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*  GAYA 2.0: a new scenario analysis model focusing on forest carbon fluxes.

»  Carbon sequestration potential estimated at regional level.

*  GAYA 2.0 may be used to estimate the costs of obtaining carbon benefits by adapting the
forest management.

Carbon sequestration and income generation are competing objectives in modern forest manage-
ment. The climate commitments of many countries depend on forests as carbon sinks which must
be quantified, monitored, and projected into the future. For projections we need tools to model
forest development and perform scenario analyses to assess future carbon sequestration potentials
under different management regimes, the expected net present value of such regimes, and possible
impacts of climate change. We propose a scenario analysis software tool (GAYA 2.0) that can assist
in answering these types of questions using stand level simulations, detailed carbon flow models
and an optimizer. This paper has two objectives: (1) to describe GAYA 2.0, and (2) demonstrate
its potential in a case study where we analyze the forest carbon balance over a region in Norway
based on national forest inventory sample plots. The tool was used to map the optimality front
between the carbon benefit and net present value. We observed changes in net present value for
different levels of carbon benefit as well as changes in optimal management strategies. We pre-
dicted future changes in several forest carbon pools as well as albedo and illustrated the impact
of gradual increase in forest productivity (i.e., due to climate warming). Having been updated
and modernized from its previous version with increased attention to forest carbon and energy
fluxes, GAYA 2.0 is an effective tool that offers multiple opportunities to perform various types
of scenario analyses in forest management.
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1 Introduction

Since the Paris Agreement, global discussions on climate change mitigation have revolved around
achieving net zero emissions and limiting warming to 1.5 °C. The Intergovernmental Panel on
Climate Change (IPCC) has concluded that the net greenhouse gases emissions should reach zero
by around 2050 to limit warming to 1.5 °C. (Pachauri et al. 2014). Many countries, representing
over two thirds of the world’s economy, have set net-zero targets (Fankhauser et al. 2022; Hale et
al. 2022). However, a recent review shows that despite including forests in their strategies, few
countries have quantified their role in reaching net zero emissions (Smith et al. 2022).

Alongside worldwide agreements, national and supranational entities, such as the European
Union, implement strategies that are more ambitious, with clearer goals and better leveraged. In
2021, the EU Commission unveiled the New EU Forest Strategy for 2030. This strategy, which
blends voluntary actions with regulatory and fiscal measures, is targeted at reducing emissions by
55% by 2030 (EU Comission 2021). Norway mirrored this objective (Government of Norway 2022)
and in addition is increasing forest certification requirements from 2023, emphasizing sustainable
practices like selective cutting and conservation (PEFC 2022).

The updated climate commitments and new regulations are expected to put more pressure
on the forest sector to accommodate climate benefits. There is a call for transformation in forest
management, shifting from a predominantly economic focus to include environmental conserva-
tion and climate mitigation. Forest management in Europe varies due to unique geographical and
socio-economic factors in each country. Therefore, any changes to forest management should be
tailored to individual countries or regions. To understand the intricate relationships between forest
management and climate scenarios, and to potentially incorporate new government policies and
certification regimes, precise and regional simulation tools are needed.

GAYA is a stand-level forest simulator developed for the Norwegian forest sector (Hoen
and Eid 1990; Hoen and Gobakken 1997). By itself, it can be used to generate and simulate a set
of alternative treatment schedules for each treatment unit (stand or sample plot). Coupled with an
optimizer, J (Lappi 2003), it has been a powerful and reliable tool for scenario analyses with detailed
insights in the effects of different management regimes. Several studies over the past decades have
used GAYA to analyze the relation and effects of competing forest management objectives such as
maximizing the net present value and maximizing the carbon sequestration potential (Hoen and
Solberg 1994; Hoen and Solberg 1997; Raymer et al. 2009). The simulator has seen several updates
and improvements over time but its old FORTRAN code base presents challenges to maintenance
and further development. For this reason, there is need for a GAYA version 2.0 with a new, modern,
and updated follow-up software. In the new version some of the core models have been improved
and updated, including more robust dominant height development models, an updated soil carbon
model, and a more detailed carbon accounting module. Furthermore, the wood volume calculations
are now based on taper models that improve predictions on the usable stem wood, its monetary
value, and the associated carbon flows. GAYA 2.0 has a strong focus on forest carbon fluxes and
an added albedo model complementing the range of climate services relevant for boreal forests.

