and independent plot mode might be an appropriate simplification for the simulation of flat terrain, large

spatial domains, or multiple point locations across the Eurasian boreal forest, as the output falls within the published

average stand biomass and biovolume ranges. However, if the investigation focuses on a specific ecotone, transition

zones, regions of complex terrain, or where the resolution of environmental gradients across the spatial domain is a

particularly important driver for stand structure and successional trajectories, the 3-D light mode is more appropriate

and does not increase the computation time significantly. In either case, much more time is spent on analysis of

model output than running the model. Spatial explicity, thus, does appear to increase realism in the simulation and has

better predictive capabilities. Furthermore, as disturbances become greater in extent and frequency with global climate

changes, the ability to simulate stand dynamics at scales larger than one patch (plot) is desirable to more realistically

simulate the effects of disturbances of various sizes on forest structure, composition and dynamics.

5.2 Model sensitivity to spatial resolution

In gap dynamics theory, the forest is comprised of a mosaic of patches of stands at different stages of succession,

resulting in heterogenous age structure. In previous gap models (JABOWA, FOREST, FAREAST, ZELIG), the plot
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size approximated the canopy of a dominant tree within the ecosystem of interest. The reason for this, is that the gap

dynamics are driven by the availability of light through the opening created in the canopy when this dominant tree

dies and falls to the ground. The availability of light and other resources below the canopy and at the ground level

that facilitate growth of previously suppressed trees and the establishment of new saplings changes based on the size

of the gap created (Bradshaw, 1992). Plot sizes of 1000𝑚2 and 400𝑚2 were utilized for simulations of temperate

and tropical forests in ZELIG, respectively (Urban, 1990; Garman et al., 1991; Holm et al., 2014). Application

of ZELIG toward simulation of northern hardwood forests in Canada included an assessment of model sensitivity

to plot size, and although for monospecies forests different plot sizes were optimal depending on the species crown

shape and size, a plot size of 400𝑚2 was estimated to best approximate the average crown size and zone of influence of

dominant trees in the mixed hardwood forest ecosystem (Larocque et al., 2006; Larocque et al., 2011). The FAREAST

Monte Carlo simulation has been used for investigation of dynamics within mixed species (coniferous and hardwood)

temperate and boreal forests in China and Russia, and employs circular 500𝑚2 plots (Yan and Shugart, 2005). In all

of these simulations, collocated individual plots of the specified size were simulated, and the dynamics across 100-200

independent replicate runs were averaged to estimate average stand dynamics.

SIBBORK simulation model has been calibrated, verified and validated using 100𝑚2 plots, based on the estimate

that boreal trees have smaller crowns than temperate or tropical trees. To understand the effect that the size of the

smallest spatial unit (plot) has on the spatially-explicit simulation of stand composition and structure, plot size, which

is a user-specified parameter, was systematically modified and model output from the simulation of (1) a monospecies

broadleaf forest, (2) a monospecies conifer forest, and (3) a mixed hardwood-conifer forest were compared. Square

plots 100𝑚2, 400𝑚2, and 900𝑚2 in size were tested using both the independent (1-D grid) and interactive (3-D grid)

modes. The idea is that the plot size should represent the size of a canopy dominant tree. In the simulation, the canopy

size is limited by the plot size, as a tree’s canopy is not allowed to extend outside the boundaries of the plot it is on.

When a dominant tree dies and falls, a gap is created in the canopy. Following gap dynamics and plot size limitation

on crown size, the size of canopy gaps created by mortality of dominant trees should be congruent with the plot size.

In actuality, on a 100𝑚2 plot, the canopy is dominated by 1-2 trees, and when one of these succumbs to mortality, a

gap opens up in the canopy allowing light to penetrate deeper into the subcanopy and the understory. On a 900𝑚2

plot, there may be half a dozen or more canopy emergents, so when one of those dies, no real gap is opened up in the

simulated canopy. Instead, the LAI is decreased homogeneously across the plot, and the gain in light at lower levels

in the canopy is minimal.

Variation in gap size is likely to change the light environment in the forest, and systematic variation in plot sizes

revealed some of this sensitivity in the model. The light environment is computed based on leaf area (LA), which is

divided by the plot area to compute the leaf area index (LAI). The LAI is then employed in the exponent of the Beer-
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Lambert Law computation of light extinction through the canopy (Figure 2.1). When a dominant tree on a plot dies and

falls over, a gap the size of the plot develops in nature, however, in the simulation, the effects may be portrayed quite

differently. The larger the plot size - the larger should be the gap simulated. This would change the light environment

not only on the plot in focus, but also on adjacent and nearby plots. In a simulation, however, the gap formation

depends on the number of dominant trees on a plot. On a 100𝑚2 plot, there may be 1-2 dominant trees, but on a

900𝑚2 plot there may be half a dozen or more canopy dominants, so the mortality of a single canopy emergent on a

900𝑚2 plot doesn’t open a gap in the simulation, but rather incrementally decreases the LAI.

Fig. 5.6: The simulation spatial domain was kept the same, but it was divided into plots of different sizes: 100𝑚2,
400𝑚2 and 900𝑚2 for (a), (b) and (c), respectively. Within a 9-ha simulation area, there are (a) 900 10m X 10m plots,
(b) 450 20m X 20m plots, and (c) 300 30m X 30m plots.

To minimize variability between the simulations, the weather subroutine was initialized with the same seed for the

random number generator, the stands were initialized with saplings at an initial DBH of 2.5± 0.25𝑐𝑚 at a maximum

stem density of 1000 stems/ha. For the monospecies broadleaf and mixed forest simulations, the model was initialized

with birch saplings; for the monospecies conifer forest, the model was initialized with spruce saplings. The spatial

domain of the simulation was kept the same (9-ha), however, this represented a different number of plots, based on the

plot size specified (Figure 5.6). Soil fertility is specified at the plot level, and exerts a cap on accrual of annual biomass

in units of 𝑘𝑔ℎ𝑎−1𝑦𝑟−1. The average DBH, Lorey’s height, and biovolume were compared at decadal increments.

These stand structure variables for a mature forest (>300 years from bare ground) were statistically compared using an

ANOVA, with 𝛼 at the 0.05 level. In the mixed forest simulation, species composition was assessed via contribution of

each species to the total basal area, also at decadal time steps. All stochasticity was removed from the model, including

sapling establishment and mortality. The difference in stand structure between simulations with different plot sizes

was apparent. However, this produces identical output between model replicates. In order to be able to compute the

confidence interval for model output, random climate, inseeding and mortality were activated. Since flat terrain with

same environmental conditions on all plots was simulated, model output was spatially averaged across the simulation

domain. Twenty model replicates were averaged together, and this average output was compared between simulations

with different plot sizes. Optimally, 150 independent model replicates would be used for this analysis (Bugmann et al.,
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BIRCH: PLOT SIZE 10m X 10m 20m X 20m 30m X 30m
plot area (m2) 100 400 900
plots in simulation 900 225 100
maximum stems per plot 10 40 100
DBH (cm) 9.4(0.1)𝑎 9.9(0.1)𝑏 9.9(0.7)𝑏

Lorey’s height (m) 18.6(0.1)𝑎 19.2(0.1)𝑏 18.9(0.7)𝑎,𝑏

LAI 3.6(0.05)𝑎 4.2(0.06)𝑏 4.2(0.58)𝑏

basal area (m2/ha) 8.9(0.15)𝑎 10.7(0.2)𝑏 10.4(1.6)𝑏

biovolume (m3/ha) 96.4(1.8)𝑎 118(2.3)𝑏 113.7(18.6)𝑏

biomass (t/ha) 64.7(1.1)𝑎 78.8(1.5)𝑏 76.1(12.1)𝑏

Fig. 5.7: Birch stands varied in structure across multiple plot sizes. Averages are presented for mature stands (>300
years old) with standard deviations in parentheses. Variable values with the same letter are not statistically significantly
different at the 0.05 level (ANOVA).

1996), but in the interest of resource and time allocation, 20 independent replicates each containing several hundred

plots were considered sufficient replication. Plto size effect on model output was tested using the 3-D interactive grid

mode.

Monospecies birch stand

Birch is a pioneer, shade-intolerant species that is somewhat tolerant to stress from inadequate soil nutrition, and

is drought-intolerant. The simulation was initialized with birch saplings at an initial DBH of 2.5 ± 0.25𝑐𝑚 and a

maximum stem density of 1000 stems/ha, and run for 600 years. Figure 5.7 summarizes the initialization and model

output information for the mature simulated birch stand conditions. All other species were turned off in this simulation.

In the mature birch stand, the stem number oscillates around 900 stems/ha, 970 stems/ha, and 1000 stems/ha, in the

100𝑚2, 400𝑚2, and 900𝑚2 plots, respectively. The canopy height structure becomes highly heterogeneous by the end

of the first century from bare ground.

Regardless of plot size, the thermal and soil moisture conditions were not limiting throughout the simulation, with

values of 0.99-1.0 and mostly 1.0, respectively. Soil fertility was also not limiting, with factor values close to 1. On

the 100𝑚2 plots, the birches experienced an average overall growth factor of 0.6, with the available light factors for

canopy emergents around 0.7, subcanopy - 0.64, and understory - 0.53. On the 400𝑚2 plots, the birches experienced

an average overall growth factor of 0.7, with the available light factors for canopy emergents around 0.75, subcanopy

- 0.7, and understory - 0.6. On the 900𝑚2 plots, the birches experienced an average overall growth factor of 0.7, with

the available light factors for canopy emergents around 0.75, subcanopy - 0.7, and understory - 0.6. Trees at all three

canopy levels were more suppressed by the light environment on the 100𝑚2 plots.

