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Social-environmental index: combining social and biophysical indicators
reveals limits to growth
Stanislas Rigal 1
ABSTRACT. The negative impact of the dominant socioeconomic paradigm on the biosphere, on the climate, and on societies themselves
is acute. Yet, the success of countries is measured by indicators known to be limited because they target a socially attractive but
environmentally unsustainable model of society. A myriad of indicators have been proposed to address this lack of relevant measurements
that assess the real social achievements of countries. At the same time, the impacts of human societies on life and climate have become
increasingly well monitored and have shown the ecological deadlock of the dominant development model. Although social and
environmental thresholds have been highlighted, combined indices that allow countries to track their trajectories toward greater social
justice without exceeding biophysical thresholds are still lacking. A combined socio-environmental index (SEI) is constructed here to
fill this gap. The relationship between SEI and gross domestic product (GDP), population density and sustainable development index
(SDI) is then analyzed. This allows for a re-examination of the Easterlin paradox from a social and environmental perspective. In
addition, considering population density allows to test the influence of population on the country’s sustainability success. It is shown
that combining social and environmental thresholds into a combined index is not only feasible but provides a useful complementary
tool to detailed and specific social or environmental indicators. SEI highlights and quantifies the limits, already exceeded in many
countries, beyond which economic development is clearly related to a decline in social achievements and a crossing of biophysical
thresholds. Unlike GDP, population density and population growth were not found as being related to the current unsustainable
development model. Therefore, the results call for a degrowth in the environmental impact of high-income countries, which may result
in social improvements and yield room of maneuver for the development of social foundations in other countries. All of these
transformations require new narratives, goals, and measurement tools that can be partly provided by SEI.
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INTRODUCTION
The spread of the imperial mode of living (Brand and Wissen 2017)
across the globe is responsible for the greatest damage to our planet
(Ripple et al. 2017, Kolasi 2018, Marques 2020). Yet, this way of
life, characteristic of Western countries, remains a target for most
nations without considering the biophysical impossibility of
extending its high environmental consequences to over 7 billion
people (Ganivet 2020). However, the social achievements than can
accompany the mode of living of Western societies, help to
understand its growing success. Because the limits of our planet
are finite and meeting the social need of most humans is a matter
of justice and humanity, estimating whether and how it is possible
to combine a good life for all within planetary boundaries is crucial
(O’Neill et al. 2018).
The limitations of mainstream indicators for assessing human wellbeing are widely recognized, and for GDP in particular, they have
been acknowledged since its introduction in national accounts
(Kuznets 1934). Not only are non-market activities left aside, but
it is based on an economic conception of well-being, i.e., the
possibility of possessing more and more marketable goods. These
limitations have led to the emergence of many other indicators
aimed at encompassing the multiple facets of well-being. Among
the most universally used, the HDI (Human Development Index)
accounts for life expectancy and education in addition to GNI
(Gross National Income, derived from GDP; Stanton 2007), and
the GPI (Genuine Progress Indicator) corresponds to economic
well-being adjusted by negatively accounting for social costs of
economic activities (Talberth et al. 2007). Other happiness
indicators or sociological surveys have also been developed to more
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accurately assess the “Easterlin Paradox” that highlights the
decorrelation between GDP per capita and people happiness
above given income thresholds already exceeded in Western
countries (Easterlin 1974, Max-Neef 1995, Di Tella and
MacCulloch 2008, Fanning and O’Neill 2019). However, few
indices have been proposed to directly encompass human wellbeing or happiness, with what constitutes the foundation of all
human life and economic activity, namely the preservation of
functioning ecosystems on a livable planet (Abdallah et al. 2009,
Hickel 2020).
To say nothing of maintaining any economic activity, the very
possibility of living in some currently populated areas in the near
future is in question because of the consequences of global
warming (Raymond et al. 2020). In addition, the erosion of
biodiversity deeply affects the daily lives and lifestyle of millions
of people (Begotti and Peres 2020). More particularly, planetary
boundaries (Rockström et al. 2009) are already partially exceeded
by the imperial mode of living as highlighted by the tremendous
differences between wealthy, mainly Western countries and others,
even when scaling down to the individual level, i.e., comparing
environmental footprint or carbon emissions per capita (Duro
and Teixidó-Figueras 2013, Piketty and Chancel 2015).
Finding a path toward sustainability, therefore, requires
evaluating social achievements in light of the environmental
degradation produced by socioeconomic changes. In this sense, a
recent analysis by O’Neill et al. (2018), proposed placing countries
in a two-dimensional plane defined by social minimum bars and
overcoming biophysical boundaries. This first breakthrough
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remained qualitative and based on results from the doughnut
economy defining a space between social foundation and
environmental ceiling (Raworth 2013). The environmental ceiling
corresponds to the notion of planetary boundaries (Rockström
et al. 2009) that remain debated in their measurements (can they
be measured?) and definitions (do they correspond to tipping
points?; Montoya et al. 2018a, 2018b). O’Neill et al. (2018)
overcame the main criticism against boundaries, in particular in
biodiversity, by using a measurable biodiversity boundary
(Running 2012). Moreover, a further improvement added
quantitative overshoot of planet boundaries (Hickel 2019) by
accounting for the fact that some countries only slightly exceed
biophysical thresholds while others are well beyond. This has
resulted, in particular, in an amelioration of the HDI in a
Sustainable Development Index (SDI; Hickel 2020), which takes
into account a combination of social indicators (life expectancy,
education, and income) and biophysical indicators (CO2 and
material footprint) while remaining partially based on GDP. Such
approaches have clarified the trade-off between countries with
high social achievement but large environmental impacts and
countries with lighter ecological impacts but low social
achievement (Fig. 1a; Scherer et al. 2018). However, some
countries are encouragingly escaping this valley of trade-offs. For
instance, Vietnam has managed to achieve six social minimum
bars while exceeding only one biophysical boundary (O’Neill et
al. 2018).
Yet two-dimensional analyses (social vs. biophysical axis) remain
difficult to use for cross-country comparisons or even for
comparisons between years within a country. If GDP-based
policies are to be abandoned, an index that is easy to manipulate
must be provided. The use of two dimensional indicators could
therefore be limiting for public policy, as they can hardly help to
assess the improvement of a country over time. By using the
information available in the two-dimensional indicators (one
social and one environmental axis), it is possible to construct one
combined index. This index can then be easily used in public
policies to estimate the gap between the current state of countries
and the goal to be reached, namely the achievement of all social
standards within the limits of the planet, if this is ever possible.
Yet merging two dimensions into one results in a loss of
information. It also makes the assumption of substitutability
between social achievements and biophysical thresholds
considered as a weak sustainability hypothesis (O’Neill 2012).
Therefore, the construction of a combined index must meet three
criteria to be meaningful and useful (Meadows 1998): (1) retain
as much information as possible from the initial indicators, (2) be
used as a complement, not a replacement, to the set of social and
biophysical indicators to ensure strong sustainability, and (3)
define a target to reach.
The challenge is then to determine how to combine social and
environmental information while losing as little information as
possible and defining a target. In this study, a socio-environmental
index (SEI) is proposed that is based on quantitative and
qualitative information on social achievements and biophysical
impacts. In addition to the qualitative information provided by
threshold approaches (either below or above thresholds), it is also
possible to consider quantitative data on social achievements and
overshoot of biophysical thresholds. The robustness of this index