This paper has two main objectives: (1) to describe the new forest stand simulator GAYA
2.0, and (2), to demonstrate the functionality if the software system in a case study that considers
the carbon storage potential of the forest on a regional scale. In the case study we aim to quantify
the carbon sequestration potential under different silvicultural regimes, estimate costs for different
levels of carbon benefits, and illustrate how forest management regimes may change to accommo-
date increasing levels of carbon benefits. In addition, we show possible effects of gradual increase
in boreal forest productivity due to climate warming and predict changes in forest albedo.
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2 Software system

GAYA 2.0 was developed using C++ (17 standard), NetBeans IDE (Oracle Corporation 2018), and
the MinGW-w64 environment and compilers (Free Software Fundation Inc. 2020). For parallel
processing we use the OpenMP API (OpenMP Architecture Review Board 2015). We distinguish
two parts of the proposed software system. The main component is the stand simulator which
is used to generate alternative treatment schedules for a set of forest stands. Then, connected to
this, the optimizer selects the best set of treatments according to an objective function and a set
of constraints. GAYA 2.0 uses JLP22 optimizer (Lappi 2022) which is an updated version of the
linear programming optimizer J (Lappi 2003). JLP22 was published on GitHub (https://github.
com/juhalappi/JIp22) and is integrated with GAYA 2.0 at the compilation stage. In Fig. 1 we show
a concise overview of the system based on a typical use case.

GAYA 2.0 may be run directly from the command line or through a simple user interface
that facilitates the specification of some basic parameters. The command line option may be used
to write batch command files when performing series of simulations with different input data or
parameters.
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Fig. 1. Software system overview of the GAYA 2.0 forest stand simulator.
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GAYA 2.0 simulations are based on parameters that define forest stand-level attributes. Some
of the parameters, represent stand-level means (e.g., mean height, mean diameter, etc.), some are
expressed in terms of per hectare (ha™!) values (e.g., number of stems, basal area, volume, etc.),
and others are derived from other parts of the stand’s overall distribution of tree metrics (e.g.,
dominant height). Stands are assumed to host a mix of the three main tree species in Norway:
Norway spruce (Picea abies (L.) Karst.), Scots pine (Pinus sylvestris L.), and birch (Betula pen-
dula Roth and Betula pubescens Ehrh.). The biometric values for the species present in a stand
are maintained separately. A list of the variables in GAYA 2.0 is given in Supplementary file S1,
available at https://doi.org/10.14214/s£.23019.

Before the simulations, the user provides a set of stand or sample plot data that describe
biophysical and logistic attributes, such as the number of stems, dominant height, mean diameter,
age, site index, transport distances, and terrain features impacting the cost of harvesting.

Further, the user defines a set of treatments by specifying: (1) conditions based on stand
(or sample plot) variables that control when the treatment can be applied, and (2) parameters
that define the effect of the treatment on the stand. Each treatment has a conditional statement
that must be satisfied before the treatment is allowed as an alternative (e.g., minimum age for
harvest), and optionally, a condition that would make the treatment obligatory (e.g., harvest
after a certain period with seed trees). The effects of the treatment on the stand attributes are
defined by parameters that specify e.g., the number of stems and proportion of broadleaves
left after a tending, and the proportion of basal area to be thinned. A set of predefined regen-
eration treatments are available, which include planted and natural options, however the user
may define new regeneration treatments by specifying the number of trees (by species) together
with their age. If some species are expected to regenerate naturally, then the corresponding
age could be negative. The set of predefined treatment and regeneration definitions are given
in Suppl. file S2.

Other input items enable the user to manage the simulation process. The simulation is primar-
ily defined by the number of periods, the period length, and the treatment offset, which specifies
when within each period the treatment is applied (e.g., could be in the middle or at either ends). The
economic aspects are controlled by the discount rate, the prices per m3 of sawlogs or pulpwood for
each species, and cost rates for the different types of harvest and silvicultural work (e.g., felling,
forwarding, young growth tending). Other parameters control the natural processes in the forest,
such as the mortality rate, or the climate conditions like temperature and precipitation, which in
turn affect the decomposition process of different biomass debris entering soil. The forest albedo
also depends on the temperature.

