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ABSTRACT: This paper examines the dynamic interactions between forest biomass, atmospheric carbon, and land use change. Using a dynamic system model, these three factors are
modeled as state equations while the policy maker decides the optimal timber harvesting and deforestation quantities. As forests are suggested as potential climate change mitigation tools to reach
net negative emissions due to their function as carbon sinks, examinations into this dynamic relationship is of increasing importance. This investigative line can shed light on how to sustainably
manage forests in the context of climate change, as well as indicate forests’ role in atmospheric
carbon dioxide removal, and there are multiple opportunities for extension of its application.
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“Avoiding the worst consequences of climate change will require not only emissions reductions,
but also extended periods of actively lowering atmospheric carbon dioxide (CO2 ); in other words,
negative emissions.”
— Christophe Jospe, CNCE
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Introduction

The problem of anthropogenic climate change is increasingly of concern for the continuation of
economic activities. Estimates place the future damages of climate change on the order of 1 to 10
percent of global GDP, and impacts of climate change are already being felt around the world. An
increasing concentration of greenhouse gas (GHG) emissions leads to increases in average global
temperature, changes in precipitation (with the general trend of increased winter precipitation and
decreased summer precipitation), and increases in the frequency and severity of extreme weather
events. Human activities contribute to the atmospheric concentration of GHG emissions largely
through the burning of fossil fuels, but also from other economic activities such as agriculture,
transportation, and deforestation.
One especially detrimental activity is rampant urbanization, and more specifically, urban sprawl.
As population continues to shift from rural to urban, cities and the suburban areas that surround
them must grow. This growth, if left unmanaged, leads to negative impacts on the environment
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(such as heat islands and eutrophication of water bodies), as well as on the health, safety, social
capital, and even economic security of the populace. Environmental costs of urban sprawl include
land loss, habitat loss, increased pollution, and deforestation — especially as less-dense, suburban
areas flourish.
Destruction of forests is of concern as they are an important factor in the global carbon cycle, and
their function as carbon sinks have been suggested as a part of climate change mitigation strategy.
The carbon cycle describes the biogeochemical movement of carbon as it is cycled throughout
the earth, and comprises organic and inorganic processes. Inorganic processes include the air-sea
exchange, carbon burial, and geologic sink functions. The organic components of the carbon cycle
include photosynthesis, respiration, and decomposition of organic matter (by autotrophs, like plants
and plankton).
Without human interference, the carbon flows between the various sinks and sources are relatively balanced — there is an annual cycle during which carbon is highest in the northern hemisphere’s winter/spring and lowest in summer/fall. In the past two hundred years since the Industrial
Revolution, humans have begun to change the carbon cycle by emitting carbon dioxide (CO2 ) into
the atmosphere through the burning fossil fuels, industrial and other activities. Additionally, humans have also changed the ability of ecosystems to extract carbon from the air, for example,
through the degradation of soils and oceans. This has led to a general increasing trend in the
atmospheric CO2 concentration (see Figure A below).

Figure A: Full Record of Atmospheric CO2 at Mauna Loa Observatory1
As research continues in the field of climate change, it is becoming more apparent that slowing down positive carbon dioxide emissions through increased energy efficiency and substitution of
renewable energy sources may be insufficient to mitigate global warming. Despite uncertainties,
studies show we have already reached 2°Celsius of warming2 and, to prevent further increases,
humankind needs to not only accelerate decarbonization efforts but also implement strategies for
negative carbon emissions. That is, the removal of carbon from the total carbon circulating throughout the atmosphere, ocean, and biosphere systems through natural or man-made processes. One
1
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of the oldest and seemingly easiest manners in which to do this is through the intentional and sustainable use of forests as carbon sinks. Forests play their part in the absorption of carbon through
photosynthesis and storage in the biomass. The efficiency of forests to absorb and store atmospheric
carbon depends on the concentration of carbon in the atmosphere (carbon fertilization), the quality
of the soil (which is degraded by human activity on forests), and other complex environmental and
earth system factors.
When humans harvest trees for timber or deforest the landscape for agriculture, grazing, or
urban development, this stored carbon is released back into the atmosphere (or into the oceans
through erosion), further increasing the atmospheric carbon concentration and exacerbating climate change. Where forests are replaced or increased through afforestation or other conservation
measures, much of this carbon loss can be recovered and sustainable forestry practices can help mitigate carbon releases from timber harvests. However, where forests are being replaced by non-forest
lands, lost carbon cannot be completely replaced, as forests store more carbon relative to non-forest
lands3 . This is especially of concern in the tropics, where primary (old growth/unmanaged) forests
are continually being converted to agricultural lands.
Climate change will also have important future impacts on our forests. The increase in average
temperature will mean a shift in the geographic habitat for plants (most likely ‘northward’ or to
higher altitudes, as warmer climate plants expand their territory, such as the ponderosa pine taking
over the previously Douglas-fir territory) as well as animals (including destructive insects, such as
the bark beetle or the western spruce budworm)4 . The changes in precipitation associated with
climate change will also have a severe impact: increasing the risk of forest fires, drought, and soil
degradation.
Sustainable forest management practices should include the impacts on the carbon cycle from
harvesting and management decisions. Fortunately, the recognition of such interactions and the
importance of forests in global systems is increasing, but there is still much farther to go. We
must better value and manage the resources that regulate these common spaces. A standard way
to do this is to internalize the environment by monetizing the proper quantifiable values, perhaps
utilizing a cost-benefit analysis to judge conservation efforts. Another way is to put these resources
in a global systems context — valuing not only their material contributions to ‘productive’ activity,
but also by incorporating other economic effects such as welfare through the regulation of the global
carbon cycle.
This paper attempts to do both while looking at the dynamic interactions between forest
biomass, atmospheric carbon, and land use change. Using a dynamic system approach, these
three factors are represented as state equations which exhibit positive and negative forcings and
feedback effects. The policymaker chooses the timber harvesting and deforestation quantities, subject to the interactions between forests and atmospheric carbon. An extension of the model is also
included with an examination of regulatory policy via a tax and revenue recycling mechanism. A
deforestation tax is incorporated into the system, and the revenue collected from this tax is recycled
for the use of afforestation.
Placing natural resources such as forests in the context of the global commons emphasizes the
philosophy of society’s right to the natural environment. Taxing scarce commodities (whether this
be ‘location’ value for urban land, or environmental assets like a forest) does involve the recognition
that what is being exploited or appropriated is a common good and is part of the national wealth. In
this case, the monopolized rents can be found where a failure to charge for pollution or degradation
to the environment occurs. This overproduction of pollution, market failure and environmental
3
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externalities has been much addressed in the natural resource management literature, and this
framework has been applied to forest management.
The intention of this paper is to incorporate the concept of the commons into economic methodology in a new and dynamic manner. Accounting for the carbon cycle functions of forests conveys
this notion and places a ‘commons constraint’ on the policymakers. This investigative line can shed
light on how to sustainably manage forests in the context of climate change, and there are multiple
other opportunities for extension of its application.

