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Abstract 

Humans derive benefits from ecosystems in multiple ways. As ecosystems move and are 

disrupted by the changing climate, these benefits will change or disappear. In this dissertation, I 

explore what are the consequences to society of those changes on market and non-market 

components of human well-being provided by ecosystems throughout the globe. I use an 

integrated approach to model the interactions between climate, economics and ecosystems, 

allowing to estimate climate policy-relevant metrics such as the social cost of carbon.  

The Introduction of this dissertation is a review of the state of the literature on natural capital 

and the social cost of carbon highlighting key research areas to advance this field. The first 

chapter presents GreenDICE, an Integrated Assessment Model (IAM) that extends the standard 

Dynamic Integrated Climate-Economy (DICE) model to account for natural capital and its role in 

providing use and non-use benefits to people. The second chapter extends GreenDICE to account 

for process-based ecosystem dynamics and allow for geographical heterogeneity among 

countries in relation to their dependence on natural capital for the creation of market and out-

of-market goods and services. Finally, the third chapter turns to the empirical question of 

whether there is evidence of persistent effects of temperature on gross domestic product (GDP), 

such as the ones we would expect to see in an economy that relies on productive assets that in 

turn are damaged by climate change, as in the case of natural capital in GreenDICE.  

Overall, the results show that explicitly including ecosystems as a form of capital assets in IAMs 

increases by an order of magnitude the social cost of carbon. Moreover, these impacts will not 

be equally distributed across the world. The market economies of low-income countries will be 
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the most affected by climate change-disturbed ecosystems, posing an additional mechanism for 

intensifying inequality. The empirical evidence shows that it is likely that some country-level 

economies might have already experienced persistent temperature effects on GDP, supporting 

modeling approaches as GreenDICE that include temperature impacts on the economic 

productive base.  
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Supplementary Table 1. Key parameters and functional forms introduced in 
GreenDICE. If not specified, the parameter is the same as in DICE 2013. 
 

  Functional form or 
Parameters 

Source Alternative values used for 
Monte Carlo analysis or 
sensitivity analysis 
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Functional form: 
Nested constant 
elasticity of 
substitution 

Following Carbone and 
Smith4.  

 

𝜃𝜃1 
Substitutability 
parameter between 
market goods and 
ecosystem services 

0.55, the average value from 
a subset of empirical studies 
presented by Drupp5.  

0.74, 0.86, 0.68, 0.69, 0.32, 0.58, -
0.16, 0.41, -0.1, 0.73, 0.79, 0.76, 
0.80. 
Estimates compiled by Drupp 
(2018)5, a subset of studies that 
most likely take into account only 
use-values of nature. Discussed 
below. 

s1 
The relative 
importance of 
ecosystem services 
consumption with 
respect to 
consumption of market 
goods 

0.1, from Hoel and Sterner 
(2007)6. 

0.05, 0.1, 0.15. 
An arbitrary deviation from 0.1 to 
test sensitivity. 

𝜃𝜃2 
Substitutability 
parameter between 
use and non-use 
values 

0.58, from a subset of 
studies presented in Drupp 
(2018)5.  

0.63,0.78,0.62,0.27 
Estimates compiled by Drupp 
(2018)5, using only the subset of 
studies that most likely take into 
account non-use values of nature. 
Discussed below. 

s2 
Relative importance of 
non-use values flow 
with respect to 
consumption 

Assumed to be 0.1, following 
Hoel and Sterner (2007)6. 

0.05, 0.1, 0.15. 
An arbitrary deviation from 0.1 to 
test sensitivity. 

Ec
on

o
m

ic
 

pr
od

uc
t

io
n 

fu
nc

tio   Functional form: 
extended  Cobb-
Douglas 

Following 2,7  
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𝑁𝑁0  
Initial value of natural 
capital stock, as a 
fraction of 
manufactured capital 

0.258 ∗ 𝐾𝐾0 
Income-weighted average of 
natural capital estimation by 
income group in 2010, as 
reported in World Bank's 
database8.    

Alternative values are given by 
1
𝑟𝑟𝑘𝑘
𝑛𝑛

𝐾𝐾0; Where the ratio of initial 

manufactured capital to natural 
capital is sampled from the 
probability density function:  
𝑟𝑟𝑘𝑘
𝑛𝑛

= 𝑁𝑁(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚: 3.87, 𝑠𝑠𝑠𝑠: 2.11)  

Constructed with the weighted-
mean standard deviation of the 
income groups in the dataset. 
Discussed above.  

Δ𝑚𝑚  
Natural capital-
adjusted total factor 
productivity, which 
jointly with initial stock 
of natural capital, 
determine the 
elasticity of output with 
respect to natural 
capital. Discussed 
above. 