The simulation procedure (Fig. 2) is self-contained for each stand, enabling parallel comput-
ing of treatment schedules. The user may specify the maximum number of cores to be allocated.
The planning horizon is divided into periods of equal length (i.e., typically 5 or 10 years to match
the time intervals that the growth models were fitted on). Given a stand in the initial state, all treat-
ment options that meet the preconditions are considered. Applying each of the treatments followed
(and/or preceded) by growth, generates an equal number of stand states for the following period.
No treatment (or “let grow™) is always a feasible option. Each time a treatment is applied, the
stand parameters are recalculated, and the treatment outcome is registered. For instance, in case
of a thinning, the output includes the number of stems that were extracted, their mean diameter,
the volume, the income that was generated and the costs for felling and forwarding. The proce-
dure is repeated for all subsequent periods, branching out alternative stand states, until the end of
the planning horizon. The number of stand states in the final period corresponds to the number
of alternative possible treatment schedules. These can be restored by retracing the parent-child
connections between stand states.
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Fig. 2. Simulation procedure in GAYA 2.0. After the planning horizon, the silvicultural cycle is finalized according to
the fixed schedule and the development stage. Beyond this, the fixed schedule is assumed to be applied cyclically forev-
er. Periods are denoted Py, Py, etc., and schedules Sy, Sy, etc. NPV(S;) denotes the net present value of the i-th schedule.

A treatment schedule has a corresponding cash flow of the different costs and incomes for
each period which are summarized as a net present value (NPV) using the preset yearly discount
rate. By following a similar discounting mechanism, other non-economical values of a schedule
may be calculated. For instance, the discounted carbon flow (or carbon NPV) which is valued in
relation to climate change mitigation. The net present value of each schedule is calculated assum-
ing management continuity beyond the planning horizon. This means that the possible cashflow
generated after the end of the planning horizon should be discounted and integrated into the NPV.
To achieve this, we assume a fixed treatment schedule to be applied indefinitely. The fixed sched-
ules are decided based on the stand’s main species, site index, and the level of the discount rate.

The treatment schedules for a set of forest stands (or plots) and their associated NPVs are
passed to the optimizer which according to user defined objective function and constraints selects
the optimal schedule for each stand. Finally, user defined production tables are calculated for the
optimal schedules.

3 Models
3.1 Growth models

The stand development is characterized by: (1) growth in terms of dominant height and mean
diameter, and (2) natural mortality.

The models for dominant height development are species specific and based on stand’s site
index (SI) and age at breast height. The user may choose between the older models [Tveite (1977)
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— spruce; Tveite (1976) — pine; Strand (1967) — birch] used in previous versions of GAYA, and
newer updated models [Sharma et al. (2011) — spruce and pine, Eriksson et al. (1997) - birch]. In
the Suppl. file S3 we show the differences in predicted dominant heights for the two sets of models.

The diameter growth models (Blingsmo 1984) are based on site index, number of trees ha™',
mean diameter, dominant height and age at breast height. The models predict 5-year increments
in diameter and include an optional growth reduction factor (Braastad 1983) for stands with less
than 2000 trees ha™!.

The mortality mechanism is based on: (1) normal mortality rates (Eid and Tuhus 2001), (2)
density induced mortality (Hoen et al. 1998), and (3) relative diameter of dead trees (Braastad 1982).
The density induced mortality is based on the Hart-Becking spacing index, where the number of
removed (dead) trees corresponds to an increase in the spacing index by 1%. The density induced
mortality replaces the regular one when the spacing index drops below site index specific thresh-
olds. More details are given in Suppl. file S4.

3.2 Biometrical models

The volumes are calculated using a set of new taper functions for Norway (Hansen et al. 2023),
which are based on methods from Kozak (1988) for diameter taper, and on (Gordon 1983; Stingle
et al. 2016) for bark thickness. Since the taper functions are difficult to integrate analytically, we
calculate the volume of a tree by numerical integration, using a fixed number of vertical slices.
Obtaining accurate volumes involves dense slicing of the tree stem, but this process is computa-
tionally demanding and can create a bottleneck when running simulations. Therefore, we use a
relatively low number of height slices (e.g., 20), and minimize the volume approximation errors,
by finding optimal (using a heuristic approach) height locations for each species (Fig. 3).