2

Literature Review: Negative Carbon Emissions

The literature addressing negative carbon emissions (NCE) [also known as negative emissions technologies (NETs) and carbon dioxide removal (CDR)] has grown significantly in the last decades.
Between 1991-2016, a total of about 2,900 studies on the subject were published5 . Despite this increase, these studies represent just a fraction of the over 220,000 publications in the general area of
climate change. Additionally, given recent developments pointing to the necessity of incorporating
negative carbon emissions to stabilize climate, the topic is underdeveloped, with NETs discussed in
“just over 1 [percent] of the most recent climate change literature — 380 of 30,000 studies” (Minx
2017, p11).
This increase in mentions over the last decades is also seen in the IPCC climate change assessments. While NCE or NETs are not mentioned at all in the first report, AR1, in AR2 geoengineering schemes begin to enter the discussion, and in AR3 enhancing biological carbon sinks
is addressed. During the time AR4 and AR5 were published, “about 360 and 1,200 articles were
published on NETs, respectively” (Minx 2017, p5).
The field was bolstered by results in the fifth and latest IPCC Report, AR5. Despite global
agreements and an increasing number of climate change mitigation policies, annual GHG emissions
continue to grow. Emissions grew by 1 Gt CO2 between 2000 and 2010, and reached 49 (±4.5)
Gt CO2 eq in 20106 . Without further mitigation policies, emissions will continue to grow due to
population and economic growth, resulting in higher global mean surface temperatures. The IPCC
mitigation scenarios likely to limit global warming to 2°C relative to pre-industrial levels, involve
reducing atmospheric concentrations to about 450ppm CO2 eq in 21007 . Concentrations of 500ppm
CO2 eq are more likely than not or as likely as not to limit temperature change to 2°C, depending
on the amount and length of overshoot. Scenarios in which atmospheric concentrations reach over
530ppm CO2 eq become more unlikely to keep temperature change constrained. If the goal is to
limit temperature change to 1.5°C, atmospheric concentrations must be limited to a more drastic
figure below 430ppm CO2 eq.
What will be necessary in the mitigation scenario to limit temperature change to below 2°C (and
atmospheric concentration to below 450ppm CO2 eq)? IPCC mitigation scenarios for 450ppm CO2 eq
(as well as for 500ppm and 550ppm) involve a temporary overshoot of atmospheric concentrations.
Depending on the amount of overshoot, “scenarios typically rely on the availability and widespread
deployment of BECCS [biomass energy and carbon capture and storage] and afforestation. CDR is
also prevalent in many scenarios without overshoot to compensate for residual emissions” (IPCC
2014, p12). If the goal is to limit temperature change to 1.5°C, negative emission technologies
would need to be amplified even more.
An additional complication of the threshold we are rapidly approaching is “that global mean
5
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temperatures [will] continue to increase for many centuries beyond the point of CO2 stabilization”
(Matthews 2008, p1). This implies that what is required to stabilize the planet is not only a
decrease in future emissions but also reaching the point of zero or negative emissions.
The development of long term concentration levels for scenarios reaching 430-530 ppm CO2 eq
in 2100, both with and without negative CO2 emissions larger than 20 GtCO2 /year can be seen in
Figure B8 below.