1.0144 
Calibrated using the GDP-
weighted average of the 17 
country-level estimations of 
the natural capital-adjusted 
total factor productivity 
growth from Brandt et al.3  

Alternative values obtained from 
the probability distribution function: 
𝛥𝛥𝑚𝑚 = 𝑁𝑁(𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚: 1.0144, 𝑠𝑠𝑠𝑠: 0.0324) 
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γ4 

Non-use values 
elasticity to natural 
capital 

0.5 
Assuming decreasing non-
use value returns in natural 
capital. 
 
 
 
 
 
 
 
 
 
 

0.2, 0.8 
Assumption. 
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−
1/

(1
+
𝑚𝑚𝑇𝑇

2 )
 

Functional form: 
Quadratic function of 
temperature 

Assumption, following 
economic damage function 
literature. (Note that Urban9 
finds that extinction risk 
increases quadratically with 
temperature). 

 

a 
Coefficient of squared 
temperature 

0.08, calibrated using data 
and methods from Howard 
and Sterner (2017)10. See 
calibration below.  

Other estimates are obtained by 
increasing the parameter of total 
damages by 100% instead of 
25%, as proposed by Stern,11 and 
followed by Strner and Persson12 
and Drupp and Hansel.13 A further 
variation of this parameter is 
obtained by varying the 
percentage of damages 
corresponding to market only 
(Further discussed below).  
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γ1
K

γ3
N

γ2
 

Functional form: 
Cobb-Douglas 
production function 

Assumption, following 2,7   

Natural capital and 
manufactured capital 
elasticities 

Assumed to be the same as 
the economic production 
function, but swapped for 
natural and manufactured 
capital. 

 

R
ef

er
en

ce
 v

al
ue
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Pure rate of time 
preference 

1.5% 
DICE2013 

0.1%, 1.5% and 3% 

Climate sensitivity 3.2 
DICE2013 

Drawn from the distribution 
proposed by Roe and Baker14, 
using standard DICE climate 
sensitivity value as a central 
estimate.  

Relative risk aversion 1.45 
DICE2013 

1.08, 1.83 
Maximum and minimum values 
found in the empirical estimations 
calculated by Evans (2005)15 
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Functional form: 
similar to the 
abatement cost 
functional form in 
DICE 

Assumption following 
standard DICE 

 

w 
Cost coefficient 

5.57 
Following estimates from the 
statistical office of the 
European Union 

2.25, 8.90 
Assuming different costs of 
damage reduction (Discussed 
below) 

Note: all remaining parameters not specified in this table are maintained the same as in DICE2013R, See 
Nordhaus and Sztorc (2013)16 
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Chapter 2 

Forests range shifts under climate change: impacts on macro-economic growth and human 
wellbeing 
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economic growth and human wellbeing. Working Paper accepted to be presented in XXIII 
ANNUAL BIOECON CONFERENCE ON: "Biodiversity, Finance and Economy". 4th - 6th September 
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Chapter 3 

Persistent Effect of Temperature on GDP Identified from Lower Frequency Temperature 
Variability 
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Conclusion 

Ecosystems provide diverse benefits to people, from non-use values to market goods. However, 

climate change has already damaged many ecosystems, and more pronounced and widespread 

disturbances are expected in the future. With the research presented in this dissertation, my aim 

is to build a framework that integrates the current literature and findings on these topics to 

understand better how climate change will affect what we value from nature. In this section, I 

discuss the joint contribution of the papers presented above, their limitations, and priorities for 

future research.  

 

Contributions and Implications 

Within the long-standing and contested quest of defining the nature of geographical thought, 

some authors argue that a crucial characteristic of a geographer is to draw findings and theory 

from multiple disciplines to try to solve a current problem. While many can disagree with this 

broad definition, I believe this accurately encapsulates my dissertation's main contribution. By 

deeply analyzing state-of-the-art literature in environmental economics, sustainability, ecology, 

and climate change, I was able to carefully weave different threads of scientific knowledge to 

answer my question.  

In that sense, a principal contribution of this dissertation is bringing together in a coherent 

framework different lines of research to shed light on how climate change will impact the benefits 

we obtain from nature. This is especially reflected in the Introduction of this dissertation, a review 

article that Dr. Frances Moore and I were invited to write for the Volume 14 of the Annual Review 
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of Resource Economics. It is expected to serve as a map for future researchers to advance the 

field.  

From a more specific angle, Chapter 1 contributes to representing better use and non-use values 

of nature in DICE, a widely used integrated assessment model of climate and the economy. The 

standard approach bundled market and out-of-market climate impacts in a stylized damage 

function that reduced a percentage of economic output equivalent to the out-of-market losses. 

This makes it impossible to distinguish between market and out-of-market damages, effectively 

allowing to compensate one-to-one the different types of losses even if they mean completely 

different things to society.  

Only a few articles before have explicitly included an environmental amenity in the utility 

function as a separate component from the economic output and investigated the effects on 

climate policy. As Chapter 1 shows, I expanded the DICE model beyond these modifications in at 

least two ways. Firstly, by further disentangling the environmental amenities component into 

non-market ecosystem services and non-use values. While both bring benefits to society, 

ecosystem services only arise when ecosystems interact with people and the built environment. 