The differences in stand structure and LAI are minimal and not statistically-significantly different between the 400𝑚2

and 900𝑚2 plots. Although the average plot-wide LAI is smaller, the available light factor experienced by trees on the
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SPRUCE: PLOT SIZE 10m X 10m 20m X 20m 30m X 30m
plot area (m2) 100 400 900
plots in simulation 900 225 100
maximum stems per plot 10 40 91
DBH (cm) 21.1(0.5)𝑎 21.1(0.5)𝑎 16.8(3.5)𝑏

Lorey’s height (m) 28.2(0.7)𝑎 28.4(0.7)𝑎 24.2(2.4)𝑏

LAI 16.2(0.4)𝑎 17.0(0.4)𝑏 12.5(3.9)𝑐

basal area (m2/ha) 40.7(2.3)𝑎 43.1(2.3)𝑏 28.2(9.1)𝑐

biovolume (m3/ha) 531(44)𝑎 565(45)𝑏 329(116)𝑐

biomass (t/ha) 327(25)𝑎 375(26)𝑏 206(72)𝑐

Fig. 5.8: Spruce stands varied in structure across multiple plot sizes. Averages are presented for mature stands (>300
years old) with standard deviations in parentheses. Variable values with the same letter are not statistically significantly
different at the 0.05 level (ANOVA).

100𝑚2 plots is slightly more than on the bigger plots. This results in slightly different stand structure on the 100𝑚2

plots, with statistically significantly less biovolume and biomass accrued in the mature birch stands (Figure 5.7).

Monospecies spruce stand

Spruce is a late successional, shade-tolerant species that is somewhat tolerant to stress from inadequate soil nutrition,

and is quite drought tolerant. This conifer species was selected in contrast to birch, to assess how plot size may

affect the growth trajectory for dark conifer species. The simulation was initialized with spruce saplings at an initial

DBH of 2.5 ± 0.25𝑐𝑚 and a maximum stem density of 1000 stems/ha. All other species were turned off in this

simulation. Figure 5.8 summarizes the initialization and model output information for the mature simulated spruce

stand conditions. In the mature spruce stand, the stem number oscillates around 900 stems/ha, 950 stems/ha, and

980 stems/ha, in the 100𝑚2, 400𝑚2, and 900𝑚2 plots, respectively. The canopy height structure becomes highly

heterogeneous by the end of the first century from bare ground.

Regardless of plot size, the thermal and soil moisture conditions were not limiting throughout the simulation, with

values of 1.0 for both factors, except during 3 years when soil moisture was limiting due to a one-year drought each

time. Soil fertility was also not limiting, with factor values around 0.95 in the simulations using the smaller plots.

Interestingly, the soil fertility, as well as the DBH, basal area, biovolume, and biomass showed greatest variability

over the course of the simulation, and even in the mature stands, on larger 900𝑚2 plots. On the 100𝑚2 plots, the

spruce experienced an average overall growth factor of 0.8, with the available light factors for canopy emergents

around 0.87, subcanopy - 0.83, and understory - 0.8. On the 400𝑚2 plots, the spruce experienced an average overall

growth factor of 0.8, with the available light factors for canopy emergents around 0.9, subcanopy - 0.85, and understory

- 0.8. On the 900𝑚2 plots, the spruce experienced less suppression, with an average overall growth factor of 0.85-0.9,

and the available light factors for canopy emergents around 0.95, subcanopy - 0.94, and understory - 0.9.
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MIXED FOREST: PLOT SIZE 10m X 10m 20m X 20m 30m X 30m
plot area (m2) 100 400 900
plots in simulation 900 225 100
maximum stems per plot 10 40 91
DBH (cm) cedar: 18.4(1.2) cedar: 20.8(1.1) cedar: 23.0(0.6)
Lorey’s height (m) larch: 28.2(0.7) cedar: 24.9(0.5) larch: 28.6(0.4)
LAI cedar: 4.5(0.1) cedar: 5(0.1) larch,cedar: 5(0.4)
basal area (m2/ha) 35.8(1.8)𝑎 37.3(1.8)𝑏 41.2(2.8)𝑐

biovolume (m3/ha) 531(44)𝑎 442(19)𝑏 520(26)𝑐

biomass (t/ha) 327(25)𝑎 344(9)𝑏 384(17)𝑐

Fig. 5.9: Keeping the total simulation area (9-ha) and maximum stem density (1000 stems/ha) the same, the plot size
was systematically varied. Changes in plots size necessitate changes in some plot-level inputs in order to maintain the
average per hectare values the same across all simulations. The input parameters that different between the simulations
are shown for all plot sizes assessed. The maximum average DBH and LAI, maximum species-specific basal area and
biovolume, stand aggregate basal area and stand aggregate biovolume normalized to per hectare, as well as Lorey’s
height, are shown for the mixed forest simulations, with standard deviations in parentheses. Variable values with the
same letter are not statistically significantly different at the 0.05 level (ANOVA).

The differences in maximum DBH and Lrey’s height are minimal and not statistically significantly different between

the 100𝑚2 and 400𝑚2 plots. However, the LAI, stand aggregate basal area, biovolume and biomass are statistically

significantly different between the simulations with 100𝑚2 and 400𝑚2 plots. On the 900𝑚2 plots, there is greater

variability in stand structure and light availability throughout the canopy. The stand structure on the 900𝑚2 plots is

statistically significantly different from the simulated structure on the smaller plots (Figure 5.8).

Mixed boreal forest

Five boreal conifer species (larch, pine, spruce, cedar, and fir) and two broadleaf genera (birch and aspen) were used in

the mixed boreal forest simulation. All runs were initialized with birch saplings with an initial DBH of 2.5± 0.25𝑐𝑚

and a maximum stem density of 1000 stems/ha. The annual cap on GPP was set at 4𝑚3ℎ𝑎−1𝑦𝑟−1. The goal was

to simulate very productive stands that are minimally-limited by environmental conditions. The mixed boreal forest

simulation was run with a random historical climate for 600 years on flat terrain.

Spatial averaging across the 9-ha simulation area was conducted, in addition to averaging across 20 model replicates.

Average landscape dynamics were assessed through the basal area and biovolume changes observed over time on each

of the three types of simulated landscapes. Stand structure was assessed through stem density, maximum average

DBH, and maximum Lorey’s height on a per-species basis, as well as aggregated across the simulation (Figure 5.9).

These stands are representative of some of the most productive stands observed in the Usolsky forest (validation site),

with biomass values in the 300s of tons per hectare, and biovolumes near 500𝑚3ℎ𝑎−1 (510𝑚3ℎ𝑎−1, Ershov and Isaev,

2006).
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3-D visualization of the simulated stands facilitated qualitative assessment of stand structure and composition at

decadal time intervals. Stand evolution is shown at 100-year intervals on 100𝑚2, 400𝑚2 and 900𝑚2 plots (Figure

5.10). This simplified visualization represents the tallest tree on each plot with a pillar that is color-coded to the tree

species. It provides a fast qualitative assessment of the composition of canopy emergents in a stand and the canopy

geometry as viewed from above. The tallest tree is also likely to contribute the most biomass, biovolume, and basal

area to plot aggregate values of those variables. However, it is also possible, and has been observed in the simulation,

that the tallest tree is only “tallest” by a few centimeters, in which case, this representation can be somewhat deceptive

of the structure of the main canopy on each plot.

At 100 years from bare ground, the stand biodiversity is much greater in the simulation with smaller plots. Some

pioneer species trees have died and conifers represent the tallest trees on some plots. In the larger plots, however,

birch (green) and pine (yellow) persist as dominants in the canopy much longer. Birch completely disappears from

the canopy by the year 200, regardless of plot size. Pine and larch (blue) dominate the canopy two centuries post

disturbance on the 900𝑚2 plots, with spruce (grey) taking a stronger hold starting at this time. This is in contrast to

stand evolution on the 100𝑚2 plots, where cedar (pink), fir (red), and spruce can be the tallest trees on the plot even at

the end of the first century from bare ground. A mixed conifer forest persists on the smaller plots for several centuries,

with spruce progressively contributing more to stand composition.

Regardless of plot size, the tallest trees in a mature forest were pine and larch, reaching 28m. Siberian cedar trees

had the largest average DBH and greatest number of stems. This resulted in cedar having the greatest cumulative

species-specific basal area: 18 − 25𝑚2ℎ𝑎−1. The aggregate per hectare basal area and biovolume showed greatest

variability, and maximum values on the largest plots. The evolution of basal area and biovolume on the plots varied,

with smaller plots (100𝑚2 and 400𝑚2) experiencing more gradual increase in both variables across 600 years, while

the accumulation on the larger plots followed a logarithmic profile, with fast growth in the first 200 years, and leveling

off in the last several centuries (Figure 5.11). LAI differed slightly across plot sizes, with higher LAI on larger plots.

This makes sense, as to maintain the same per hectare stem density, more stems are allowed to inseed on the larger

plot. LAI accumulated from more canopies is likely to be higher. Slightly more shading was experienced throughout

the canopy on the smaller plots. This is likely due to the light ray trace traversing more plots, and traveling through

more leaf layers, than in simulations of larger plots. If the shadow of a 20m tree can extend up to 100m, this equates to

10 plots in the 100𝑚2 plot simulation, compared to just over 3 plots in the 900𝑚2 parameterization. Accumulation of

LAI along the ray trace that may cross 10 plots with an average LAI of 4.4 will result in greater light extinction than

along a similar ray trace that only crosses 3 plots with an average LAI of 5.5.

During the course of the 600 year simulation, species in the simulated environment were generally not stressed by

lack of soil moisture. Aspen experienced greatest limitation from insufficient heat, with a GDDF of 0.9. The rest of

5.2. Model sensitivity to spatial resolution 131



Modeling Boreal Forests in 3-D

Fig. 5.10: A single tallest tree on each plot is used to represent stand structure via color-coded pillars at 100-year
intervals. The spatial domain is the same, but appears smaller simply because fewer trees are used to represent stand
structure in the simulation with 900𝑚2 plots versus 100𝑚2 plots. Legend is the same as in Figure 5.1.
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Fig. 5.11: Evolution of basal area and biovolume, normalized to per hectare, shown for (a) 100𝑚2, (b) 400𝑚2,
and (c) 900𝑚2 in minimally-limiting thermal, soil moisture and soil fertility conditions over the course of a 600 year
simulation. The dashed line represents the aggregate stand sum for each variable normalized to per hectare. Model
output presented from a single replicate for each plot size, with fixed climate.
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PLOT SIZE 10m X 10m 20m X 20m 30m X 30m
overall growth factor 0.46-0.8 0.5-0.8 0.55-0.85
available light factor (ALF) 0.4-0.88 0.55-0.95 0.55-0.94
soil fertility factor (SFF) 0.88-0.95 0.8-0.95 0.7-0.9
growing degree days factor (GDDF) 0.85-1 0.85-1 0.85-1
soil moisture factor (SMF) mostly 1 mostly 1 mostly 1

Fig. 5.12: The effects of the growing degrees, soil moisture, and soil fertility are computed for each species on each
plot. Available light factor is computed for each individual tree on each plot, as two trees of the same species can
experience different light environments within a plot based on the size and the location of the canopy. Plot size has no
effect on growing degrees and soil moisture. Within the simulated stands, the average overall growth factor for each
tree and the individual environmental effects, varied slightly but not significantly with plot size.

the species have sufficient thermal environment for growth, with GDDF values 0.98-1.0. In general, these are not very

limiting above-ground conditions, typical of central Siberia (Figure 5.12).