Fig. 1. (a) Projection of countries using the number of social
and biophysical reached thresholds. B corresponds to the
optimum and W to the pessimum. The valley of trade-off
corresponds to the location of most countries (95%) with either
high social standards and many biophysical boundaries
overshot or few social achievements and few overshot
boundaries. (b) 3D space with a qualitative dimension x based
on biophysical thresholds and two quantitative dimensions, y
the quantitative distance to social success and k based on the
intensity of biophysical transgression. From x and k, a z axis
summarizing biophysical overshoot is obtained by reprojecting
c' on (BW'). c is then reprojected (c'') on the grey plane (BWW')
where B corresponds to the optimum, W to the pessimum, and
W' to the projection of W on z. Socio-environmental index
(SEI) is calculated using the distance [Bc''] standardized by
[BW].
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and its relevance compared to SDI, the most advanced socioenvironmental index, is then tested. Using the combined SEI as
a complement to detailed social or environmental indicators, one
finally questions three broad issues: (1) Are socio-environmental
success and population density interconnected (the population
question being controversial since the long-standing debate on
the role of population to achieve sustainability [Ehrlich and
Ehrlich 2009, Crist et al. 2017])?; (2) Does the “Easterlin paradox”
exist when combining social and environmental indicators?; (3)
Which social or environmental indicators determine the GDP
threshold and does that threshold allow to reach a safe and just
space for all?