Figure B: GHG Emissions with Different Assumptions for Negative Emissions
As one can see from Figure B, if negative emissions are less than 20 GtCO2 per year, annual
GHG emissions are bounded between the orange lines — indicating emissions must not exceed
about 57 GtCO2 eq/year between now and 2030. After this threshold is cleared, annual GHG
emissions must decrease continually, until annual emissions decrease below 10 GtCO2 eq/year. If
negative emissions are scaled up to reach above 20 GtCO2 eq/year, annual GHG emissions can
increase to about 60 GtCO2 eq/year by 2040. However, after this point is reached, annual emissions
must decrease more rapidly than in scenarios with lower levels of negative emissions, reaching net
negative emissions between 2070 and 2080, with further decreases into the future.
Negative carbon emissions can be achieved using different technologies — though the IPCC
strategies focus almost exclusively on biomass energy in conjunction with carbon capture and
storage (BECCS). Broad categories (and their negative emissions potentials in Gt CO2 /year) include: ocean fertilization, enhanced weathering (0.73-3.67), soil carbon sequestration (1.47-2.57),
biochar (1.47-2.57), direct air-capture and storage (3.67-12.1), BECCS (3.67-12.1), and afforestation/forest management (4.03-12.1)9 . In addition to BECCS, the IPCC also identifies afforestation
or forest management as a carbon sink (a negative emission biological technology), with the most
cost-effective mitigation options as “afforestation, sustainable forest management, and reducing
deforestation” (IPCC 2014, p24).
Forest mitigation options have the potential to contribute between 0.01 and 13.8 Gt CO2/year
“of economically viable abatement in 2030 at carbon prices up to 100 USD/tCO2 eq” (IPCC 2014,
Table 11.8, p869) — see Figure C below.
Considering the important threshold of 20 Gt CO2 eq/year used in Figure B, this represents as
8
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Figure C: Range of Forestry Mitigation Potential in Gigatons CO2 eq
much as half of negative emissions requirements. These figures can be met through the mitigation
options of: reducing deforestation, forest management, afforestation, and agro-forestry.
Though deployment of these technologies on large scales is increasingly necessary for stabilization of the global climate, the outcomes surrounding each are still uncertain. Literature on the
issue suggests that these NETs run up against boundaries when implemented at scale: “some are
currently hugely expensive while others require large amounts of land and may involve potentially
large risks to food security or biodiversity” (Minx 2017, p2).
For example, afforestation requires huge amounts of land and may compete with other landintensive NETs. While afforestation “tends to be more cost-efficient for carbon removal at low
carbon prices” (Fuss 2016, p4), other NET technologies (such as BECCS) become more competitive
at higher carbon prices and can lead to larger amounts of negative emissions versus afforestation.
The land required to reach mitigation scenarios using afforestation is also substantially higher than
BECCS, for instance10 . The potential for large scale use of BECCS, afforestation, and other CDR
technologies and methods is still highly uncertain11 and much will depend on political considerations.
The latest international accord, the Paris Agreement, sets the goal of not only limiting temperature change to below 2°C, but also to continue efforts to keep warming below 1.5°C. According to
some studies, we have already surpassed 1.5°C and “negative emissions are needed even in the case
of very high mitigation rates” (Gasser 2014, p2). The uncertainty surrounding climate change also
implies that we cannot rule out the possibility we have already reached the overshoot scenario —
as “the optimal CO2 stabilization point could be well lower than the current CO2 concentration
in the air” (Lackner 2012, p6). Especially as countries, such as the Unites States, pull out of
the agreement or fail to meet minimum requirements for emissions reduction, the dependence on
negative emissions to reach targets will grow.
To prevent climate catastrophe, humans must prevent global temperature change from exceeding
2°C — indeed, some experts are now saying we must go even further and limit change to 1.5°C.
To accomplish this, attaining negative carbon emissions is necessary. A wide portfolio of NETs is
needed in addition to (and not as a substitute for) drastic reduction of current and future emissions.
Although afforestation or forest management alone cannot be the solution, it is nonetheless an
important component in carbon dioxide removal. Investigations, such as the one contained in this
work, are increasingly significant as efforts are made to stabilize the climate on this planet.
10
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3.1

Model
Underpinnings

The interaction between global forest biomass and the carbon cycle can be replicated using a
Lotka-Volterra model. The Lotka-Volterra dynamical system of differential equations was chosen
for multiple reasons. First, it accounts for the fact that forest absorption of carbon dioxide does
not follow an equilibrium model, as was previously thought in ecological science. Recently it has
been shown that “unharvested forests...are absorbing more carbon than they release, accounting for
half the sink” (Bellassen and Luyssaert, p153). Carbon emissions are also not in an equilibrium, as
explained above, with human economic activity increasing the concentration of atmospheric carbon.
The dynamic system of equations will allow for multiple equilibria solutions, as well as indicate the
possibility of collapse of the system.
Second, there are positive and negative forcings and feedbacks between these two resources
that contribute to the dynamics of the system. Forests can act as sources or sinks of carbon, and
carbon emissions have both positive and negative impacts on forest biomass growth and productivity. Lotka-Volterra resource interaction models capture the dynamics between these two biological
entities.
These interactions fall into several categories: intra-resource cooperation, intra-resource competition, inter-resource cooperation, and inter-resource competition. The intra-resource cooperation
(a positive feedback mechanism) of forest biomass comes in the form of an underground support
network. In recent years, forest ecology research has shown that trees interact in more complex
ways than previously imagined. Forests are connected below-ground through the mycorrhizal network — a system made up of fungi and roots which transmits nutrients and chemicals between
trees and plants.
This relationship is mutually beneficial (fungi receive carbohydrates while trees receive water
and minerals) and is in fact necessary for many plants’ survival. However, forests also experience
intra-resource competition (or negative feedback) in the fact that individual trees do compete —
there is only so much sunlight, resources, and space for individuals, and the natural growth rate
(birth-death rate) of forests reflects this.
Within the system there is also inter-resource cooperation and competition. The inter-resource
cooperation (or positive forcings from climate change) takes the form of carbon fertilization: increased amounts of carbon dioxide in the atmosphere will encourage plant photosynthesis and
productivity. With more leafy vegetation comes an increase in the ability to absorb carbon, and
this effect works in conjunction with nitrogen levels and changes in temperature, precipitation and
sunlight. However, studies have shown that the positive effects of carbon fertilization may be limited, as “plants acclimatize, or adjust, to rising carbon dioxide concentration and the fertilization
effect diminishes over time” (NASA 2016, p2).
The forest biomass will also be negatively impacted by the increased temperature due to climate
change — the inter-resource competition. As mentioned above, climate change impacts on forests
include: habitat loss, predatory insect and other animal migration, increased drought, forest fires,
and soil degradation. Although the science is still largely uncertain, the net predicted impacts on
forests from increasing concentrations of atmospheric carbon are negative.