The soil conditions in these simulations are representative of the more productive stands in central Siberia, with a GPP

cap of 4 𝑚3ℎ𝑎−1𝑦𝑟−1. It was anticipated that the manner in which soil fertility and the light environment affect tree

growth will differ between simulations on plots of different sizes. The most nutrient stress intolerant species, such

as fir, were most affected by a decrease in soil nutrition as the stand matured, but even that limitation was not very

significant, and varied only slightly between different-sized plots. On 100𝑚2‘ plots, fir was most stressed, with SFF

values in the range of 0.88-0.9, while other species were less limited and had SFF values around 0.95. On 400𝑚2

plots, fir was most stressed, with SFF values in the range of 0.84-0.86, while others had SFF values around 0.93. On

900𝑚2 plots, fir was most stressed, with SFF values near 0.7, while others had SFF values around 0.85.

Species most suppressed by the light environment in a mature forest were birch and aspen, regardless of plots size.

Spruce were least suppressed in the closed canopy mature forest environment, regardless of where these trees occurred

within the canopy. For the analysis of how light affects trees of each species, the stand was divided into canopy

emergents (height > 18m), subcanopy (6m > height > 18m), and understory (height < 6m). The understory experienced

the greatest variability in available light over the course of the simulation, regardless of plot size. The average light

factors for each species based on the tree’s location within the canopy are shown in Figure 5.13.

Although several plot sizes were evaluated, from 100𝑚2 to 900𝑚2, which encompasses the range of plot sizes used

in other gap models (ZELIG, FAREAST, FORMIND, LANDIS), cedar attained the largest average DBH and vied

for canopy dominance (Lorey’s height) with larch in a mature forest in all simulations. The trees on these plots were

similarly affected by their environment. Some trees on the smaller plots experienced more suppression, with the

slowest growth 10% smaller than on the larger plots, but the stand structure, assessed through DBH, height, and stem

density, did not differ all that much between simulations with different plot sizes.
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PLOT SIZE 10m X 10m 20m X 20m 30m X 30m
available light factor (ALF)
canopy emergents (> 18m)
aspen 0.62 0.78 0.78
birch 0.55 n/a n/a
pine 0.64 0.79 0.79
larch 0.59 n/a n/a
cedar 0.79 0.9 0.9
fir 0.87 0.94 0.94
spruce 0.88 0.95 0.94
subcanopy (6m < height < 18m)
aspen 0.58 0.72 0.71
birch 0.51 0.72 0.71
pine 0.58 0.77 0.76
larch 0.51 0.77 0.76
cedar 0.75 0.89 0.89
fir 0.84 0.94 0.94
spruce 0.84 0.94 0.94
understory (< 6m)
aspen 0.45-0.55 0.55-0.7 0.55-0.7
birch 0.4-0.5 0.55-0.65 0.55-0.65
pine 0.5 0.6-0.7 0.6-0.7
larch 0.45 0.6-0.7 0.6-0.7
cedar 0.7 0.8 0.8
fir 0.68-0.78 0.8-0.9 0.8-0.9
spruce 0.8 0.9 0.9

Fig. 5.13: The available light factor is computed for each individual tree on each plot. Thereafter, the light factor
experienced by all trees of the same species were averaged based on the tree’s location in the canopy. Larch and birch
did not appear in the tallest tree category on 20m X 20m and 30m X 30m plots. Trees on smaller plots experienced
slightly more shade at all levels in the canopy, but overall plot size appeared to have minimal effect on light limitation.

Sensitivity analysis on plot size and, hence, model resolution, is an important step in model development, because a

9-ha simulation using 900𝑚2 plots runs much faster, 2.0 ± 0.4 minutes compared to 6.8 ± 0.9 minutes for the same

spatial domain using 100𝑚2 plots. Fewer plots decrease the computational time of the light subroutine, which has the

largest processing requirements. If shorter simulation times can be achieved by reducing resolution without sacrificing

the realism of the results, this is a simple and attractive approach for runtime optimization. However, potentially due

to smaller canopy sizes observed in the boreal forest, the simulated biovolume and basal area on 100𝑚2 plots closer

resemble observed values, than simulations on 400𝑚2 and 900𝑚2 plots. For these reasons, the spatial resolution of

10m X 10m x 1m has been retained in SIBBORK. At this point, analysis of model output takes significantly longer

than running the model.
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5.3 Climate Sensitivity Analysis: spatially-explicit forest responses

to climate change in central Siberia

The boreal forest, like any forest, sequesters 𝐶𝑂2 from the atmosphere through photosynthesis and stores carbon

in above-ground and below-ground biomass. Although boreal vegetation exhibits lower productivity and stores less

carbon than tropical or temperate forests (Bonan, 2008), it constitutes over 20% of total forested areas (Krankina et al.,

1996) and serves as a gate-keeper to the vast carbon stores in boreal soils and permafrost. Soils acquire carbon from

litterfall and tree detritus. Decomposition rates are slow in the cold thermal regime of the boreal forests. However, as

climate warms, structural and compositional changes in the boreal forest may lead to local and regional amplification

of warming through the albedo feedback, as warm-loving dark conifers have a significantly lower albedo year round,

compared to cold-loving deciduous larches. Changes in vegetation cover could lead to greater regional warming than

would be expected from atmospheric 𝐶𝑂2 concentrations alone (Randerson et al., 2006; Shuman et al., 2011). A shift

in boreal forest composition to dark conifer dominance will likely increase the local and regional air temperatures

and, therefore, soil temperatures, leading to an increase in decomposition rates and accelerating release of 𝐶𝑂2 to the

atmosphere. Additionally, vast regions of the boreal forest are underlain by permafrost, which is also rich in carbon.

Some published estimates of carbon stored in the permafrost are more than double the amount of carbon already in

the atmosphere (Schuur et al., 2015). Vegetation above the permafrost layer can affect the active layer depth (the

depth to which the soil thaws during the growing season) and the release of permafrost carbon into the soil layer and,

eventually, into the atmosphere.

For example, larches dominate the region between the Yenisei and Lena rivers in central Siberia. Larches are a

deciduous conifer, and lose their foliage in the fall. During the winter, the incoming radiation is reflected by the

snow-covered forest floor, keeping the region severely cold (absolute minimum winter temperature −71𝑜𝐶), which

facilitates the maintenance of permafrost. The presence of the semi-permanent Siberian High pressure over this region

of Siberia also facilitates a colder climate as clear nighttime conditions are conducive to radiative loss of terrestrial

energy to space (Lydolph. 1977). When in leaf, the albedo of larch foliage is 0.2, which is almost double of other

conifers (Hollinger et al., 2010). In this manner, over the course of the year, larches facilitate a colder climate, which

is conducive to shallow depths of thaw during the growing season and freezing of the ground during the winter. If

larches were replaced by dark conifers, such as spruce, with a year-round albedo of 0.08 (Hollinger et al., 2010), more

solar radiation would be absorbed by the forest canopy through all seasons, facilitating local warming of the air and

soil temperatures, deeper depths of thaw, less soil freezing in the winter and, therefore, greater decomposition rates and

carbon release from the soils and the permafrost (Kobak, 1988; Kharuk et al., 2007; Shuman et al., 2011). Interestingly,
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Season Winter Spring Summer Autumn Year Average
Trend
(C/decade)

0.15 0.58 0.42 0.50 0.42

Fig. 5.14: These warming trends are spatially averaged across all of Russia for each season and represent the
average seasonal trends observed during 1990-2014. The lower warming rate during the winter season is misleading.
According to Roshydromet Office, wintertime warming trend of 0.44 C/decade was observed during 1976-2009, but
following the transition in the North Atlantic Oscillation to the negative phase, winter temperatures have actually been
decreasing, especially along south-central Russia, where the observed trend for 1976-2010 was -0.54 C/decade and
more recently (1994-2014) -2.0 C/decade.

recent remote sensing analyses demonstrate greater impacts of warming on the productivity and composition of larch

forests in Siberia than any other forests in Eurasia (Bunn et al., 2007; Goetz et al., 2007). These findings make the

analysis of the response of the denser central Siberian middle taiga forests to climate change, explored in this chapter,

all the more pertinent.

Understanding the dynamics of compositional changes in the boreal forest accompanying shifts in thermal and precip-

itation regimes will help us estimate the rate of subsurface carbon release to the atmosphere, as well as the capacity

of this ecosystem to serve as a sink for atmospheric carbon. Previous modeling studies estimate that the boreal belt is

expected to decrease in areal extent with climate warming (King and Neilson, 1992; Tchebakova et al., 2009b).

5.3.1 Observed and Forecast Climatological Changes

According to the Intergovernmental Panel on Climate Change (IPCC’s) Fifth Assessment Report (AR5) report, global

annual average near-surface air temperatures have increased approximately 0.88𝑜𝐶 during the 20th century (IPCC,

2013). Air temperatures over land have increased at approximately double the rate of those over the oceans. High-

latitude areas have warmed more than mid-latitude and equatorial regions, and locations with greater continentality

have experienced steeper warming trends than regions with maritime climates. According to the Russian Hydromete-

orology Office, the annual average temperature across Russia has been increasing at a rate of 0.42𝑜𝐶𝑑𝑒𝑐𝑎𝑑𝑒−1 during

1976-2014 (Gruza et al., 2015), which significantly exceeds the global average of 0.12𝑜𝐶𝑑𝑒𝑐𝑎𝑑𝑒−1 for the same time

period (IPCC, 2013). The warming trends vary by season, as shown in Figure 5.14 for the time frame of 1990-2014

compared to the base historical period of 1961-1990.