the SEI (step 3). Hereafter, a score corresponds to an average
value, either social or biophysical, whereas an indicator always
refers to a given social or biophysical indicator (as presented in
Appendix 1).
Step 1. The biophysical score was constructed by integrating the
intensity of biophysical transgression while keeping all qualitative
information from the number of biophysical thresholds overshot.
To do so, the coordinate of each country c on the qualitative xaxis (Fig. 1b) was calculated as the number of overshot thresholds
cTo divided by the number of recorded biophysical indicators cTr
(Eq. 1):
(1)
c

Social and biophysical indicators of countries
Spatial average
The 11 social indicators (life satisfaction, healthy life expectancy,
nutrition, sanitation, income, access to energy, education, social
support, democratic quality, equality, and employment) were
selected from the safe and just space framework proposed by
Raworth (2012). The seven biophysical indicators (CO2 emissions,
phosphorus, nitrogen, blue water, embodied human appropriation
of net primary production (eHANPP), ecological footprint, and
material footprint) were selected from the safe operating space
proposed by Rockström et al. (2009).
All those social and biophysical indicators were downscaled by
O’Neill et al. (2018), which provided their threshold (see details
in Appendix 1) and values in 2011 (see details in O’Neill et al.
2018). Countries for which fewer than six social indicators
reported (out of 11) or fewer than four biophysical indicators were
reported (out of seven) were dropped from the analysis, leaving
151 countries with sufficient data to compute the spatial analysis.
Temporal values
In addition to the available dataset described above, social and
biophysical values were reconstructed for each social and
biophysical indicator at different times steps for each country
based on the same sources (Krausmann et al. 2013, Lenzen et al.
2013, Helliwell et al. 2018, World Bank 2015). Because not all
required data were available together for the same time period,
with some years missing, even in the last two decades, the
accessible information was averaged to obtain social and
biophysical scores at three time steps (2005, 2010, 2015) for each
country. For each indicator, the 2005 values correspond to the
average of the values between 2003 and 2007, the 2010 values to
the average of the values between 2008 and 2012, and the 2015
values to the average of the values between 2013 and 2017.
Because of data limitations, this could not be done for all 151
countries but for 135 countries. This step allows tracking temporal
changes in development pathways for the different countries.
Combined socio-environmental index
To account for both social minimum bars and biophysical limits,
the social and biophysical scores were combined into one socioenvironmental index (SEI). For each country, a biophysical score
was calculated by combining each biophysical indicator (step 1)
and a social score was calculated by combining each social
indicator (step 2). The two scores were then combined to calculate

To
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life expectancy for which the
maximum observed value was used (Singapore = 75 yr). The social
score was computed as the average of all distances between social
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c
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Step 3. For a country, represented by c in Fig. 1b, the SEI value
is based on the distance [Bc''] in the Euclidean space ((1-y), z).
c Sr
More precisely, the SEI value corresponds
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with SEIc the SEI value of c, cz the coordinate of c on the z-axis,
c'y the coordinate of c on the (1-y)-axis, Bz the coordinate of B
on the z-axis and By the coordinate of B on the y-axis.
External socioeconomic indices
The current mainstream socioeconomic index for assessing a
country’s success and estimating (economic) well-being, the gross
domestic product (GDP), was compared with SEI. It should be
noted that GDP is not directly present in the social performance
indicators nor in the biophysical indicators (Appendix 1). The
sustainable development index (SDI) corresponds to the most
advanced index to account both for social and environmental
scores (Hickel 2020) and represents a significant update of the
human development index (HDI). However, it takes into account
a limited number of social and environmental variables and
remains, by construction, directly linked to GDP. The relationship
between SEI and the HDI, which is the primary index proposed
as a complement to GDP, is analyzed in Appendix 2. The genuine
progress indicator (GPI) was not used because it was only
available for 17 countries and not for all time periods considered
(Kubiszewski et al. 2013). Finally, the relationship between SEI
and population density was analyzed. UN temporal data GDP
per capita are based on purchasing power parity (PPP) in constant