3.2

The Model

The Lotka-Volterra dynamic model works through several mechanisms: predator-prey, cooperation,
and competition (the discussion of which can be found above). A dynamic system model is used to
examine the interactions between forest biomass and the carbon cycle: both the carbon sink function
7

of forests and the impacts of climate change on forests. These dynamics alone can surely provide
interesting results, however, here some impacts from human economic activity are also introduced.
Namely, timber harvesting and land use change (or deforestation for agriculture, livestock grazing,
and/or urban development) are the two major economic activities examined.
The stock of forest biomass (ẋ), depends positively on the natural rate of renewal, that is the
sum of the birth (α), death/decomposition (κ), afforestation (ω), and mycorrhizal cooperation
rates (υ), all taken as given constants. The forest biomass stock is also impacted by the presence
of atmospheric carbon: positively by carbon fertilization (f, γ) [positive effects diminish over time,
as (y) reaches some threshold (γ)], and negatively by temperature increases due to climate change
(g, δ). The stock also depends on the land available after deforestation (h, µ). The timber harvesting
rate (cx ) negatively impacts the stock of forest biomass. With α, κ, ω, f, g, δ > 0 and 0 > υ, µ, γ, h <
1. The differential equation is written as follows:
ẋ = [αx − κx + ωx + xυ + f (y)γ − g(y)δ ]h(z)µ − cx
The stock of atmospheric carbon (ẏ), depends positively on the rate of renewal, which is a sum
of the new emissions released into the atmosphere (β) and the amount absorbed by the ocean sink
() and non-forest terrestrial sink (∂). The geologic sink function is not included as it functions on
a much larger time scale than any of the variables discussed here. There is also carbon released
due to harvesting (ηcx ) and land use change (θcz ). Atmospheric carbon also depends on the net
forest sink function = forest decomposition (ϕκ) and the amount of carbon stored in biomass (ζ).
With β, , ∂, ϕ, ζ > 0 and 0 < η, θ < 1. The differential equation is written as follows:
ẏ = βy − y − ∂y + ηcx + θcz + ϕ(κx) − ζ(x)
Land use change is also occurring in the system — acres of (tropical) forests are being destroyed
and replaced by agriculture, animal grazing or urban development (significantly increasing the carbon footprint of the land). To incorporate this in our system, a third state equation representing
the stock of land available for forest biomass (ż) is included12 . The chosen logistic growth function
represents an s-shaped curve, where land is relatively available to be afforested or reforested. However, as time goes on, there is threshold (K) beyond which forests cannot grow. (Whether due to
population growth, climate change, or natural habitat boundaries, there is some maximum amount
of land available for forests.) The variable (n) represents how quickly the maximum available point
is reached. The available land is also impacted by the amount of land that is deforested and therefore taken out of forest production potential (cz ). With n, K > 0. The differential equation is
written as follows:
ż = nz(K − z) − cz
In the face of these interactions between forest biomass, atmospheric carbon, and available land,
the policy maker must decide how much timber to harvest (cx ) and how much land to deforest (cz ).
To make this determination, it is assumed that the society (or agent) derives utility from the
consumption of terrestrial products (i.e. forest [cx ] and non-forest [cz ]). Therefore, the standard
procedure in economics is to maximize the utility from (terrestrial) consumption over some time
horizon, subject to our 3 state equations of forest biomass, atmospheric carbon, and available
land13 . The stock of forest biomass, (x), is included here as well, to reflect the utility gained from
12

Adapted from Greiner, Semmler, and Bernard (2012)
Though it is common practice to allow for an infinite time horizon, we work here with a more realistic model,
using a finite time horizon.
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α
κ
ω
υ
f
γ

0.0025
0.0015
0.002
0.2
0.005
0.5

g
δ
h
µ
β


0.0007
1.025
0.5
0.5
0.009
0.0026

η
θ
ϕ
ζ
∂
n

0.02
0.03
0.01
0.0015
0.0015
0.01

K
p
ψ
φ
σ

60
0.01
0.5
0.5
2

Table 1: Initial Parameters
the ecosystem services (such as biodiversity, carbon sink, erosion prevention, water recycling, etc.).
The inclusion of the stock in the utility equation also provides an ‘incentive’ to maintain some level
of stock. Where (p) is the discount rate, set to 0.01, sigma set to 2, and the exponents (ψ) and (φ)
both are set equal to 0.5. The optimization function for the dynamic decision problem is as follows:
maxcx ,cz