The biomass (dry weight) of eight tree components are predicted with Marklund’s (1988)
allometric models which have been used extensively in Norway and Sweden for many decades.
The components are biomass of stem wood (SW), branches (BR), dead branches (DB), bark (SB),
stump (SU), foliage (FL), fine roots (RF), and coarse roots (RC). Beyond providing values for
above- and/or belowground biomass, these models play an essential role in the detailed carbon
accounting module described below.
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Fig. 3. GAYA 2.0 uses taper models to predict tree stem volume and its utilization with high precision. The trees in the
example are 20 m in height and have a diameter at breast height of 20 cm. Pulpwood and sawlog heights correspond
to minimum top diameters of 5 and 12 cm for pulpwood and sawlog, respectively. Dots mark the height location that
minimize volume errors when approximating the volume of revolution of the tree stem. The tree species are Norway
spruce (Picea abies), Scots pine (Pinus sylvestris), and birch (Betula pendula and B. pubescens).
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3.3 Carbon models

The carbon flow within managed forests exhibits an irregular pattern over time, which is shaped
by the various treatments implemented during the silvicultural cycle. We track the carbon flow
(Fig. 4) with a system of models starting with the carbon fixation in the forest biomass until it is
released again into the atmosphere as CO, through natural (i.e., decomposition) or anthropogenic
(e.g., combustion) processes.

The carbon cycle starts with the sequestration in the trees’ biomass (Fig. 4). The amount of
carbon stored in the trees’ biomass is based on the biomass models for the different tree compo-
nents. We assume the carbon content of the biomass to be 50%.

The biomass carbon pool of the trees feeds the soil pool via litter production and decomposi-
tion and the wood products pool after it is harvested. Litter input is modeled with three different
sources: (1) the normal annual turnover, (2) natural mortality, and (3) harvest residues. For each
litter source, the carbon quantities are calculated as fractions of the eight biomass components of
the mean tree (i.e., diameter and height), expanded by the number of trees ha!. The turnover rates
are expressed as yearly proportions of some of the tree components like needles, leaves, branches,
or roots, and are derived from estimated lifetime of these components (e.g., lifetime of pine needles
is approximately 3 years, thus the yearly turnover rate of 0.33). We use the values from Peltoniemi
et al. (2004) and de Wit et al. (2006). The normal annual turnover is distinct from mortality and
harvest residues as the generated litter is not subtracted from the biomass pool. The trees that have
died during the period have their entire biomass transferred to the litter pool. The carbon transfer
of the harvested trees is split between the litter and the products pool, with a certain percentage
of the stem biomass being taken out from the forest as sawlogs and pulpwood (see Fig. 3) and
everything else left as residue (i.e., tops, branches, roots, etc.).

The Yass020 soil carbon model (Viskari et al. 2022) is used to simulate the process of
litter decomposition. This model partitions the soil into five chemical compartments, with four
of them belonging to the decomposing litter: cellulose (A), sugar (W), wax-like compounds (E),
and lignin-like compounds (N) (see Fig. 4). The fifth unit is humus (H), which denotes the final
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Fig. 4. The carbon cycle model in GAYA 2.0. The tree components are stem wood (S#), branches (BR), dead branches
(DB), bark (SB), stump (SU), foliage (FL), fine roots (RF)), and coarse roots (RC). The Yasso20 chemical compartments
are celluloses (4), sugars (W), wax-like compounds (£), lignin-like compounds (), and humus (H).
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stage of decomposition and is associated with the soil organic (or here simply soil) carbon pool.
The chemical composition of individual tree components (by species) are the mean values from
Appendix 1 in the Yasso07 manual (Liski et al. 2009). Yasso20 is published on GitHub: https://
github.com/YASSOmodel/Yasso20. We have converted the original FORTRAN version of Yasso20
into C++ and seamlessly integrated the model into GAYA 2.0.

The Yass020 model is formulated in terms of decomposition rates, with each litter compart-
ment decomposing either into another litter compartment, humus, or released as CO, (see Fig. 4).
The carbon in the humus compartment is only emitted as CO,. The decomposition rates depend
on climatic variables like the annual precipitation (mm) and mean monthly temperatures (°C).

The carbon storage in wood products is modeled by a fixed lifetime followed by a decay dura-
tion (Hoen and Solberg 1994). These parameters are estimated for 11 distinct product types, which
are collapsed into three product categories: sawlogs, pulpwood, and energy (see Suppl. file S5).

Alongside the carbon flow calculation, a substitution effect is computed for the CO, emis-
sions reduced by utilizing wood products in place of other materials that cause higher carbon
emissions. The substitution factors are from Raymer (2005) and account for reduced emission in
the production process of wood materials as well as energy production using firewood, and wood
products at the end of their lifetime (see Suppl. file S5).

3.4 Albedo model

Albedo can be used as a climate change mitigation tool since increasing the reflectivity of a forest
stand can lead to reduced heat absorption and subsequent cooling of the surrounding area. Forest
management practices such as thinning, and planting of tree species with high reflectivity can help
increase albedo.