The daily air temperature does not necessarily have significant effects on vegetation processes, but the accumulated

heat load over the course of the growing season, as summarized with growing degree days (𝐺𝐷𝐷5), does affect tree

growth and evapotranspiration demands. The monthly anomalies for the year 2014 are shown in Figure 5.15 for the

Russian Federation (reproduced from Gruza et al., 2015). Considering the year 2014 as a recent example, I estimated

the monthly positive and negative anomalies, adjusted the historical monthly average temperatures for the region

5.3. Climate Sensitivity Analysis: spatially-explicit forest responses to climate change in central
Siberia
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(based on WMO records for 1955-2000), and calculated the growing degree days for a WMO station (Dzerzhinskoe

#29481) just south of the Usolsky forest used for model validation. A significantly greater amount of growing degree

days was accumulated in 2014: 1330, compared to 1267𝑜𝐶 based on the historical average (1955-2000). This warming

has not been accompanied by any appreciable changes in precipitation in central Siberia (Vaschuk and Shvidenko, 2006;

Gruza et al., 2015) and, for this reason, effects of changes in precipitation regime were not examined in this study.

Fig. 5.15: [Reproduced from Figure 1.3 from Gruza et al. (2015).] Starting with December of 2013 in the upper left,
and moving across to January, February, etc., monthly anomalies are shown in degrees Celsius. Note the heterogenous
distribution of the anomalies, both in the spatial and temporal domain.
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Forest composition affects the canopy albedo, because different species absorb and reflect different amounts of solar

radiation based on canopy geometry and photosynthetic ability (Betts, 2000). Changes in forest structure also affect

canopy albedo, because canopies of different geometries interact with incoming light differently (Monsi et al., 1973;

Oker-Blom, 1986; Betts, 2000; Larocque et al., 2006). Modifications to the surface (here, canopy) albedo affect heat

storage and transfer within the canopy (Betts, 2000; Barlage et al., 2005; IPCC, 2013). Furthermore, forest structure

and composition have a direct effect on the regional water budget, because broadleaf trees respire only during the

growing season and at lower rates than coniferous trees, and forests with greater leaf area have greater potential for

evapotranspiration, if soil moisture is not limiting (Kobak, 1988; Gower and Richards, 1990; Smith and Hinckley,

1995). For all of these reasons, it is important to understand how the structure and composition is likely to change

with the observed and forecast shifts in temperature and precipitation regimes, and to understand the thresholds and

tipping points for irreversible compositional changes and biome shifts.

5.3.2 Vegetation response to climate change in 1-D and 3-D modes

Under the historical climate (1955-1990, NCDC, 2005a,b; Gruza et al., 2015), the forests in central Siberia, in the

vicinity of Usolsky, were not drought-stressed. The 3-D mode best approximated the most productive sites (Ershov and

Isaev, 2006), while the 1-D simulation mode predicted stand biovolume and biomass close to the average conditions

on the landscape (Houghton et al., 2007). For the simulation of the historical climate, monthly average temperature

and precipitation sums were generated as in Chapter 4 using a gaussian distribution about an observed mean (NCDC,

2005a, 2005b). Climate change in this region was simulated using observed seasonal warming trends (Figure 5.14,

Gruza et al., 2015) starting in simulation year 1990. The simulation was initialized in the year 1800, so that by the

application of climate change, the forest reaches the average stand age reported in the Usolsky forest inventory (107

years, Ershov and Isaev, 2006). The simulation was set up identically to Section 5.1, with flat terrain, a maximum

stem density of 1000 stems/ha, and a cap on GPP of 4𝑚3ℎ𝑎−1𝑦𝑟−1.

In the 3-D simulation, the entire simulated stand died out suddenly between the years 2070 and 2080 due to insufficient

soil moisture. This die-off is reproducible between multiple simulation replicates with random climate. The droughts

become more frequent and prolonged after the year 2040, and the region remains in almost continuous drought starting

in 2090 and through the end of the simulation (year 2200). Starting with the year 2110, more than 60% of the growing

season is in drought. These environmental conditions flag all species, even the most drought-tolerant, for stress-related

mortality. The rapid decrease in basal area, biovolume and biomass (Figure 5.16) begins between the years 2030 and

2080 and is very abrupt. Figure 5.16 shows average stand behavior from 20 replicates for each mode. The averaging

dampens the apparent rate of collapse. Within a single simulation, the collapse occurs over the course of 1-2 decades.

5.3. Climate Sensitivity Analysis: spatially-explicit forest responses to climate change in central
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A few trees remain standing thereafter, but succumb to stress-related mortality within a decade or two. Although

some larch and occasional birch saplings try to establish in the decades that follow, they all succumb to mortality

from drought-stress and, thereafter, no saplings are able to establish for the remainder of the simulation. Note that

saplings of each species require a certain number of years with a favorable environment before they can establish in

the simulation at an average DBH of 2.5 ± 0.25𝑐𝑚. Those years represent the timeframe when the saplings have a

DBH of less than 2.5𝑐𝑚.

Fig. 5.16: Central Siberian boreal forest response to observed temperature trends extrapolated forward to the year
2200. A significant decrease in live vegetation occurs mid-21st century, a shown through species-specific and stand
aggregate basal area.

In the 1-D simulation, the abrupt collapse is also observe within a similar timeframe. However, the stand structure

prior to the collapse and attempted regeneration that follows differ from the 3-D simulation. Pre-collapse, the simulated

stands in the 1-D simulation are smaller, with approximately one half the basal area of the stands simulated in the 3-D

mode, yet three times the LAI (16 compared to 3-4). The pre-collapse forest is of smaller stature and tree growth

is more suppressed (as in Section 5.1). There are more birches and pines in the main canopy, and Siberian cedar

plays a greater role in the stand composition. Post-collapse, a strong release signal is apparent in the available light

factors for main canopy, subcanopy and understory trees, which is absent in the 3-D simulation. Larch, birch, and

pine saplings are evident in regeneration in the late 21st century. Pine is generally absent from regeneration in the

3-D mode. Furthermore, larch regeneration appears more intense post-collapse in the 1-D mode, which may be due to

higher LAI (3-8 in the regenerating stands, compared to <1 in the 3-D mode), resulting in less light at the ground level

and, thus, lower PET demands than in the 3-D simulation.

It is difficult to say which of the two modes more appropriately simulates the vegetation response to climate change.

The responses are quite similar across the two modes, and occur within the same time frame and with a similar rate.

Spatial-explicity does appear to play a significant role in simulating stands of appropriate structure and composition in
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a specified environment. Both simulations modes, however, capture the dramatic decrease in growth rate and increase

in stress-related mortality near the same temperature thresholds. Rapid decrease in biomass occurs following a 2𝑜𝐶

increase in annual average temperature (year 2060), collapse occurs with a 2.5𝑜𝐶 increase (year 2080), regeneration by

the species in the simulation is no longer successful following a 3𝑜𝐶 increase (year 2090), and conditions are no longer

favorable for germination with a 6𝑜𝐶 increase (year 2160). The year estimates in parentheses were obtained using

a linear extrapolation of the seasonal trends summarized in Figure 5.14 observed during the 1990-2014 timeframe.

However, these trends are likely to change, especially as local changes in vegetation structure and composition become

more significant drivers of accelerated climate change in the region, and the listed thresholds are, thus, likely to be

reached sooner. The 16-model CMIP3 ensemble of Global Circulation Models predicted that if the IPCC A2 scenario

(IPCC, 2007) is sustained, an increase of 4 − 6𝑜𝐶 in annual average temperature is likely during the 21st century in

central Siberia (Meleshko et al., 2008). This GCM-predicted rate is greater than the extrapolation of observed seasonal

warming trends used in the SIBBORK simulation.

These results are in contrast to the findings by Gustafson et al. (2010) and Shuman and Shugart (2009), who used the

LANDIS-II and the FAREAST models, respectively. In the FAREAST simulation, a gradual 2𝑜𝐶 increase in annual

average temperature over the course of 200 years, without changes in precipitation, did not result in statistically

significant changes in stand biomass across multiple sites in Eurasia. A 2𝑜𝐶 increase over the course of 2 centuries

represents a much slower rate of warming than reported by Gruza et al. (2015) for the period of 1990-2014. In the

LANDIS-II study, Gustafson and his colleagues parameterized the model according to species and site conditions from

an area just east of Usolsky (58.9𝑜𝑁 , 103.0𝑜𝐸), and increased the temperature by 5𝑜𝐶 over the course of a century,

alongside a 20% increase in precipitation. They observed no significant changes in biomass or stand composition

due to changes in climate alone. It is possible that a very gradual warming rate would not change stand dynamics in

SIBBORK either, or that an increase in temperature accompanied by an increase in precipitation would not result in

the dramatic forest collapse toward the end of the 21st century. These analyses were not conducted. Instead, actual

observed seasonal warming trends were employed to modify temperature at an observed rate alongside no change in the

precipitation regime, since none has been observed in the region, and a collapse of forest structure was observed with a

2.5𝑜𝐶 warming in central Siberia. This particular result is not unique to SIBBORK. Further investigation by Shuman

and her colleagues using the classical gap dynamics model FAREAST observed a collapse in forest biomass following

a comparable increase in annual average temperature in central Siberia (Shuman et al., 2011). Climate change was

simulated as a linear increase of historical annual average temperature by 4𝑜𝐶 over the course of 500 years, and a

collapse in larch-dominated stands was observed at year 175, which corresponds to 1.4𝑜𝐶 increase. However, at

that point in their simulation, birch and pine were still able to establish and a forest with new composition quickly

developed. This type of regeneration was not observed in SIBBORK following the collapse of forest vegetation with

5.3. Climate Sensitivity Analysis: spatially-explicit forest responses to climate change in central
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a 2.5𝑜𝐶 increase in annual average temperature and no change in precipitation in central Siberia. Sudden changes in

vegetation structure and biome shifts have been observed in the past, such as at the end of the Pleistocene (Chapin

et al., 2004), and so are likely to occur in the future, especially as the current rate of warming in Siberia seems to

have surpassed most time periods in the paleontological record. The outlook is grim, however, SIBBORK can be used

to assess the feasibility of mitigation efforts, including selection of species that are most likely to thrive under the

probable new growing conditions in southern and central Siberia in the 22nd century.
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CHAPTER