4

R −pt (cψx cφz x)1−σ −1
e
dt
1−σ

Methodology

The model simulation was run on MATLAB using the Non-linear Modeling Predictive Control
(NMPC) program14 . For simplicity and due to lack of data, certain stylized facts are chosen as
representative. The assumed parameter values can be found in Table 1.
Lower and upper boundaries are also placed on the choice variables, (cx ) and (cz ); a lower bound
of zero and upper bound of 20, for both (cx ) and (cz ). State variables are assumed to be non-negative
(i.e.: x, y, z ≥) and an upper boundary chosen arbitrarily at 5000 for forest biomass, 10,000 for
atmospheric carbon, and 70 for available land. Initial values are 1,000 gigatons of carbon15 for
forest biomass, (x0 ), 3666 gigatons of CO2 for atmospheric carbon, (y0 ), and 40 hundred million
hectares for available land, (z0 ). The variables are measured as such throughout the simulation.
Running a ‘business as usual’ model with the above parameters for 100 time steps, yields the
results shown in Figure 1: forest biomass is shown in red, atmospheric carbon in blue and land
available for forests in black. Forest biomass increases slightly initially, from 1000 gigatons of
carbon (Gt C) to a high of 1118.28 Gt C. As carbon emission growth is taken as given and forest
biomass only captures a proportion of the total carbon, atmospheric carbon behaves as expected,
by increasing from 3666 Gt CO2 to 4609.01 Gt CO2 . Concerning the development of land available
for reforestation: the maximum land available for forests is 60 (hundred million hectares in the
chart [6 billion hectares]), however it is assumed not all of this is easily reforested in the first
scenario (reflected in the low value of the scalar, n = 0.015), and decreases from the initial value
of 40 to 29.89 hundred million hectares. Both choice variables begin at 9.23, decrease to 9.15 in
the following time step, and then reach and remain at 9.07 for the remainder of the simulation (see
Figure 1a).
If we assume an increased rate of forest productivity on the land, (h), due to carbon fertilization,
genetic modification of plants to respond to climate change, or other causes, from h0 = 0.5 to
h1 = 0.7, ceteris paribus, the dynamics change as seen in Figure 2. While forest biomass increases
substantially, from 1000 Gt C to 1464.07 Gt C, atmospheric carbon does not change very much from
14

See Grüne et al. (2011)
It is standard practice to measure forests by volume using their carbon biomass.
Please see:
https://www.fs.fed.us/pnw/rma/research-topics/biomass-and-carbon/index.php for more information. Due to the
global scale of this model, gigatons are the most appropriate measure.
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Figure 1: Initial scenario

Figure 1a: Choice variables, cx , cz

10

Figure 2: Increased forest productivity

Figure 2a: Choice variables, cx , cz
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the initial trial. Atmospheric carbon increases from 3666 Gt CO2 to 4596.54 Gt CO2 , a decrease
of 12.47 Gt CO2 from the original scenario with lower forest productivity. This demonstrates that
while we can increase the productivity of forests, this alone may not be enough to reach negative
carbon emissions. Land available for forests decreases to 30.65 hundred million hectares. Both
timber harvesting and deforestation begin at 9.24 and 9.25, respectively, decrease to 9.14 and 9.15
respectively in the first period, then both decrease to 9.05 and remain there for the rest of the
simulation (see Figure 2a).

Figure 3: Increased forest productivity and growth rates

Figure 3a: Choice variables, cx , cz
Increasing the growth rate of forests, (α), from 0.0025 to 0.02, and looking at 25 iterations, in
addition to an increased productivity (µ), from 0.5 to 0.7, yields results seen in Figure 3. Forest
biomass increases dramatically, from 1,000 Gt Carbon to 4,746 Gt Carbon. Atmospheric carbon
dioxide increases at a much less rapid pace than in the first simulation, increasing from 3666 Gt
CO2 to 3848.83 Gt CO2 . Land available for forests decreases from 40 hundred million hectares to
37.82 hundred million hectares in the third step, increases back to 40.63 hundred million hectares
in the nineteenth step, and then decreases to 15.77 hundred million hectares by the end of the
12

simulation. The choice variables vary much more widely under this model simulation, and can be
found in Figure 3a. They both begin at around 10.4, then both decrease slightly to around 8.5 at
the fifth step. After the eighteenth step, they diverge: timber harvest increase back to around 10.4,
while deforestation increases to 20. This high level of land use change could be explained by the
higher forest productivity on the land — if forests are more productive on a smaller area of land,
there is incentive (or at least space) to deforest more.

Figure 4: Decreased forest growth rates

Figure 4a: Choice variables, cx , cz
Decreasing the forests’ growth rate (α) to 0.008 while maintaining forest productivity (µ) at
0.7, yields the results seen in Figure 4. Forest biomass increases slowly from 1,000 to 1880.35
Gt C and atmospheric CO2 increases from 3,666 to 3867.95 Gt. Land available for afforestation
decreases from 40 hundred million hectares to 35.49 hundred million hectares — the lowest growth
of deforestation and land use change in the model simulation. The behavior of the choice variables
can be found in Figure 4a; they begin around 9.45, decrease to around 9.14 in the second step, and
finally decrease to 8.84 for the remainder of the simulation.
13

Figure 5: Varied assumed afforestation efforts
Though the choice variables in this model are terrestrial consumption, (cx ) and (cz ), one could
also make ’afforestation efforts’ a choice variable to look at direct forest mitigation efforts and their
effects on the system. Here, we simply vary afforestation, (ω), to examine the effects, seen in Figure
5. When increasing ω0 = 0.002 to ω1 = 0.0025, we see that while forest biomass increases to 1222.98
Gt C, atmospheric carbon also increases to 4605.23, a decrease of only 3.78 Gt CO2 from the initial
scenario. Both choice variables timber harvest and deforestation display the same behavior as in
Figure 1a. For comparison, when (ω) is increased to ω2 = 0.004 (doubled from the initial scenario),
forest biomass increases to 1587.9 Gt C, and atmospheric CO2 increases to 4592.72 Gt CO2 — a
decrease of 16.29 Gt CO2 from the initial scenario. Under these conditions, the choice variables
display the same behavior as in Figure 2a.