2017 international dollars (Int$; UN 2020a). World GDP was
taken from the World Bank (2015), population density (from
population data and country surface [World Bank 2015, UN
2020b]) and SDI (available at https://www.sustainabledevelopmentindex.
org/) were used to calculate the averaged value for each time step
(2005, 2010, and 2015) and for each country as described for social
and biophysical scores.
Two separate analyses were conducted. First, the spatial pattern,
i.e., the relationships between SEI and GDP, population or SDI
with 2011 values was studied. To maximize sample size, the 2010
averages of GDP, population density, and SDI were used to
analyze their spatial relationships with SEI. Next, a temporal
analysis was conducted as the space-for-time hypothesis may
mislead the interpretation of spatial relationships between SEI
and economic activity, population or SDI (Damgaard 2019). The
temporal pattern was thus analyzed, i.e., it was tested whether
temporal changes in SEI were congruent in time with the link
observed in space between SEI and GDP, population density or
SDI. The 2005–2015 changes for GDP, population density and
SDI were used to maximize the number of countries and the time
period considered. Because GDP and population density had
skewed distributions, they were log-transformed for subsequent
analyses. Countries with density greater than 1000 inhab.km-2
were removed as they correspond to islands and city-states that
are difficult to compare with larger states in terms of per capita
impact.
Statistical analyses
Spatial relationships between SEI and external indices were
analyzed by applying a segmented regression (Muggeo 2008) to
assess potential turning points in SEI along GDP, density, or SDI
gradients. Temporal changes in SEI and external indices were
expressed as relative changes compared to 2005 values. Temporal
relationships between SEI and the socioeconomic indices were
analyzed using a multiple linear regression with the change in SEI
between 2005 and 2015 as the response variable and change
between 2005 and 2015 in the index considered (either GDP,
density, or SDI) in interaction with the base index value (2005
value) as explanatory variables.
RESULTS
Relationship with GDP
Overall, SEI was robust to the removal of indicators (see
robustness test in Appendix 2) and ranked high and low GDP
countries in the bottom positions, whereas middle-income
countries were often ranked higher in terms of SEI than in terms
of GDP per capita (Fig. 2 and see detail by score in Appendix 3).
Specifically, in space, SEI showed an increasing relationship with
GDP below a GDP value equal to Int$6830 (CI = [5615, 8310])
and then a negative relationship for higher GDP values (Fig. 3a)
(slope1 = 0.08, sd1 = 0.02, tvalue1 = 5, pvalue1 = 8.10−7, slope2 =
−0.21, sd2 = 0.02, tvalue2 = -12, pvalue2 < 1.10−10, r2 = 0.69). This
was due to the positive relationship between GDP and biophysical
score, which is no longer compensated by the positive relationship
between GDP and social score (see Appendix 3).
The inverse relationship between SEI and GDP at low and high
GDP values was confirmed by the temporal analysis (Fig. 3 and
Table 1). The change in SEI was not significantly negatively related
to GDP, positively related to the change in GDP, but negatively
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Fig. 2. Spatial distribution of socio-environmental index (SEI) in the world. Purple values
correspond to low SEI and green values to high SEI. Countries with no data available are displayed
in white.

related to the interaction term between GDP and the change in
GDP. In other words, changes in SEI were positively related to
changes in GDP when the initial GDP was low, but negatively
related to changes in GDP when the initial GDP value was high
(Fig. 3d and Appendix 4). The relationship reversed at a GDP
value equal to Int$5900 (see details of the calculations in
Appendix 4). This threshold was within the confidence interval
found by the spatial analysis and was already exceeded by 110
countries (Appendix 5) inhabited by 4.3 billion people in 2011.
The opposite relationship between SEI and GDP was due to two
factors. The initial increasing relationship was due to the positive
relationship between the change in social achievements and the
change in GDP between 2005 and 2015 (Fig. 4a and Table 1). The
negative relationship beyond the threshold was due to the negative
relationship between the change in social achievements and
spatial GDP (Table 1) and to the positive relationships between
2005 and 2015 change in biophysical overshoot and the change
in GDP (Fig. 4d and Table 1) as well as between the change in
biophysical overshoot and spatial GDP (Table 1). For instance,
in Chad, GDP per capita increased by 20% between 2005
(Int$1460) and 2015 (Int$1760) and at the same time all eight
recorded social indicators increased and all biophysical indicators
decreased except for ecological footprint and eHANPP.
Conversely, in Russia, GDP per capita increased by 27% between
2005 (Int$20,390) and 2015 (Int$25,940) and at the same time 7
of the 10 recorded social indicators increased while democratic
quality and access to energy decreased, and all biophysical
indicators increased except CO2 emissions and eHANPP. In
addition, all of the highest SEI values were found for low to
medium GDP per capita (e.g., Moldova or Nepal with a GDP
per capita in 2010 equal to Int$8610 and Int$2290, respectively).
Note that all negative GDP changes were related to a decrease in
the biophysical impact and almost all negative GDP changes were
also related to a decline in the social score (except from
Madagascar).