SIX

CURRENT AND FUTURE DEVELOPMENTS

“Sometimes the questions are complicated and the answers are simple.” - Dr. Seuss

6.1 Disturbances and Mitigation

Eurasian boreal forests represent half of the global boreal forest, constitute nearly a quarter of global forested area

(Anonymous, 1990; Conard et al., 2002), and comprise a significant area for the exchange of carbon between the

atmosphere and the terrestrial biosphere. As atmospheric 𝐶𝑂2 concentrations increase, and the growing global popu-

lation exerts greater pressures on land use and timber products, it is important to understand how current and potential

future disturbance regimes may affect the role of the Eurasian boreal forest in the global carbon cycle. In recent

decades, likely due to increasing disturbances, the loss of forest biomass has exceeded biomass accumulation in these

forests (Krankina and Dixon, 1994; Krankina et al., 1996; Krankina et al., 2005). Similarly, Canadian boreal forests

have also experienced greater loss of biomass to timber harvest, stress-induced stand mortality, insect outbreaks, fires,

and other disturbances than accumulation of live biomass (Kurz et al., 1995b; Kurz and Apps, 1999; Ashton et al.,

2012). Equally vital is the understanding of how climate change and the associated shifts in disturbance regimes may

affect the structure and composition of the Eurasian boreal forests and their ability to sequester and store carbon, and

provide the raw materials for the timber industry. This chapter explores the possibility of including three of the most

prominent forest disturbances - fire, insect outbreaks and timber harvest - in the SIBBORK model, and assesses the

necessary parameterizations and likely changes to model output from this inclusion.

6.1.1 Inclusion of disturbance alters model output

In SIBBORK, saplings are established and grow into trees. The trees are subjected to species-specific intrinsic mor-

tality, which assigns equal probability of mortality in a given simulation year to all trees of a given species, regardless
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of age. Under the current SIBBORK parameterization for age-related mortality, 1% of trees survive to their species-

specific maximum age in the absence of environmental stressors (Shugart, 1984). This assumption is only valid in

stands without disturbances. If disturbances are considered in observed stands and in the simulation, fewer than 1%

of individuals would be expected to survive to the species-specific maximum age (Mielke et al., 1978; Keane et al.,

2001). Trees are additionally subjected to stress-related mortality, which depends entirely on the environmental con-

ditions and each individual tree’s tolerance to these conditions based on species and position in the canopy. Inclusion

of disturbance - an event that affects the stress level and mortality of multiple individuals within one year - would shift

the forest structure toward a younger forest, and forest composition - toward greater prevalence of pioneer species

(Goetz et al., 2007). Dense stands of birch and aspen would become more prominent, and transition to a dark conifer

forest may not be reached between disturbances.

Different disturbances affect the forest structure, composition, and dynamics in different ways, and therefore require

different parameterizations within a simulation model. I do not have a goal of explicitly simulating different forest

disturbances in SIBBORK, as this would require me to become an expert in fire modeling, meso-scale (winds) meteo-

rology modeling, and population dynamics modeling with a focus in entomology. Needless to say, numerous fire and

insect propagation models already exist. Rather, I am interested in modeling the effect of these different disturbances

on forest vegetation processes, which would include parameterizations in the establishment, growth, and mortality

subroutines that incorporate species-specific effects of these agents. Wildfires, insect outbreaks, logging, windthrow,

landslides differ significantly in their spatial and temporal domains. Their effects on vegetation processes and the

rate of carbon release to the atmosphere also differ, depending on the disturbance (Krankina et al., 1996). For ex-

ample, intense crown fires result in a large flux of carbon into the atmosphere during the disturbance event, whereas

low-intensity fires, windthrow and insect outbreaks result in standing and fallen detritus (dead biomass) that continue

to release carbon to the atmosphere over the course of several decades following a disturbance (King and Neilson,

1992; Wirth et al., 2002; Kashian et al., 2006; Goetz et al., 2007; Dore et al., 2008). Inclusion of parameterization

for the effects of disturbances on mortality and sapling establishment subroutines is likely to result in different stand

structure and composition for surviving stands, and in different successional pathways for stands recovering from

stand-replacing disturbances.

Fire

Millions of hectares of boreal vegetation is destroyed by wildfires annually (Conard et al., 2002). Wildfires affect an

ecosystem through a multitude of processes, including a large carbon pulse to the atmosphere, decreased surface and

(charred) vegetation albedo in the short-term (years, Gerard et al, 2003) followed by increased albedo in the long-

term (decades, Goetz et al., 2007), an increase in forest floor decomposition rates and the availability of soil nutrients

or loss of forest floor, increased amount of light reaching the ground, as well as modified hydrology and radiation
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budgets (Kasischke and French, 1995; Liu et al., 2005). The wildfire pattern in boreal ecosystems is a driving factor

in the landscape-scale stand structure and diversity (Bonan and Shugart, 1989). The intensity of the effect of fire on

forest vegetation depends on the expanse and type of fire. Wildfires are generally classified into three categories based

on intensity: crown (most intense), ground (moderate intensity), and surface (low intensity) (Wirth, 2005). There is

significant interannual variability in the area burned each year, and the degree of damage to the forest stands (Conard

et al., 2002; Soja et al., 2007). As much as 80% of the burned area may experience low-intensity surface fires, while

in intense fire years, 50% of the burned area may suffer high-intensity crown fires (Conard et al., 2002; Gustafson

et al., 2010). Different arboreal species have different tolerances to fires, with pines and larches able to survive most

medium-severity surface fires due to thicker bark (Wirth, 2005), while aspen and birch experience complete mortality

even in low-severity fires (de Groot et al., 2013). In the lowest intensity category, mostly the forest floor/litter and

some of the smaller saplings are destroyed. Moderately-severe ground fires kill most of the understory. These two

categories represent the vast majority of fires reported for Russia and are most common in pine and larch forests

(Conard et al., 2002; de Groot et al., 2013). Crown fires are intense enough to kill all vegetation (Kukavskaya et al.,

2013), and are more commonly observed in dark conifer forests (de Groot et al., 2013). Frequencies of occurrences

for each of these three types of fires has a significant effect on long-term forest dynamics. The recovery trajectory

after a fire may be significantly different from the successional pathway that resulted in the pre-burn forest structure

and composition, especially if it occurs under different climatological conditions (Viereck et al., 1986; Kukavskaya et

al., 2013; Johnstone et al., 2004; Goetz et al., 2007).

Wildfires can occur in a forest of any age, structure and composition. Ignition is often facilitated by lightning (Kharuk

et al., 2011), although over 80% of fires in Siberia are likely anthropogenic in origin (Korovin, 1996; Valendik, 1996;

Mollicone et al., 2006; Gustafson et al., 2010). The type of fire, the amount of fuel load and the wind conditions

determine the intensity and rate of spread (Hely et al., 2001; Gustafson et al., 2010). Climatic changes affect the

amount of moisture in vegetation and, therefore, the likelihood of ignition (Balzter et al., 2005). Forest composition

can also facilitate or suppress development of crown fires, such as by high crown moisture content in broadleaf and

larch canopies versus highly flammable dark conifer needles (Cvetkov, 2002; Chapin et al., 2006 a,b; de Groot et al.,

2013), and mediate, to an extent, the amount of carbon released to the atmosphere (Goetz et al., 2007).

Recent studies show that following a fire, not all trees die and fall over. Some remain standing and continue to grow

minimally in a very stressed state following fire damage. During this time, which can be upward of 40 years, the forest

acts as a source of atmospheric carbon (King and Neilson, 1992; Kashian et al., 2006; Kurz et al., 2008). The standing

snags do not facilitate regeneration to the same degree that an area with fallen trees would. Regeneration also differs

post fire, depending on fire size and intensity. Stand structure and, therefore, light geometry, will differ significantly

following a ground fire versus a stand-replacing crown fire. Some trees will be able to survive low-intensity ground
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fires, and the regeneration that follows is likely to facilitate establishment of shade-tolerant coniferous saplings. After

a stand-replacing, high-intensity crown fire, however, sufficient light environment will likely facilitate sprouting of

shade-intolerant broadleaf or deciduous conifer (larch) species (Nikolov and Helmisaari, 1992; Goetz et al., 2007).

High-intensity crown fires are often followed by regeneration of even-aged cohorts of shade-intolerant species (birch,

aspen, larch), whereas low-intensity ground fires allow regeneration of cohorts of shade-tolerant (dark conifers) and

somewhat-shade-tolerant species (pine) in the understory (Gustafson et al., 2010). Stand productivities along these

two trajectories are vastly different, with shade-tolerant conifers exhibiting lower productivity and lower albedo than

broadleaf stands.

Vegetation subject to fires less than 50-ha in size are often replaced by the same species that grew in the area pre-

fire, whereas following larger fires, regeneration is delayed, but all species whose range overlaps the burned area are

likely to be represented in the new growth (Buryak et al., 2009). Fire facilitates the sprouting of larch due to the

heat necessary to open up the serotinous cones (Chapin et al., 2004). Spruce, which regularly reproduce by seed,

stump sprouting or layering (vegetative regeneration through roots), predominantly undergo regeneration by layering

following a surface fire. Regeneration of some boreal species is delayed following a fire (Buryak et al., 2009). To

realistically represent the effects of wildfire on tree growth, mortality and regeneration, species-specific tolerances to

fire damage and enhancements to seed bank need to be incorporated. The current version of SIBBORK only addresses

reproduction by seed. Some species, such as spruce, birch and aspen, also reproduce vegetatively via stump sprouting.

Stump sprouting is currently not represented in SIBBORK, but may become more important in capturing post-fire

forest regeneration dynamics and appropriately representing aspen and birch regeneration following a surface fire.

Parameterization of effects of wildfire on vegetation simulated in SIBBORK will need to include fire periodicity and

fire intensity, as well as a fire tolerance for each species in the model. The fire tolerance will determine the likelihood

that a tree will be killed in a fire of a given intensity. The inseeding rates of species that are facilitated or suppressed

by wildfire can also be modified. Figure 6.1 summarizes the data on fire frequency (Onuchin, 1986; Shvidenko and

Nilsson, 2000; Kharuk et al., 2005; Soja et al., 2006; Houghton et al., 2007; Buryak et al., 2009; Ivanova et al., 2010;

Kharuk et al., 2011) and area burned (Furyaev et al., 2004) for northern, middle, and southern taiga ecotones. The fire

return intervals in Figure 6.2 are presented as a function of the type of fire, classified by fire intensity level. Figure 6.3

assimilates species-specific fire tolerances and the effect of fire on regeneration for boreal species in Siberia (Nikolov

and Helmisaari, 1992; Wirth, 2005; de Groot et al., 2013).