Figure 6: Removed positive carbon forcings on forests

14

An important underlying dynamic are the impacts from climate change on forest biomass.
Climate change is impacting forests here in two ways: a positive forcing in the form of carbon fertilization and a negative forcing due to increased temperatures, changes in precipitation, increased
forest fires, and increased frequency and severity of extreme weather events due to increasing concentrations of CO2 in the atmosphere. Stylized facts are used here due to the uncertainty of future
climate change impacts on natural ecosystems. To examine the positive forcing impacts of carbon
fertilization, the effects (f, γ) are removed in the model simulation (x1 ), see Figure 6. Without the
positive effects of carbon fertilization, forest biomass has dropped from 1118.28 Gt C to 1058.01
Gt C (a decrease of 60.27 Gt C). Atmospheric CO2 has also increased (due to the smaller amount
of biomass acting as a sink) from 4609.01 Gt CO2 to 4611.21 Gt CO2 , and increase of 2.2 Gt
CO2 . The choice variables display the same dynamics as in Figure 1a, however they remain at 9.08
(versus 9.07) during the simulation.

Figure 7: Removed negative carbon forcings on forests

Figure 7a: Choice variables, cx , cz
Examining the negative forcings of climate change on forest biomass yields the results seen in
Figure 7. With the negative impacts of climate change, (x0 ), forest biomass increases from 1000
15

Gt C to 1118.28 Gt C. Removing the negative climate change impacts (droughts, insect invasion,
etc.)(g, δ), (x1 ) shows how forest biomass could have grown — here, increasing to 1783.98 Gt
C, bringing atmospheric CO2 down to 4585.12 Gt CO2 (a decrease of 23.89 Gt CO2 ). The choice
variables of timber harvest and deforestation display the behavior shown in Figure 7.a — beginning
the simulation at 9.26 and 9.27, respectively, then both decrease to 9.15, and after two time periods
both decrease to 9.03, where they remain for the rest of the model simulation.

Figure 8: Imposed cap on emissions

Figure 8a: Choice variables, cx , cz
If the upper boundary on atmospheric carbon dioxide is lowered — imposing a ‘cap’ on emissions
— we can then examine how much forest biomass is needed to maintain emissions at that level.
Reducing the state constraint from 10,000 to 4,000 (limiting the total atmospheric stock of CO2 to
4,000 Gt CO2 ), ceteris paribus, produces the dynamics seen in Figure 8.
Forest biomass increases to 5,365.01 Gt C and land available for forests increases to 253.08.
These dynamics show that to limit atmospheric carbon dioxide using forests as carbon sinks, an
unrealistic amount of land and forest biomass would be needed. This suggests that while forest
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play an important role, they will not be our only solution to reach negative carbon emissions.
Once atmospheric carbon (in blue) reaches the upper constraint of 4,000 Gt CO2 , the choice
variables decrease from the optimal 9.07 to a low of -418.04 and -488.96 for (cx ) and (cz ), respectively, seen in Figure 8a. Once the upper constraint is reached, consumption of timber and land
use change must effectively be negative — and indeed dramatic positive afforestation efforts must
be put in place to maintain the level of atmospheric CO2 .

Figure 9: Varied optimization exponents, ψ and φ

Figure 9a: Choice variables, cx , cz
Another important facet of these dynamics is the choice of the exponents (ψ) and (φ) in the
optimization function. Throughout the simulation, the choice variables have roughly equaled one
another (except for the previous simulation, seen in Figure 8 and Figure 8a). These ’optimal
values’ for each of the choice variables change when the exponents are varied. For example, if we
value timber harvest more, and therefore receive more (net) utility from its consumption versus
deforesting land for agriculture or urbanization, we would increase the exponent acting on timber
harvest (cx ). Changing the exponents, (psi) and (φ) to 0.7 and 0.3, respectively produces the
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dynamics seen in Figure 9 and Figure 9a. The choice variable for timber harvest, (cx ), begins at
11.13 for the first period, then decreases to 11.04 for the second period, then decreases to 10.95,
where it remains for the rest of the simulation. The choice variable for deforestation, (cz ), begins
at 5.09, decreases to 5.05, then to 5.01 where it remains for the rest of the simulation.

5

Regulation — Tax Rate and Revenue Recycling

Moving forward from the simple model, a resource tax and revenue recycling mechanism can be
incorporated into the system. The work of other environmental economists has shown “that governmental resource management is needed to avoid the depletion of resources” (Semmler 1994, p409).
The exact regulatory mechanism needed, however, is debated. One such regulatory instrument is
the ecological, or Pigouvian tax. Ecological taxation can be levied on timber harvesting, using
market incentives, after free markets have failed to consider environmental externalities (such as
impacts on the carbon sink function). Such a policy on its own can be effective, however it can
also be used alongside other methods to improve results, such as government regulation, cap and
trade, among others. Revenue from this taxation can then be used to alleviate the general tax burden (by proportionately reducing other taxes), or can be channeled into funds for environmental
regeneration or conservation purposes.
To include these aspects into the model using first a fixed tax rate, the following adjustments
are made to each of the equations. The tax rate is included in the optimization function, operating
on the consumption of timber. In this scenario, utility is derived from an amount left over after
the tax is paid, (cx (1 − τ ))ψ . Where 0 < τ < 1.
maxcx ,cz