The albedo model formulated by Bright et al. (2013) is used to predict the ratio of energy
reflected by a forest stand (Fig. 5). It uses two predictor variables: stand age and mean annual

0.2
0 25 50 75 100
Stand age (yr)
Temperature (°C) — 2 — 0 2

— Spruce =--=- Pine == Birch

Fig. 5. GAYA 2.0 predicts forest surface albedo using the model in Bright et al.
(2013). Here we illustrate albedo’s dependence on the mean annual temperature
and stand age for the three species: Norway spruce (Picea abies), Scots pine
(Pinus sylvestris), and birch (Betula pendula and B. pubescens).
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temperature. The model is fitted separately for spruce, pine, and birch-dominated stands since dif-
ferent tree species have varying reflectivity characteristics. The model is based on changes in the
reflectivity of a forest stand over time due to growth and aging, and as the canopy cover closes. The
temperature of the area affects the reflectivity of the surface, with warmer temperatures resulting
in less snow cover and a decrease in reflectivity.

3.5 Economic calculations

The economical component of the stand simulator predicts costs and revenues related to the stand
treatments. The cash flow of a treatment schedule is aggregated as net present value (NPV) based
on a preset discount rate. As the NPV should include cash flows that extend beyond the planning
horizon (e.g., 100 years), a simple mechanism to predict such cash flows was set in place. First, a
fixed schedule is selected based on the stand’s site index and dominant species, and the discount
rate level. The schedule generated for the planning horizon is then extended with the number of
periods necessary to close the silvicultural cycle. This is done by aligning the fixed schedule with
the age of the stand at the end of the planning horizon. The cash flow from the extended schedule
are integrated in the NPV. Lastly, under the assumption that all further forest successions will be
managed under the fixed schedule, a “land value” component is calculated using the sum of the
convergent geometric series, where the first term is the NPV of one fixed schedule, and the common
ratio is based on the interest rate and the fixed rotation length.

The calculation of regeneration costs considers the number of stems planted and associ-
ated costs for purchase and labor. A set number of trees are assumed to regenerate naturally and
cost-free (i.e., 300 stems ha™! out of which 70% are of the main species (Hoen et al. 1998)). Some
regeneration programs also include a fixed cost for soil scarification.

Basic tending costs are determined by a regression that considers the number of stems
removed per hectare and the stand’s mean height, with coefficients updated periodically through
an agreement between the Confederation of Norwegian Enterprise (NHO Mat og Drikke) and the
United Federation of Trade Unions (Fellesforbundet) (NHO Mat og Drikke and Fellesforbundet
2022). Based on the agreement and Hoen et al. (1998) extra costs are added to account for skilled
workers (10%), equipment (18%), transport (5%), terrain condition (up to 60%, varies by slope
and terrain roughness), distance from road (up to 12%), and administration (40%).

The expenses associated with thinning and final harvesting activities are divided into fell-
ing and forwarding costs. The costs are based on production functions (m? hour!) for harvester
and forwarders and corresponding machine-hour costs (EUR hour!) (Dale et al. 1993; Dale and
Stamm 1994; Eid 1998). The production functions determine the expected production for felling
using factors like mean tree volume, removal percentage, number of stems ha~! and slope, and
volume ha~!, volume per load, and various distance measurements for forwarding. The machine-
hour costs of felling and forwarding, based on recent data, are assessed to be 150, and 125 EUR
hour!, respectively.

The revenues are calculated based on the potential sawlogs and pulpwood quantities that
results from harvests. We use the taper functions (Hansen et al. 2023) to determine the volumetry
of the harvested mean tree and parameters for the minimum top diameter and length of sawlogs and
pulpwood logs. This way, we determine realistic sawlogs/pulpwood proportions of the harvested
wood (Fig. 3). The user provides the price for sawlogs and pulpwood in EUR m™ by species.
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4 Case study
4.1 Objectives

We showcase the capabilities of GAYA 2.0 through a case study that examined the carbon balance
at a regional level. The case study aimed for the following objectives: (1) evaluate the potential
for carbon sequestration under different silvicultural regimes, (2) estimate the expenses associated
with different levels of carbon benefits, (3) investigate how forest management practices can adapt
to accommodate increasing levels of carbon benefits, and (4) analyze the impact of improved site
productivity resulting from climate warming on (1), (2), and (3). In addition, we predicted changes
in forest albedo which complements the climate effects of carbon sequestration.