Together with an undergraduate student Charlie Henley, a simple, probabilistic fire subroutine, which kills all trees

on plots with fire in a given simulation year, has been developed for SIBBORK. The subroutine is similar to the

parameterization used for exogenous mortality in early gap dynamics models (Prentice et al., 1993). The process

flow for this subroutine is shown in Figure 6.4. A simple linear model (equation (6.1)), is used to scale the random
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ecotone % burned annually fire return interval
southern taiga 0.25 60-80 years
middle taiga 0.16 65-100 years
northern taiga 0.13 130-350 years

Fig. 6.1: In the simulation the fire return interval can be used to set the probability of fire on each plot for each
year of the simulation. It would be up to the user to specify the correct probability in the driver for the cotone
simulated, since “ecotone” is not a variable in the simulation. The percent of area burned can be used to validate
the fire probability subroutine by comparing the area burned in the simulation, averaged across 150 replicates, to
the observed annual average value. This type of comparison would not work for simulations of independent plots,
and would only make sense for 3-D grid simulations with spatial domains of several hectares. Fire return intervals
obtained from the literature for southern (Onuchin, 1986; Houghton et al., 2007; Buryak et al., 2009; Ivanova et al.,
2010), middle (Kharuk et al., 2005; Soja et al., 2006), and northern taiga (Shvidenko and Nilsson, 2000; Kharuk et al.,
2011) .

intensity fire return interval
low < 50 years
moderate 50 - 100 years
high > 100 years

Fig. 6.2: The fire return interval varies based on the type of fire, classified by intensity.

species Fire tolerance (code) Fire plant functional type fire return interval
Abies sibirica intolerant (1) Avoider 167 years
Larix sibirica very tolerant (4) Resister 59 years
Betula pendula somewhat intolerant (2) Invader 57 years
Picea obovata intolerant (1) Avoider 167 years
Pinus sibirica intolerant (1) Avoider 167 years
Pinus sylvestris tolerant (3) Resister 36 years
Populus tremula intolerant(1) Endurer 57 years

Fig. 6.3: Species-specific fire tolerances can be used together with fire intensity to assign stress flags or kill trees
in the event of a fire disturbance on a plot. Fire tolerance rank (1 = intolerant, 4 = very tolerant) can be used similar
to the shade-tolerance classification, to determine the effect of a fire event on each tree on the plot. Each species has
a different strategy for survival in an ecosystem where wildfires are a regular disturbance, which focuses either on
the survival of the mature tree or the enhanced dispersal/germination of seeds following a fire. Dark conifers are fire
avoiders - their flammable canopies result in rapid spread of wildfires and significant damage and mortality of these
species in a fire. Larch and pine have thick bark, and are able to resist most low- and moderate-intensity fires. Birch
seeds are wind-dispersed, and readily colonize burned areas. Aspen and some species of birch readily stump- or root-
sprout following a fire, and are classified as endurers. Due to the species-specific adaptations to fire disturbances and
the manner in which species modify their environment, the fire return interval varies based on the fire plant functional
type of the dominant species (Wirth, 2005).
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probability of fire based on the mean fire return interval (MFRI) by a drought trigger that can induce additional fire

events in years with a specified portion of the growing season in drought (soil moisture below wilting point).

𝐹𝑖𝑟𝑒𝑃𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 𝛽0 + 𝛽1 ×𝐷𝑟𝑜𝑢𝑔ℎ𝑡𝐹 𝑖𝑟𝑒𝑅𝑖𝑠𝑘𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (6.1)

where 𝛽0 represents the MFRI (𝑦𝑒𝑎𝑟𝑠−1) and 𝛽1 represents the fire probability if the entire growing season is in

drought. The DroughtFireRiskCoefficient will need to be estimated based on how much greater the observed fire

activity is during particularly dry years in each ecotone. Initial testing using a 𝛽0 value of 0.012 (MFRI=82 years) and

a 𝛽1 of 0.01 (drought increases the chance of fire by 1%) demonstrated that over the course of a 500 year simulation

there was a strong correlation between drought and fire occurrence on a plot.

Fig. 6.4: The process flow for the probabilistic fire subroutine with a drought trigger.

Using the MFRI for central Siberia (82 years, Figure 6.1), stand conditions were simulated under a fixed historical

climate starting from bare ground, and model output was compared to simulation without fire. The specified MFRI

in the simulation means that each plot has a chance of burning once every 82 years. The burning of the plots in this

probabilistic fire subroutine is not synchronized, so some plots in the 9-ha simulation burn each year. This suppresses

the stand aggregate biovolume and shifts forest composition toward a higher contribution from birch, larch and pine

(Figure 6.5). The shift toward shade-intolerant species likely occurs due to the decrease in LAI, which peaks at 7.6 in

the simulation without fire, but does not exceed 3.1 in between fire events. Regeneration in both simulations followed

a similar pattern following a year with a significant drought (year 200), with a pulse of larch and birch saplings in

the understory. This severe drought increased stress-related mortality and triggered more fires than other years, which

resulted in gaps the size of multiple plots and significantly more light available in the understory and ground level.

The available light factor was 0.6 for aspen, birch and pine in the understory following the drought-stress and drought-

triggered fire mortality events, compared to 0.5 just before the drought and in the simulation without fire. The available

light factor for birch, aspen, larch, and pine in the subcanopy increased by 5%. Simulation without fire experienced the

same drought and stress-based mortality, but this did not open up as many gaps, and the enhancement to the available

light factor for the shade-intolerant species in the subcanopy was on the order of 2-3%. Even the shade-intolerant

148 Chapter 6. Current and Future Developments



Modeling Boreal Forests in 3-D

Fig. 6.5: A comparison of (a) simulated biovolume and (b) species composition with and without a probabilis-
tic drought-triggered fire subroutine. When triggered, the fire kills all trees on a plot, which underestimated stand
biovolume, however, the change in species composition with the inclusion of the fire disturbance is realistic.

species in the main canopy experienced release with a 5% boost in the available light factor following the drought and

the associated fires. There were additional, smaller pulses in larch and cedar regeneration following years in which

fire events were more numerous, which were not observed in the control simulation without fire. However, because

the plots that burned each year were not necessarily next to each other, only small gaps were created on an annual

basis by the death of all trees on the burned plots, and regeneration of pioneer, shade-intolerant species, such as birch

and aspen, following probabilistic fire (without drought) was not observed.

This fire subroutine allows the fire trigger to kill all trees on the plot and does not account for different fire intensities,

which may leave certain larger and tolerant trees standing. The reduction in biovolume from this approach is exag-

gerated. The area burned each year in the simulation is slightly larger than observed values, which are 0.48 ± 0.18%

and 0.16%, respectively, potentially due to the rough estimation of the MFRI. When an MFRI of 100 years is used,

the area burned each year is decreased to 0.4 ± 0.14%. Further development will include tuning the MRFI to better

capture the area burned each year and modification of mortality preferentially assigned to the fire-intolerant species.
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The effect of fires on the carbon balance can be estimated by using the accumulated above- and below-ground biomass

to estimate the amount of carbon sequestered from the atmosphere, and published estimates for emissions from fires

(Shvidenko and Nilsson, 2000; Conard et al, 2002; Wirth, 2005), both in units of 𝑘𝑔𝐶𝑚−2 or t ℎ𝑎−1. For example,

Conard and her colleagues estimated that 22.5 tC are emitted for each hectare burned in Eurasia via a high-intensity

crown fire, 8.6𝑡𝐶ℎ𝑎−1 emitted in moderate-intensity ground fires, and 2.3𝑡𝐶ℎ𝑎−1 are emitted in low-intensity surface

fires (Conard et al., 2002). These emission estimates can be used to convert area annually burned in the simulation to

the amount of carbon released to the atmosphere during the associated simulation year.

The fire subroutine could be developed in one of two modes - probabilistic and spatially-explicit. The probabilistic

approach simply specifies the fire probability in the driver file, which can optionally be enhanced by a drought trigger.

A random number is generated and compared to the fire probability. If the random number is smaller than the prob-

ability, a fire event “occurs” on the plot. This fire could kill all trees on the plot or implement differential mortality

based on species-specific fire tolerances. This approach is salient in its simplicity and allows for ease of validation

against average percent of area burned reported for the different ecotones of Siberia (Figure 6.1). Conversely, the

spatially-explicit approach would adjust the fire probability on each plot based on whether a fire has occurred on an

adjacent plot, as well as based on topography and/or wind information. This approach is iterative and would require

significant computational expense, similar to the light subroutine, however, modules that simulate the spread of fire

across the landscape exist (e.g., LANDIS: Yang et al., 2004; Sturtevant et al., 2008; Scheller and Domingo, 2012) and

can be used as a reference framework.

Insect outbreaks

Insect outbreaks can have a significant effect on the structure and composition of boreal forests at the patch and

landscape scales (Shugart et al., 1992a). Examples of this include the spruce beetle outbreak in the Rocky Mountains

of the United States (Bentz et al., 2010), the Siberian silkmoth outbreaks in southern and central Siberia (Kharuk et

al., 2004; Ershov and Isaev, 2006), the mountain pine beetle outbreak in western Canada (Kurz et al., 2008), and the

spruce budworm in southern Canada (Morris, 1963; Dymond et al., 2010). The insects are always present in a forest,

but in healthy stands, the populations are manageable and do not spread. Insects prefer to invade already-weakened

stands. As the temperatures in central and southern Siberia continue to increase without an appreciable concurrent

increase in precipitation (Gruza et al., 2015), forests become stressed by temperature-induced drought and are likely

to be more susceptible to insect outbreaks. Insect outbreaks result in widespread tree mortality and a shift in the

ecosystem function to a source of atmosphere carbon, often for decades after the outbreak (Kurz et al., 2008). The

impacts of insect outbreaks on carbon dynamics in boreal forests can be comparable in magnitude to the effects of

forest fires (Kurz et al., 2008).
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species Defoliator tolerance (code)
Abies sibirica intolerant (1)
Larix sibirica tolerant (2)
Betula pendula tolerant (2)
Picea obovata intolerant (1)
Pinus sibirica intolerant (1)
Pinus sylvestris intolerant (1)
Populus tremula tolerant (2)

Fig. 6.6: Defoliator tolerance rank (1 = intolerant, 2 = tolerant) can be used similar to the shade-tolerance classifica-
tion, to determine the effect of a defoliator outbreak event on each tree on the plot.