R −pt ((cx (1−τ ))ψ cφz X)1−σ −1
e
dt
1−σ

The state equation representing the evolution of the stock of forest incorporates the revenue
recycling mechanism, mτ cx . The tax, τ , on timber harvest, cx , is recycled to afforest a certain
quantity of biomass less administrative or other costs, determined by some constant, m. Where
0 < τ, m < 1.
ẋ = [αx − κx + ωx + xυ + mτ cx + f (y)γ − g(y)δ ]h(z)µ − cx
The state equation representing the stock of atmospheric CO2 and the state equation representing the stock of land available to forest do not change. A tax on emissions has been discussed
extensively in the climate change literature, and due to the multitude of economic activities directly
contributing to deforestation, it would be difficult to implement a tax on land use change uniformly
— for simplicity, taxes on these activities are not addressed here.
ẏ = βy − y − ∂y + ηcx + θcz + ϕ(κx) − ζ(x)
ż = nz(K − z) − cz
However, it is worth mentioning the multiple mechanisms available to limit urbanization and
consequent deforestation, aside from urban planning. One such instrument is the urban growth
boundary (UGB) — a local boundary mandating the area inside the boundary be used for urban
development, and the area outside preserved in its natural state or maintained as agricultural land.
In the US, Oregon, Washington and Tennessee require UGBs to be established. Another instrument
to control urbanization and subsequent deforestation is the Georgist land tax. If implemented, a
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tax on land value (or the economic rent on land) would encourage efficient use of land, and limit
unnecessary urban development. By limiting the destruction of the commons (i.e.: global forests)
and by more equitably distributing economic rents through taxation, this mechanism also has the
potential to lower carbon emissions.

5.1

Results

Figure 10: Fixed tax rate, initial scenario

Figure 10a: Choice variables, cx , cz
Setting m = 0.8 and τ = 0.1, yields the results as seen in Figure 10 and Figure 10a. Forest
biomass increases from 1,000 Gt C to 1248.66 Gt C at the end of the simulation. Including the fixed
tax and a revenue recycling afforestation mechanism into the system has increased forest biomass
of 143 Gt C, relative to the first simulation of the model seen in Figure 1. Atmospheric CO2 has
increased from 3666 Gt CO2 to 4604.17 Gt CO2 , representing a decrease of 4.35 Gt CO2 from the
original scenario, seen in Figure 1. Land available to forests decreases from 40 to 30.94 hundred
million hectares. Interestingly, the choice variables of timber harvest, (cx ), and deforestation, (cz ),
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begin at lower values and end at higher values compared to the original scenario seen in Figure 1.
Timber harvest, (cx ), begins at 9.2 and deforestation, (cz ), begins slightly higher, at 9.21, then both
control variables decrease to 9.15 in the first period. In the third period, both variables decrease
to 9.03, where they remain for the rest of the simulation.

Figure 11: Fixed tax, increased forest growth and productivity

Figure 11a: Choice variables, cx , cz
Examining the tax and recycling mechanism scenario under an increased growth rate (α = 0.02)
and productivity (µ = 0.7) of forests yields the results seen in Figure 11. Forest biomass increases
from 1,000 to the upper limit, 5,000 Gt Carbon, and atmospheric CO2 increases from 3,666 to
4,327.15 Gt. Land available for forests decreases from 40 hundred million hectares to just 0.08
hundred million hectares — the most significant amount of deforestation seen in the model. The
choice variables, seen in Figure 11a, show the same behavior seen in Figure 3a: both converge
towards 9, then as timber harvest decreases slightly (to a low of 3.35), deforestation increases to
20 for several steps, then sharply falls to end at 1.86. This extreme level of deforestation could be
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explained by the increased levels of both forest growth rates and forest productivity, as lower levels
of forestable land would be needed for the same amount of atmospheric CO2 mitigation.

Figure 12: Fixed tax, decreased forest growth rate

Figure 12a: Choice variables, cx , cz
Decreasing forest growth from α = 0.02 to α = 0.008, yields the dynamics seen in Figure
12. Forest biomass increases from 1,000 to the upper limit of 5,000 Gt Carbon, while atmospheric
carbon dioxide increases from 3,666 to 4,406.42 Gt. Land available to afforestation efforts decreases
from 40 to 0.31 hundred million hectares. The behavior of the choice variables is displayed in Figure
12a.
Varying the tax on timber harvest gives some interesting dynamics as well. Decreasing the tax
from τ0 = 0.1 to τ1 = 0.01, yields results seen in Figure 13 and Figure 13a. With the decreased
tax rate, forest biomass increases to 1128.04, a decrease of 120.6 Gt C relative to the scenario with
the tax of 0.1. Atmospheric carbon increased to 4608.66, an increase of 4.49 Gt CO2 as compared
to the higher tax scenario. Available land decreases from 40 to 29.9, a slightly smaller decrease
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Figure 13: Fixed tax, decreased tax rate

Figure 13a: Choice variables, cx , cz
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than in the higher tax rate scenario. The control variables demonstrate the behavior observed in
Figure 13a; both timber harvest, (cx ), and deforestation, (cz ), begin at 9.2 Gt C. Timber harvest
decreases to 9.14, while deforestation decreases to 9.15. Both control variables then decrease to
9.09 in the third period, where they remain for the rest of the simulation.