4.2 Materials

The study area was the Innlandet county (52072 km?) in Norway which represents more than
40% of harvest in the country (Statistics Norway 2023) (Fig. 6). We used 2573 plots of the
NNFI (Tomter et al. 2010), a large systematic sample representative for the study area. The plots
were measured from 2015 through 2019. Each plot was treated as a forest stand spanning an
area determined by the local sampling density. Climate data, like mean monthly temperatures
and yearly precipitations were calculated by averaging readings from 47 weather stations in
Innlandet over the past five years, February 2018 to February 2023 (Norwegian Meteorological
Institute 2023).

4.3 Simulations

Forest simulations were carried out on a planning horizon of 10 periods of 10 years each (100
years) and the treatments were timed at the start of each period. The prices for sawlogs and pulp-
wood were estimated based on official statistics from Landbruksdirektoratet (2022). These were
(in EUR m3): 62.5 — spruce, 57.5 — pine, and 40 — birch for sawlogs, and 27.5 — spruce, 25 — pine,
and 30 — birch for pulp. The set of possible treatments consisted in 31 treatment definitions for
tending, thinning, and final harvest methods such as shelterwood establishment and removal, seed
tree establishment and removal, and clear cutting. In addition to these, 143 types of regeneration
programs give natural or planted alternatives for stands with different final harvest methods, main
species, site indices, vegetation types and altitude.

Scenarios of increased forest productivity were modeled by incrementing the site indexes
of all plots. We considered 4 scenarios: the base scenario, with no SI increment (denoted SI+0),
and three consecutive SI increments of 1 m, 2 m, and 3 m, respectively (denoted SI+1, SI+2, and
SI+3) mimicking very roughly consequences of climate change. The site index increments were
applied progressively from the present to the end of the planning horizon. For instance, in the SI+1
scenario, the SI increment was: 0.0 m for the present, 0.5 m 50 years from the present, and 1.0 m
100 years from the present.

4.4 Optimization problems
The simulations branched out an average of 156.2 different treatments schedules per plot, and
a maximum of 1897. For each treatment schedule simulated, two variables were calculated: the

monetary net present value (NPV) based on an interest rate of 3% per year, and the carbon net
present value (carbon NPV) calculated as the discounted net forest carbon benefit. The same rate

10
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Fig. 6. The case study was conducted in Innlandet county in Norway. The approximative Norwegian National Forest
Inventory (NNFI) plot locations are marked with dots. The apparent scattered plot positions are due to the random er-
rors attached by NNFI to the coordinates when sharing plot data.

of discount was used for the carbon NPV (Hoen and Solberg 1994; Raymer et al. 2009). The net
carbon benefit was calculated for each period as:

Cbeneﬁt = AChiomass + ACiiser + ACsoi1 + Acproducts + Coubstituted - (1)

The litter, soil, and products carbon pools were initialized with 0 at the start of the planning
horizon.

To map the tradeoff curve (or optimality front) between the NPV and carbon NPV, a set of
optimization problems were defined and solved with the JLP22 optimizer. First, we identified the
management plans that maximized the NPV and calculated the corresponding carbon NPV. Then,
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by mirroring the first problem, we maximized the carbon NPV and calculated the corresponding
NPV. The NPV and carbon NPV levels resulting from the two problems established the extremities
of the tradeoff curve, and the range of carbon benefit levels that can be achieved through different
forest management regimes. Next, the range of carbon NPV was split in nine levels, representing
10% through 90% of the range. To determine the tradeoff curve, nine additional problems were
formulated, each maximizing the NPV, with the constraint that the carbon NPV should be at a set
level. Another constraint, common to all optimization problems, was the fixed yearly harvest level
which we choose to match the present level according to Statistics Norway (2022b). To this level
we added 20% to compensate for the bark volume, tree tops and bucking leftovers which are not
accounted for by Statistics Norway (Raymer et al. 2009). After the correction, the fixed yearly
harvest volume was set to 5569200 m?.