Insect outbreaks affect tree growth, tree mortality, and the light environment (Kharuk et al., 2004). Using the outbreak

frequency information for forest-damaging insects in Siberia, the probability of an insect outbreak on a plot in a given

simulation year can be set, similar to fire probability. Focusing on the defoliators from the Lepidoptera order, which

predominantly affect conifers and represent the majority of defoliators in Siberia, the analysis can be simplified to

represent average defoliator effects on boreal forest dynamics. In western, southern, and central Siberia, the frequency

of outbreaks ranges from 2 to 10 events per century, with more frequent outbreaks in middle taiga than in the southern

mountainous regions (Kharuk et al., 2004), and no outbreaks in northern taiga north of 60𝑜𝑁 (Kharuk et al., 2003).

Instead of removing the affected species from the simulation, as in the fire subroutine, this subroutine would assign

stress flags to all individuals of the affected species on the plot. For example, if the insect outbreak is of a Siberian

silkmoth (Dendrolimus superans sibiricus), which preferentially destroys conifers (Kharuk et al., 2004; Valendik et

al., 2004a,b; Ershov and Isaev, 2006), all larches, pines, spruces, and firs on the plot can be flagged for stress-induced

mortality. Stress-based mortality gives a 1% chance of the individual surviving 10 consecutive years of stress. As the

tree awaits mortality, it is still affecting the light environment on the plot, although to more appropriately simulate

the effect of defoliator insects, the annual DBH increment and, therefore, the leaf area of stressed individuals can be

downsized significantly. This representation differs from the effects of fire, because the affected trees are allowed to

remain standing on the plot and continue to affect the light environment, suppressing regeneration of shade-intolerant

broadleaf species. The regeneration trajectory following an insect outbreak that leaves behind standing snags would

therefore be different than regeneration following a stand-replacing fire that results in fallen or completely burned

trees (Shugart, 1987). Figure 6.6 presents species-specific rankings of susceptibility to defoliation. Note that larches,

birches and aspens are able to survive defoliation due to their deciduous habit (Kharuk et a., 2004; Gustafson et al.,

2010) and are, therefore, labeled tolerant.

The insect outbreak subroutine could be developed in two modes - probabilistic and triggered. The probabilistic

mode, similar to the fire disturbance, would simply compare a generated random number to the annual probability of

outbreak, which could be averaged for Siberia or specified based on the ecotone simulated. For example, the outbreak

recurrence interval observed in central Siberia near the boundary between south and middle taiga ecotones is 15-30
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years (Kondakov, 1974), so an average annual probability of 0.05 could be used to compare to the random number

generated to assess whether an outbreak will occur in a given year of simulation. If the random number is less than

the probability, an outbreak “occurs” on the plot, in which case all susceptible species on the plot are flagged for

eventual stress-based mortality. Conversely, in a triggered mode, the probability of an outbreak would be assessed or

enhanced if a certain threshold in environmental conditions is surpassed, i.e. 𝐺𝐷𝐷10 (growing degrees above a base

temperature of 10𝑜𝐶) exceeds 1400𝑜𝐶. The triggered mode eliminates the need to consider or specify the ecotone

simulated, as the climatological conditions would be specified through monthly average temperatures in the driver

file. Furthermore, utilizing the spatially-explicit nature of SIBBORK, the probability of an insect outbreak on a plot

may be affected by an outbreak “occurring” on an adjacent plot. This is a more complex, computationally-expensive

approach, but a potential framework for reference already exists in the budworm/forest model (Clark et al., 1979).

Timber management

The timber sector is an important component of the Russian economy, with significant growth in the middle of the 20th

century during a push to industrialize Siberia, as well as after the fall of the USSR, when foreign interests began to

invest in timber operations. Logging practices have been developed to increase timber yields, and often do no include

sustainability or carbon budget considerations. Furthermore, due to corruption in recent decades, illegal harvesting has

been increasing in Siberian boreal forests (Kukavskaya et al., 2013). Although remote sensing facilitates monitoring of

forest loss (Hansen et al., 2013), data on biovolume of wood harvested illegally is not available. Forests in European

Russia and central Siberia represent the hub of Russian timber activity (Cuevas-Gonzales et al., 2009). Current forestry

management practices, together with wildfire disturbances, have shifted the European boreal ecosystem toward acting

as a source of atmospheric carbon (Krankina and Dixon, 1992). The southern half of the Krasnoyarsk Region in

central Siberia is also heavily timbered. This coincides with the area that is likely to experience the most drastic

changes, especially on south-facing slopes, as forests become stressed by temperature-induced drought and succumb

to increased mortality rate, fires and insect outbreaks. Although these changes have been forecast by SIBBORK

(Chapter 5) and others (Scholze et al., 2006; Tchebakova, 2006; Sitch et al., 2008; Tchebakova et al., 2009a), increased

tree mortality and insect outbreaks have already been observed in this region over the last several decades (Kondakov,

2002; Soja et al., 2007; Buryak et al., 2009; Ivanova et al., 2010; Buermann et al., 2014). The frequency and

expanse of fires have also been increasing (Goetz et al., 2007). Furthermore, not all management practices are equal,

and some may even increase carbon storage in managed forest stands (Kurz and Apps, 1999; Winjum et al., 1992;

Krankina et al., 2005) by as much as 2 Petagrams (Krankina et al., 1996). Assessment of different forest management

practices, especially planting and stand thinning, is especially important as pressures on this resource are increased

with increasing global population.
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The effect of current and proposed timbering practices (Krankina and Dixon, 1994) on carbon storage in Eurasian

boreal forests can be evaluated using simulation models, such as SIBBORK. Development of management practices

based on a simulation output could help determine the approach that increases the carbon sequestration and carbon

storage within the forest, and shifts the managed stands to act as sinks for atmospheric carbon. One suggestion is the

reforestation of timbered and fallow lands capable of sustaining tree growth (Winjum et al., 1992). As millions of

hectares of timber plantations are currently without tree cover (Krankina and Dixon, 1994), the use of a vegetation

model can facilitate selection of species for planting that would result in the largest rate of carbon accumulation

on these unvegetated lands. Furthermore, using the model, the long-term survival of multiple arboreal species can

be simulated with consideration of a changing climate, so that the most appropriate species are selected based on

environmental resource limitations, fire resistance, and resistance to the prevalent insects in the region. Another

suggestion is the replacement of overmature broadleaf (aspen, birch) stands with conifer stands, for increased long-

term productivity. SIBBORK can be used to assess what the short- and long-term biomass accumulation patterns are

likely to be on the specific soils and under the specific climate of those sites. Planting of coniferous species following

clear-cutting has also been suggested. The effect of this approach can be tested by allowing natural inseeding to occur

following a timber harvest, and comparing the output to simulations in which the inseeding for all broadleaf species

has been turned off, so that following timber harvest, only coniferous species are allowed to inseed. The relationship

between species composition and carbon storage can be computed using species- and age-specific ratios of carbon in

biomass (Isaev et al., 1995).

A timber subroutine in SIBBORK could be implemented using two modes - a set periodicity for timber harvest or

a timbering threshold, such as when a certain percentage of stems for the species of interest reach a specific DBH

(e.g. 80% of Scots pine have greater than 20cm DBH). An assessment of optimal timber harvest frequency was

conducted for tropical forest by Huth et al. (1998), and a similar assessment for central Siberian boreal forest would

be useful. Previous studies found that longer harvest rotations, more than 50 years in length, result in greater carbon

sequestration over the long term (centuries) (Krankina and Dixon, 1994; Huth et al., 1998). Furthermore, selective

harvesting options can be simulated and compared to the effects of clear-cutting approaches on biomass accumulation

and carbon storage.

6.2 Landscape Fragmentation and Edge Effects

Fragmentation refers to the decrease of forested area and the transition from a continuous forested landscape to a

landscape with “islands” of forest amidst non-forest vegetation or other terrain (steep slopes, roads, rivers). The result

of fragmentation is that the edge-to-area ratio is increased. Edges along the perimeter of the remaining forest can occur
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as a result of land use change, timber harvest, fires, landslides, windthrow, and other forest disturbances that result in

a sharp boundary between forests and unforested areas. “Edge effects” represent the effect of being near an edge of

a forest stand versus in the interior of a forest. Numerous edge effects occur along the perimeter and can extend as

far as 2400m into the undisturbed forest (Laurance et al., 2002; Broadbent et al., 2008). The effects include changes

in microclimates and environmental conditions, as along the edge greater diurnal and seasonal temperature variability

will be experienced, together with increased light, which results in greater PET and, therefore, AET, thus decreasing

the soil moisture and potentially increasing drought-induced stress in trees within a certain distance from the edge.

As the area of the forest fragment decreases, the proportion of the remaining forested area that experienced edge

effects increases (Laurance, 2008), and for small fragments it is possible that no area within the forested fragment has

retained the characteristics of a forest interior. Fragmentation and edge effects alter the biodiversity, gap dynamics,

productivity, radiation budget, nutrient cycling, hydrology and carbon storage of a forest stand (Angelstam, 1992;

Bradshaw, 1992; Chen et al., 1992; Ferreira and Laurance, 1997; Laurance et al., 2002; Laurance, 2008).