Interestingly, global GDP per capita (Int$14,275 in 2011 (Fig. 3)
and Int$16,911 in 2019) was already above the turning points
found in the spatial and temporal relationships between SEI and
GDP. Moreover, for most of the social indicators that make up
the social score, there were examples of countries close or above
the minimum bar, albeit their GDP was lower or equal to SEI
optimal GDP (Int$5900; Appendix 6). The only exceptions were
sanitation and democratic quality for which no country with a
GDP around Int$5900 was close to the minimum bar.
Furthermore, the SEI-optimal GDP corresponds to the point
where most countries become unable to stay below the biophysical
limits (Appendix 6). These results remain valid when the 2010
world GDP per capita is used as a limit instead of the SEI-optimal
GDP.
Table 1: Table 1: Effects of GDP and change in GDP (δGDP) on
change in SEI (δSEI) and its components (δSocial score and
δBiophysical score). Coefficient estimates (Estimate), standard
error (Std. error), associated tvalue, significance level (p-value)
and goodness of fit (adjusted r²).
Response

Explanatory

Estimate

Std.
error

tvalue

p-value

adjusted
r²

δSEI

GDP
δGDP
GDP:δGDP

-0.01
6.55
-0.75

0.01
1.32
0.14

-1.8
5.0
-5.3

0.08
-6
2.10
-7
5.10

0.37

δSocial score GDP
δGDP

-0.11
3.35

0.02
1.19

-5.0
2.8

2.10
-3
6.10

-6

0.29

δBiophysical GDP
score
δGDP

0.10
4.16

0.02
1.19

4.3
3.5

4.10
-4
7.10

-5

0.16

Relationship with population density
SEI showed a slightly positive relationship with population
density in space (slope = 0.02, sd = 0.01, tvalue = 2, pvalue =
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Fig. 3. Relationships in space and time between the socio-environmental index (SEI) and external
indices. (a) SEI values in 2011 related to GDP per capita (log values). (b) SEI values in 2011 related
to population density (log values). (c) SEI values in 2011 related to sustainable development index
(SDI). Turning points are depicted by a black dashed line (with 95% CI) and red lines represent
2011 world values. (d) SEI values in 2005 (purple dots) and 2015 (green dots) related to GDP per
capita (log values). Arrows show temporal changes for each country. (e) SEI values in 2005 (purple
dots) and 2015 (green dots) related to population density (log values). (f) SEI values in 2005 (purple
dots) and 2015 (green dots) related to SDI.

0.004, r² = 0.04) but not in time (Fig. 3b and e). In space, the
slightly positive relationship was due to the low biophysical score,
which only appears in medium to highly densely populated
countries (Appendix 3).
The lack of a temporal relationship was due to the lack of a
significant link between changes in social score and in population
density (Fig. 4b and Table 2) and between the change in social
score and population density in space (Table 2). However, there
was a weak negative relationship between the change in
biophysical impact and the change in population density (Fig. 4e
and Table 2). Confirming the lack of a strong relationship between
proximity of the safe and just space for all and population density,
social achievements were met and biophysical indicators were
below thresholds both in countries with high or low population
density (Appendix 6). For instance, in Sri Lanka, population
density increased by 7% between 2005 (298 inhab.km−2) and 2015
(319 inhab.km−2) with no transgression of biophysical thresholds
and an increase in six of the seven recorded social indicators.
Conversely, in China, population density increased by 9% between
2005 (133 inhab.km−2) and 2015 (145 inhab.km−2) with an increase
in six out of seven recorded biophysical indicators.
Relationship with SDI
SDI was strongly related to SEI in space (slope = 0.37, sd = 0.04,
tvalue = 10, pvalue < 1−10, r² = 0.42; Fig. 3c). Decoupling the
analysis by social or biophysical scores (Appendix 3) showed two
groups of countries. In the first, the social score was well
correlated to SDI but the biophysical score was not. In the second

group, high social scores were achieved for low SDI value, but the
biophysical score was negatively related to SDI. Therefore, in each
group, at least one of the two components of SEI was related to
SDI leading to an overall correlation between SEI and SDI in
space.
Table 2: Effects of population density and change in population
density (δDensity) on change in SEI (δSEI) and its components
(δSocial score and δBiophysical score). Coefficient estimates
(Estimate), standard error (Std. error), associated tvalue,
significance level (p-value) and goodness of fit (adjusted r²).
Response