4.5 Results

The tradeoff curves between the economic and carbon benefit are plotted in Fig. 7 — A for the
different site index increments. The increased site productivity had a greater effect on the carbon
NPV than it had on the NPV (Fig. 7 — C, D). In the scenarios of site index increments by 1, 2, and
3 m the NPV increased by around 2%, 3.5%, and 5%, respectively, regardless of the carbon benefit
level. The carbon NPV increased by around 5.5%, 11%, and 16.5% respectively. The marginal
costs of implementing different levels of carbon benefits did not vary significantly with increased
productivity (Fig. 7 — B). With the highest level of carbon benefit, around 30% of the NPV would

(A) Trade-off curves (B) Marginal costs
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Fig. 7. GAYA 2.0 case study results. A — the trade-off curve between the net present value (NPV) and carbon
NPV; B — marginal costs of different carbon benefit levels, expressed as percentage of the maximum NPV; C,
D — impact of site index (SI) increments on NPV and carbon NPV, expressed as percentage increase from the
base scenario SI+0.
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Fig. 8. GAYA 2.0 case study results. Treatment prevalence for tending, thinning, and harvest followed by planted (P),

or natural (N) regeneration. The treatment prevalence is expressed as percentage of the area where the treatment was
applied, averaged over the ten periods.

be lost. This figure, however, dropped abruptly with subsequent lower levels of carbon benefit. At
80% carbon benefit level, the marginal costs were below 10% and for 50% they were at around
2.5% of the NPV.

The results suggest that it is possible to achieve a substantial level of carbon benefit by
maintaining the same harvest levels and with relatively low costs. This can be achieved by adapting
the forest management. In Fig. 8 we show how the prevalence of the basic silvicultural treatments
varied with increasing carbon benefit levels. In general, higher carbon benefit levels were achieved
by less young growth tending and more thinning. This mirrored pattern is a result of the fact that
areas which “skipped” the tending were later thinned in a more mature stage. The regeneration
regime shifted as expected, from the natural to planted treatments. The regeneration treatment is
the initial and the main investment, thus having the biggest impact on the NPV. The prevalence
of the planted regenerations, which are considerably more expensive than the natural ones, was
the main factor dictating the shape of the tradeoff curve. Apart from young growth tending, the
increased productivity did not have a significant effect on the treatment prevalence. More tending
was performed under increased productivity. For the carbon benefit levels above 70%, twice as
many tendings were performed under the SI+3 scenario compared to the base scenario.

In Fig. 9 we show the simulated evolution of carbon changes in each pool, under optimal
management regimes associated with different carbon benefit levels, as well as under scenarios of
increased productivity. Regardless of the management regime or climate scenario, carbon accumu-
lates in all pools during the entire planning horizon. It should be noted however that the litter, soil,
and products pools are initialized with 0 at the start of the first period, and the preexisting stocks
are not considered here. The accumulation rates in the biomass pool increase up to 80 years in the
future, and then decrease for the last 20 years. This is mainly due to the harvest level fixed to the
present level, which in Norway are below the average growth rates of forests (Statistics Norway
2022a). As site productivity increases, we note higher change rates toward the end of the planning
horizon. Higher carbon benefit levels translate in higher accumulation rates of carbon in biomass
and products pools.

Albedo had an arched evolution, with an initial increase over 30 years followed by a sub-
sequent decrease for the remaining planning horizon (Fig. 9). In Fig. 10 we show the evolution
of the mean stand age and prevalence of the three main species proportions which are the stand
variables that explain the albedo. The arched albedo trajectory is best explained by the inverse
arched evolution of the mean stand age. In turn, the stand age evolution is the result of being
optimal to harvest first the oldest of the stands in the early periods, as their growth has already
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Fig. 9. GAYA 2.0 case study results. Predicted carbon changes by pool, substitution effect, and albedo over the plan-

ning horizon.

reached a maximum. Then, due to the harvest level constrain, the stands followed an aging trend.
The site index increments cause the mean stand age to increase toward the end of the horizon since
with increased growth and standing wood volume, fewer stands need to be harvested to maintain
the same harvest level. This translates to smaller albedo in the final periods when the site index
is incremented. It should be noted however that in absolute terms, albedo did not vary a lot (i.e.,
ranged between 0.21 and 0.23), which is normal given the regional level averaging.
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5 Discussion

In Norway’s forestry sector, management planning is fundamentally structured around stand-level
variables. This approach is mirrored in the data collection practices during stand inventories, which
focus primarily on average tree attributes and species distribution, rather than individual tree data.
For this reason, stand level forest simulators (i.e., rather than individual tree level) are the pragmatic
choice maximizing the range of applicability and ensuring compatibility with the industry stand-
ards. In Norway, two such models are presently used: GAYA which we have further developed,
and AVVIRK-2000 (Eid and Hobbelstad 2000; Eid 2004) which is a simpler deterministic model
that does not use optimization.