On the other hand, non-use values are independent of any localized interaction of ecosystems 

with people or manufactured capital. I integrate these two components using a nested utility 

function to allow different degrees of substitutability.  

Secondly, building on the macroeconomic theory of capital and digging into some mostly 

forgotten ideas that originated as part of the heated debates on limits to growth, I extend the 

economic production function to account for natural capital. This is enabled by the information 
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generated by international organizations such as the World Bank that have done constant and 

systematic work on wealth accounting. I call GreenDICE to this extended version of the DICE 

model. The optimal social cost of carbon, a widely used climate policy-relevant estimate, is five 

times larger in 2020 compared to the values given by the standard version of DICE. If the optimal 

SCC given by GreenDICE was applied globally as a carbon tax, it would limit global temperature 

below 2C. 

In addition, an important contribution is a focus on better representing the dynamics of 

ecosystems within this integrated approach. Using output from terrestrial ecosystem models and 

ecosystem services valuation studies, Chapter 2 shows that it is feasible to attach a value to the 

benefits of different biomes covering each country. With that, I can estimate future changes in 

the market and non-market benefits due to ecosystems moving poleward and to higher altitudes 

in a warmer future. Additionally, this research depicts a process that further intensifies the 

inequality gap across countries.  

Finally, Chapter 3 presents results from a distinct perspective. In an empirical exercise with an 

innovative methodological approach, I identified the presence of persistent -and, therefore, 

cumulative - temperature effects on some countries' gross domestic product (GDP). As opposed 

to the otherwise widely used assumption of the presence of level-only effects, which are 

temporary temperature damages reversed after the temperature shock passed. The scientific 

literature has increasingly studied the processes that would generate persistent temperature 

effects. Among these processes are damages to the economic productive base, such as climate 

change lowering natural capital as depicted in GreenDICE. An independent empirical study that 
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detects persistent effects indicates that models such as GreenDICE should continue to be 

explored.  

 

Limitations and Future Research 

The studies presented here explore only one among the countless ways to approach the question 

of how climate change is affecting the benefits we get from nature. While the results are robust 

to parametric uncertainty and shed light on important implications, many assumptions remain 

uncontested. In this final section, I explore some of these assumptions and point to relevant 

research venues I plan to undertake in the future.  

The benefits that nature provides to people are unique to each community worldwide. These 

benefits arise from the interaction of people with diverse ecosystems and are mediated by 

culture, institutions, and many more unique characteristics resulting from historical processes. A 

global model like the one I present in this dissertation is not made to integrate all these distinctive 

ways to experience human-nature interactions. Rather, it draws from a top-to-bottom narrative 

often imposed by a dominant thought framework. It is crucial to develop concerted local-specific 

research that provides a mosaic of local-level analysis of climate impacts on human-nature 

relations while allowing for the uniqueness of worldviews and value systems. These necessarily 

have to come from a bottom-to-top approach, and instead of being part of single research, it is a 

task for a whole community that is still emerging.  

On a more specific note, some rough edges call for further research in the future. For instance, 

the concept and methods of measuring natural capital have to be better defined depending on 
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the direction in which natural capital is measured. Traditionally, sustainability theory has 

measured the capital with a backward-looking approach to assessing whether the productive 

base of the society is on a sustainable pathway. However, natural capital as used here, in a 

forward-looking assessment, should take into account multiple future pathways. This is already 

common in the scenarios community that model socioeconomic pathways and greenhouse gas 

emissions. However, the concept is harder to grasp for natural capital, given the nature of its 

calculation, especially under uncertain climate and management practices. Different climate and 

policy scenarios would lead us to calculate a different estimate of natural capital today, as 

opposed to what we get in the emission scenarios, where future pathways do not affect current 

levels of greenhouse gas emissions. Much work is left in better problematizing and advancing 

concerted efforts of forward-looking accounts of natural capital.  

Remarkably, two assumptions require further attention as they could be causing either an 

underestimation or overestimation of the results presented in Chapter 2. First, those results only 

consider biomes shifting, while there are many potential changes at other ecological levels, for 

example, community composition, functionality, biodiversity, primary productivity, and more. 

None of these is considered, which would likely intensify climate change impacts. 

Further, another assumption is that countries do not adapt to their changing ecosystems. 

Adaptation measures can attenuate lost benefits when ecosystems shift. Not accounting for 

societies adapting to new ecosystems might be a source of overestimating the results and should 

be approached in future research.  
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Finally, the ecological scope has been limited to terrestrial biomes. However, many coastal 

communities and insular nations have deeper connections with the oceans. While much work 

has measured fisheries' value, ongoing efforts are emerging to recognize beyond-market benefits 

that oceans provide to people worldwide. This is an exciting line of research on where I will focus 

next.  

Even in the light of the limitations mentioned above, this dissertation provides a solid 

contribution to the field of climate change impacts on nature and society.  

  