Fragmentation and edge effects have been observed in tropical and temperate forests, and include changes in the

environmental conditions experienced by the species within a certain distance of the forest edge. This results in

alteration of stand structure and species composition, as some species, especially canopy dominants (Laurance et al.,

2000) and those less adapted to edge conditions, experience increased mortality, whereas growth and regeneration of

other species may be enhanced by the conditions near the forest edge (Collinge, 1996). The gap dynamics experienced

along a forest edge are very different from those in the undisturbed forest (Ferreira and Laurance, 1997; Broadbent

et al., 2008). On the other hand, the light regime near the forest edge facilitates regeneration of shade-intolerant

pioneer species. Increased light increases the PET and AET, and can therefore result in drier conditions and lower

soil moisture near the forest edge than within the forest interior (Laurance et al., 2002). Changes in the soil moisture

regime along the edge can lead to changes in the frequency of fire disturbances (Cochrane et al., 1999; Laurance et al.,

2002; Broadbent et al., 2008; Laurance, 2008), while increased temperature variability and changes in the hydrology

and radiation budgets along the edge facilitate greater decomposition rates, with the result of a shift in the role the

forest plays in the carbon cycle from a possible sink to a source of atmospheric carbon.

Specific short-term (years) effects of fragmentation on forest structure that have been observed in tropical and tem-

perate forest ecosystems include a decrease in canopy cover and stem density and, therefore, stand basal area (Chen

et al., 1992). The decreases in canopy cover and stem density were due to an increased mortality rate experienced by

drought-intolerant tree species that prefer the forest interior forest habitat (Chen et al., 1992; Laurance et al., 2002).

On the other hand, increased regeneration of shade-intolerant species resulted in the longer-term (decades) changes

in stand density and species composition. In this manner, the fragment area experiencing edge effects first under-

goes deterioration of stand conditions and gap dynamics, followed by regeneration that shifts species composition
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Fig. 6.7: Reproduced from Laurance et al. (2002, Figure 3). An array of edge effects and their spatial extent into
the forest that have been assessed by Laurance and colleagues or gathered from the literature for Amazonian tropical
forests are shown with black bars. Red rectangles denote the characteristics that could be assessed using SIBBORK
for Siberian boreal forest ecosystems.
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towards dominance by early successional species, shifting the age structure toward younger, less productive stands

with decreased carbon storage capacity (Angelstam, 1992; Bradshaw, 1992; Chen et al., 1992; Laurance et al., 2002).

A spatially-explicit model, such as SIBBORK, can be used to assess the fragmentation and edge effects for boreal

forest ecosystems. Due to increased disturbance regimes and timber harvest pressures, the Siberian boreal forest is

becoming more and more fragmented (Aksenov et al., 2002). The effects of the disturbances are not limited to the

disturbed areas, however, as the edge effects have been measured up to 2400m into the forest (Laurance et al., 2002)

and could extend up to 10km into the forest interior (Broadbent et al., 2008). Plant and animal species composition

depends on fragment size (Wegge et al., 1992; Shugart, 2007). As fragments become smaller and more numerous,

more forested area is subject to edge effects. In tropical ecosystems, it was found that the smaller fragmented forest

areas were more “vulnerable to stochastic effects” and effects of climate change (Laurance et al., 2002; Laurance,

2008). SIBBORK could be used to test the severity of edge effects, their extent into the forest, their effect on the

structure and composition of the forest, as well as their effect on the ecosystem response to climate change. To assess

the edge effects, the edge-to-edge wrap-around in SIBBORK could be turned off, and spatial domains of different

sizes can be simulated. The trees along the edge of the simulation grid would receive full light, which will affect the

PET and, therefore, the AET and the soil moisture on the plots with increased light. Since the light and soil moisture

conditions are computed at the plot level, SIBBORK will likely be able to resolve the magnitude and extent of the

edge effect on environmental conditions on each plot. Tree species establish, grow, and die on the plots based on

environmental conditions and stresses due to resource limitations, such as drought-induced stress. SIBBORK will

likely be able to reflect the changing structure and composition on plots near the edge compared to plots near the

interior of the simulation grid. The high latitude light regime may result in significantly different type and extent of

edge effects compared to tropical and temperate ecosystems. Figure 6.7 shows in red rectangles the potential edge

effects that may be captured in the SIBBORK simulation. The limitations on the interpretation of the results from this

approach include the lack of consideration of the landscape matrix within which the forest fragment is simulated. The

matrix often has effects on the regeneration and disturbance regimes experienced along the edge (Laurance, 2008),

however, for the purposes of simplification of the model, and since the model only simulates arboreal vegetation, the

effects of the matrix may need to be ignored.
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6.3 Synthetic data generation for Synthetic Aperture Radar calibra-

tion and validation

Unlike imagery in the visible or infrared (IR) ranges, including LIDAR (LIght Detection And Ranging), which can be

limited by cloud cover, nighttime or weather conditions, air- and space-borne Synthetic Aperture Radar (SAR) uses

radio frequencies to acquire high resolution imagery based on signal return strength and duration between pulse and

echo return. Signal return depends on the wavelength used: X-band is reflected from leaves, C-band can penetrate

through the canopy and is reflected from twigs and branches, L-band is reflected by the branches and small trunks,

and P-band penetrates through the smaller parts of the trees and is reflected by large branches and trunks. Previous

space-borne estimates of biomass based solely on leaf area yielded great uncertainties. Inclusion of other tree parts

in the estimates, and also using polarized SAR to obtain information on the 3-dimensional structure of the forest (Le

Toan et al., 1992), facilitates better estimates of carbon storage in global forests, as well as monitoring of changes in

forest structure and biomass due to climate change and disturbances. The 3-D structure of the forest also provides

information on habitat structure and complexity, which can be used as a proxy for assessment and monitoring of

ecosystem biodiversity. NASA is currently working on the calibration and validation of algorithms for SAR signal

interpretation for the planned NISAR mission, which will have the L-band and the S-band SAR onboard. The L-

band has previously been used to estimate stem volume in boreal (Fransson, 1999), temperate (Beaudoin et al., 1994)

and tropical (Englhart et al., 2011) forest ecosystems. In the past, LIDAR data has been used to calibrate the SAR

signal interpretation (Englhart et al., 2011), however, this necessitates collection of LIDAR data, which is entailed

and expensive. The light ray tracing subroutine in SIBBORK, which considers the leaf area, LAI, and foliage biomass

along its multiple ray paths, can be particularly useful for the calibration and validation process by generating synthetic

data and estimating the expected signal profiles for different ecosystems. SIBBORK can be used to simulated forest

stand structures under different environmental conditions and can be easily re-parameterized to simulate temperate

and tropical ecosystems using global climate, elevation, and soil datasets, and forestry yield tables or inventory data.

SIBBORK can thus be used to generate productive and stressed stands, under an array of environmental conditions,

including current and near-future climates, for broad spectrum training of the SAR signal interpretation algorithms.
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CHAPTER

SEVEN

CONCLUSIONS

Global forests are changing across multiple spatial and temporal scales. To understand and prepare for the potential

near-future changes, we need tools that synthesize forest processes and their responses to changing environmental

conditions. The new 3-D spatially-explicit model SIBBORK was created with this purpose in mind. It has enhanced

our understanding of the inner workings of forest ecosystems, and how their role in the global carbon cycle may be

altered by imposed perturbations, such as near-future climate change. SIBBORK simulates forest structure dynam-

ically, which includes complicated dynamics not expressed in other models without spin-up. This includes strong

coupling to local environmental conditions that reproduce species ranges without external limitation to where each

species can grow. SIBBORK has been calibrated on forestry yield tables from southern taiga in central Siberia, and

validated against field data from southern, middle, and northern taiga ecotones. Furthermore, SIBBORK application

has been tested in prediction of the location of current and future northern, southern, and elevational treeline loca-

tions. SIBBORK-based simulation of biomass allocation and species shifts can be used to inform management and

mitigation in a region currently experiencing the most rapid climatological changes.

SIBBORK was created with flexibility in mind. This tool has been calibrated and tested on the boreal forests of central

Siberia, but can be used to simulate other ecotones with minimal re-parameterization, enhancing the infrastructure for

research and education. The Siberian boreal forest was selected as a test ecosystem, but the model can be used to

simulate forest dynamics for other types of forests. In order to parameterize SIBBORK to a forest ecosystem of choice,

climate, soils, and species information is necessary. These datasets are publicly available (e.g., World Meteorological

Organization, FAO soils databases, forestry yield tables). Furthermore, it is important to select the plot size that best

approximates the size of the crown of the canopy dominant trees in the selected ecosystem. Model sensitivity analysis

demonstrated that gap dynamics are most appropriately simulated when there is congruency between the size of the

simulated plots and the canopy cross-section of the dominant trees. If the selected plot size is too small, the light

computation is complicated by too thick of a canopy, which results in stunted growth and decreased regeneration of
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saplings. Converselly, when the selected plot size is too large, the death of a canopy dominant tree does not open

a gap in the simulated canopy, but rather decreases the foliage density in the upper canopy layer. This does not

facilitate enough light to reach the subcanopy or the ground level to simulate sufficient regeneration. The user can

also select to simulate a 1-D or 3-D light environment. Both approximate large-scale biomass dynamics and average

species composition, but the 3-D simulation more accuratey reflects local and regional forest dynamics, which becomes

increasingly important for investigation of changes in transitional ecotones.

No one model is best at simulating every process, structure and pattern within the complex forest ecosystem, but

SIBBORK does represent individual-level and landscape-level characteristics and dynamics in a way that is consistent

with observed patterns across a broad range of ecotones in central Siberia. SIBBORK-based predictions of forest struc-

ture and dynamics can be utilized for testing the effects of changing natural and anthropogenic disturbance regimes,

and the appropriateness of mitigation approaches geared toward retaining forest productivity under changing climato-

logical conditions. Model applications simulating the vegetation response to climate change revealed significant and

irreversible changes in forest structure and composition, which are likely to be reached by mid-21st century. These

changes in land cover will inevitably result in changes in the biodiversity, carbon storage, and the ecosystem services

provided by the Siberian boreal forest. A model such as SIBBORK, verified to this extent, may represent a unifying

theory for the internal organization of Siberian boreal forests and the adaptive behavior of individual trees within the

landscape-scale forest dynamics. At this stage, SIBBORK may be in a “Medawar zone” - a functional balance between

the model’s ability to compute dynamics and still possess a degree of realism in the structure and composition of the

forest.

The source code, user manual and all associated files for this new ecological model are open source and freely available

at www.github.com/sibbork/sibbork. Moreover, the simulation model can be used as an educational tool in biology

and ecology courses to facilitate participation of students and non-scientists in investigation of perturbation effects on

forest processes.
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