GAYA 2.0 has undergone a complete overhaul, now written in C++, a modern program-
ming language using the object-oriented paradigm. The earlier version was coded in Fortran, a
language that has seen diminished usage over time, thus creating barriers for maintainability and
future developments. C++ allows cleaner, more maintainable code through the structured design
of classes, member functions and intuitive interactions. This software has a modular, extensible
architecture, parallel processing capabilities for handling large tasks, and allows users to modify
an extensive set of parameters and specifications without recompiling the code.
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GAYA 2.0 now includes updated models for dominant height development and tree volume
estimation using taper functions. This leads to better growth predictions and more precise determi-
nations of usable tree volume, and thus sawlogs value, by setting minimum sawlog and pulpwood
log diameters.

The case study was designed to showcase some of GAYA 2.0 functionality. The scenarios
demonstrate how much carbon forests can store at a regional level. Such data can be used to incor-
porate forests into larger carbon emissions reduction plans and policies, thereby improving their
quality and effectiveness. The results also show that substantial carbon sequestration benefits can
be achieved by adapting the forest management without affecting harvest levels and at relatively
low costs. Our scenario model goes beyond identifying the carbon storage potential and associated
costs. It also shows how forest management can be adapted to achieve specific levels of carbon
benefit. The results, nonetheless, must be interpreted within the limits of the major assumptions
that govern the simulations, as well as limitations in the models involved. For instance, the results
of the case study suggest that larger carbon benefits may be obtained with less young growth tend-
ings. This however may not fit well with the reality and could be a limitation of the growth models
which do not explicitly handle thinning effects. It may be worthwhile to integrate such effects
in future versions of GAYA (Allen Ii et al. 2020). The objectives were set for the entire region,
whereas in practice, forest planning is carried out separately for individual forest estates and stands.
Nonetheless, having an accurate estimate of the regional level carbon potential, regulations and
incentive schemes may be designed accordingly so that individual owners can play their part. In
the case study the harvests were fixed to the present. Better harvest level prognoses could be made
by analyzing timeseries of past harvest levels, using forest sector models, and taking into account
factory locations and capacities (Lappi and Lempinen 2014). The case study is also limited by the
simple assumption on the effect of climate warming: forest productivity increases evenly across all
forest types. While this is a good showcase of the types of scenarios analyses supported in GAYA
2.0, it may not be considered a fully realistic assumption.

Forest albedo is a metric that is gaining interest due to its cooling effect. However, even
in cold environments like Norway, the climate effect of forest albedo is much lower than that of
carbon sequestration (Rerstad 2022). Matthies and Valsta (2016) showed that including albedo
with carbon storage benefits did not shorten the optimal rotation age, but it did alter the optimal
species mixture by increasing the proportion of deciduous species. Nevertheless, the albedo and
carbon sequestration tradeoffs may vary in high altitude or latitude regions where the forests are
less productive, and the snow lasts longer.

Given the level of detail of the stand level simulations, GAYA 2.0 gives multiple opportunities
to perform scenario analyses of many kinds. Previous versions of GAYA were successfully used
to analyze the economic impact of biodiversity protection (Bergseng et al. 2012) and the impact
of root rot risk on the optimal harvest time (Aza et al. 2021). Integrating more features describing
biodiversity and different risk models (e.g., bark beetle, root rot, windthrow) in GAYA is an impor-
tant future direction of development. In the risk mitigation context, GAYA may also be used to
assess the value of information or perform cost-plus-loss analyses (Eid et al. 2004). With renewed
interest and promoting of selective cutting it could be useful to add single tree growth models or
diameter distribution models, e.g., Gobakken et al. (2008), in future versions of GAYA. Presently,
however, no appropriate single tree growth models covering the entire Norwegian forest area exist.
The accuracy of simulations is dependent on the quality of the underlying models and sensitivity
to assumptions. To maintain high quality simulations, models need to be regularly updated, along
with the parameters that determine costs, prices, and other important assumptions.
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6 Conclusion

GAYA 2.0 is a valuable tool for performing scenario analyses of different kinds for forest manage-
ment in Norway. It can assist in answering questions related to the future carbon sequestration
potential of forests under different management regimes, the expected net present value of such
regimes, and possible impacts of climate change. The simulator has been successfully used in a
case study to map the tradeoff between the carbon benefit and net present value when harvest levels
were kept constant at their present values. GAYA 2.0 has been updated and modernized from its
previous version with increased attention to forest carbon and energy fluxes.
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