Explanatory Estimate

Std.
error

tvalue

p-value

adjusted
r²

δSEI

Density
δDensity
Density:
δDensity

0.01
0.21
0.12

0.01
0.14
0.05

1.4
1.5
2.6

0.15
0.13
0.01

0.24

δSocial score

Density
δDensity

0.01
0.85

0.02
0.48

0.5
1.8

0.65
0.08

0.01

δBiophysical
score

Density
δDensity

-0.04
-1.76

0.03
0.58

-1.4
-3.0

0.16
-3
3.10

0.06

However, change in SEI was significantly negatively related to
SDI (Fig. 3f and Table 3), not related to SDI change or to the
interaction term between SDI and change in SDI (Table 3).
Negative changes in SDI were all related to an increase in
biophysical score whereas positive changes in SDI can be related
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Fig. 4. Relationships between the changes in the social score and in the environmental score of
socio-environmental index (SEI) and changes in external indices between 2005 and 2015. (a)
Change in social score related to change in GDP per capita while controlling for GDP. (b) Change
in social score related to change in population density. (c) Change in social score related to change
in sustainable development index (SDI). (d) Change in biophysical score related to change in GDP
per capita. (e) Change in biophysical score related to change in population density. (f) Change in
biophysical score related to change in SDI. Dots correspond to partial residuals of the multiple
regression models.

Table 3: Table 3: Effects of SDI and change in SDI (δSDI) on
change in SEI (δSEI) and its components (δSocial score and
δBiophysical score). Coefficient estimates (Estimate), standard
error (Std. error), associated tvalue, significance level (p-value)
and goodness of fit (adjusted r²).
Response

Explanatory

Estimate

Std.
error

tvalue

p-value

δSEI

SDI
δSDI
SDI:δSDI

-0.08
0.07
0.17

0.02
0.08
0.17

-3.5
0.9
1.0

7.10
0.35
0.31

δSocial score SDI
δSDI

0.43
0.08

0.14
0.16

3.1
0.5

2.10
0.61

0.08

δBiophysical SDI
score
δSDI

0.34
-0.43

0.15
0.17

2.2
-2.5

0.03
0.01

0.05

-4

-3

adjusted
r²
0.23

to either a decrease or an increase in biophysical score (Fig. 4f).
Conversely, changes in SDI and social score were not related (Fig.
4c and Table 3). In other words, many countries, although they
changed significantly in SEI between 2005 and 2015, were not
changing in SDI. Conversely, many countries although they
changed significantly in SDI between 2005 and 2015 did not
change significantly in SEI. In addition, as expected by
construction, SDI was limited to account for other biophysical
limits than CO2 emission and material footprint (Appendix 6).