Figure 14: Fixed tax, increased tax rate

Figure 14a: Choice variables, cx , cz
Increasing the tax rate from τ0 = 0.1 to τ1 = 0.2 yields the dynamics seen in Figure 14 and
Figure 14a. Forest biomass increases to 1398.37 — an increase of 149 Gt C from the initial τ0 = 0.1
tax scenario. Atmospheric carbon increases to 4598.62 Gt CO2 , a decrease of 5 Gt CO2 from the
initial tax scenario. In other words, doubling the tax rate on timber harvest, yields a decrease of 5
Gt CO2 over the course of the simulation. Land available for forests decreases to 31.04, a slightly
smaller decrease than under the τ0 = 0.1 tax scenario. The control variables display equal behavior,
seen in Figure 14a: both begin at 9.2, decrease to 9.15 in the second period, then to 9.09 in the
third period, and decrease to 9.03 Gt C, where they remain for the rest of the simulation.
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Figure 15: Initial scenario versus Fixed Tax scenario
Comparing the two scenarios, both without and with a fixed tax, yields the results seen in
Figure 15 and Figure 15a. Forest biomass increases more quickly under a fixed tax scenario, versus
the no tax scenario. Under the no tax scenario, atmospheric CO2 increases to 4225.82 Gt whereas
under a fixed tax it increases to only 4215.41 Gt CO2 , indicating that a fixed tax yields lower
levels of atmospheric carbon dioxide. Land use changes and deforestation also improve under a
fixed tax scenario — 0.1 versus 0.04 hundred million acres are left over for forests under a fixed
tax. These results are consistent with other studies which suggest that imposing a tax leads to
increased environmental conservation.
Though only one governmental instrument — the fixed tax — is focused on here, results may
be more widely applicable. For example, allowing the tax to vary, and investigating optimal tax
levels would be an interesting line of investigation. Other viable policy instruments for the regulation of timber harvest and deforestation including quotas, subsidies, barriers to entry, and other
mechanisms can also be investigated in this way16 .
The results from the investigation into a fixed tax and revenue recycling mechanism indicate
that using both policy mechanisms results in increased environmental conservation. At the end
of the first fixed tax simulation (Figure 8), both a higher volume of forest biomass and a lower
level of atmospheric carbon (relative to the non-tax scenario) are present, demonstrating a positive
(or healthier) environment and an increase in the carbon sink function. A tax of 10 percent and
recycling that into afforestation, lead to a decrease of 4.84 Gt CO2 as compared to the original
scenario — eliminating about a year’s worth of GHG emissions. This amount is highly dependent
on the chosen level of parameters in the initial state equations and would be adjusted accordingly
with new, relevant information.

6

Discussion

The most important finding is that using forests alone will not be enough to reach negative carbon
emissions. Even if the policy maker were to scale up forests (whether by afforestation or bringing
16

See Semmler 1994
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land back into use for forests) this alone will not be enough to reduce carbon dioxide emissions.
Currently, the global forest sink absorbs roughly 12 - 18 percent of new carbon dioxide emissions.
While carbon fertilization has increased forest biomass in the past 20 years this relationship displays
diminishing returns and so future net impacts of ever-increasing CO2 are predicted to decrease forest
biomass. This in turn impacts the ability of forests to act as carbon sinks, which will eventually
reach a vicious cycle of decreasing forest biomass and increasing atmospheric carbon. Even if the
social planner were to afforest all the arable land available, forests would not be enough to reach
negative carbon emissions. This finding is concurrent with the results from other studies in the
negative carbon emissions literature (see Section 2 above) which emphasize the need for additional
technologies supplementing the use of biological systems for atmospheric carbon dioxide removal.
While this model can shed light on certain relationships, much of the dynamics represented
here are highly dependent on the choice of parameter values. Given the uncertainty within the
science concerning climate change impacts and global ecological resources, such as forest systems,
these results should be viewed with some caution as representative of the true dynamics. When
available, the model should certainly incorporate new findings which bear on the interactions here.
An additional issue is the heterogeneity of forests — boreal, temperate, and tropical forests play
different roles in the regulation of climate. For example, boreal forests absorb less carbon due to
their density and amount of leafy vegetation, whereas tropical forests play a vast role in both the
carbon cycle and climate management. This, as well as the fact that different regions have different
political economies, inequalities, and regulations, presents complications when trying to determine
global aggregates and should be kept in mind when analyzing the results of this model simulation.
A final complication is that greenhouse gas emissions are not all made of carbon dioxide — apart
from water vapor, the emissions of methane, nitrous oxide, ozone, chlorofluorocarbons (CFCs), and
hydrofluorocarbons (HCFCs) cannot be absorbed by our planet’s natural carbon sinks. This factor
does limit the model, but does not preclude determining useful information about forests and carbon emission and absorption. This model provides multiple opportunities for exciting extensions,
including: a more well-defined carbon-absorption relationship; incorporating a ‘disutility’ gained
(or penalty function) from increasing amounts of atmospheric carbon dioxide in the optimization
function; mitigation efforts (a changing rate of emissions); afforestation as a choice variable; and
a more defined relationship between the mycorrhizal network and forest productivity or growth.
Another interesting idea to possibly develop is to use this model on a micro-scale, for example examining the amount of carbon absorption from foresting cities. With the rise of local implementation
of climate mitigation and adaptation, so-called “smart cities” could incorporate this modeling in
their sustainability plans.
The study of how forests interact with atmospheric carbon dioxide emissions is of increasing
importance. As global GHG emissions continue to rise, scientists are warning that mitigation alone
is no longer sufficient to stay below 2°Celsius of warming. Efforts must also be put into reaching
net negative emissions, whether through geo-engineering or through technological advancements.
Afforestation efforts are one way in which to achieve this — and, indeed, are already contributing a
significant amount towards carbon absorption. Deforestation (especially in the tropics) is reducing
the earth’s ability to absorb carbon dioxide — bringing humans closer to planetary limits and
degrading ecosystems and the services they provide. To sustainably harvest timber, the social
planner must take into consideration the carbon sink function that forests play. Given the urgency
of limiting temperature change to less than 2°C by 2100, optimal forest harvesting should be most
likely be limited to the net annual increment to reduce depletion. Beyond the implications for
climate change, these interactions also influence the water cycle, as forests play a large part in
water filtration and transpiration. Therefore, any investigation into the sustainable consumption
of forests must incorporate this vital function; this paper attempts to do so using a holistic and
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dynamic systems approach.
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