DISCUSSION
Overall, this study demonstrates that it is possible to merge into
a single socio-environmental index (SEI) both social
achievements and environmental overshoots. The pathway to
sustainability between social foundations and environmental
ceiling may be narrow (Wiedmann et al. 2020) but this study shows
the possibility for each country to assess its current position in
the safe and just place, to track its historical pathway and to
evaluate its progress toward a good life within the limits of the
planet.
SEI and limits of SDI
SDI corresponds to the most advanced index measuring human
development while accounting for CO2 emission and material
footprint (Hickel 2020). It was constructed to assess the ecological
efficiency of human development whereas the HDI did not take
into account any environmental impact due to human
development. Assessing social achievements in the light of most
environmental degradation is crucial to establish an index that
measures strong sustainability. In this study, the combined SEI
was explicitly constructed to qualitatively and quantitatively
encompass all social minimum bars and biophysical thresholds
defining the safe and just space (O’Neill et al. 2018). SDI did not
manage to encompass all social and environmental impacts of
human development, while SEI proved successful by
incorporating seven biophysical boundaries, 11 social indicators,
and using distributive-based income indicator (Appendix 1).
Furthermore, SEI matches the three requirements for
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constructing an effective socio-environmental index because it
retains most of the information from the original indicators, it
can be used as a complement of these indicators by summarizing
them into social and biophysical scores, and it explicitly defines
a goal to be achieved (Fig. 1).
Revisiting the Easterlin paradox
The analysis of SEI in relation to GDP reinforced the claim that
GDP fails to measure progress toward a truly sustainable state.
The results showed that above a given threshold, the socioenvironmental index is negatively related to GDP not only in space
but also in time, meaning one cannot be improved while the other
increases. Furthermore, the negative relationship at high GDP
values is not only caused by a degraded environment but also to
a decline in social success (Table 1).
Temporal analyses are a key to validate the existence of a GDP
threshold and propose to quantify it. If the threshold can be
approached with spatial data for a given year, the shortcoming of
space for time reasoning (Damgaard 2019) could have led to
opposite interpretations. Yet the temporal approach qualitatively
and quantitatively confirmed the spatial pattern. The results are
consistent with previous findings from works on degrowth and
steady state economy (SSE; Daly and Daly 1973, Kerschner 2010)
but not with expectations of sustainable development (SD). SD
and weak sustainability theories are based on the assumption of
a Kuznet curve (Dasgupta et al. 2002, Dinda 2004) that an increase
in GDP would have a negative impact on the environment when
the value of GDP is low, but would then have a positive impact
the environment above a threshold. It also assumes that growth
will benefit social indicators. Thus, one should have seen a
relationship between the combined SEI and negative or stable
GDP (if social gains compensated environmental losses) for low
GDP values, followed by a positive relationship above the Kuznet
minimum. In other words, the Kuznet curve hypothesis would
have resulted in a pattern opposite to that observed over space
and time. Degrowth and SSE promote the idea that GDP growth
may (or may not) benefit low-income countries, as GDP growth
may be a reasonable proxy for increases in real welfare and decent
living standards in some developing countries (Rao and Min 2018,
and see Appendix 3). But unlike SD, degrowth and SSE assume
the social and environmental drawbacks will quickly reverse the
relationship beyond a given threshold, which is supported by the
results.
Specifically, the existence of this GDP threshold for social
achievements has been emphasized by the Easterlin paradox
(Easterlin 1974, Welsch 2002, Majeed and Mumtaz 2017). Beyond
a threshold already exceeded by many countries, non-economic
well-being has become decorrelated or even anti-correlated with
GDP. The most common explanation would be that
environmental impacts (Otero et al. 2020) and social drawbacks
of increasing GDP become stronger than social gains, breaking
the correlation between welfare and GDP or even reversing it as
hypothesized by Max-Neef (1995). Consistent with this
expectation, there was an increasing or stable relationship
between GDP and SEI for low values of GDP and a negative
relationship above a threshold, and more specifically, the change
in social score was negatively linked with the GDP value.

Defusing the population bomb
The number of people intensifies the per capita impacts on the
planet as stated by the equation I = P × A × T in Ehrlich and
Holdren (1971) and Daily and Ehrlich (1994), with I the
environmental impact, P the population, A the affluence, and T
the technology. It also increases the cost required to achieve the
social foundations. Despite this mathematical intuition, the link
between SEI and population density shows that different levels
of population density appear to be compatible with high and
increasing values in SEI, at least to a certain extent and in some
countries. The absence of a negative relationship over time implies
it is, in theory, possible to achieve social standards within
planetary boundaries even in countries with increasing
populations. At the same time, the results also show that a large
population is not necessary to achieve high social standards, as
proponents of human capital argue (Eberstadt 2007), because
low-density countries achieve social minima as well as highdensity countries. Overall, population density does not seem to
be the main factor explaining the low social or high biophysical
scores of many countries. Nevertheless, the relationship between
the combined index and population density is valid only for
countries with a population density of less than 1000 inhab.km−2,
as there were no examples of non-city-state countries above this
density. It cannot be excluded that population density becomes a
predominant factor in the transgression of biophysical thresholds
for higher densities as suggested by city-state examples.
Furthermore, biophysical thresholds were downscaled to per
capita values. Therefore, assuming that per capita values are fixed,
population growth in countries that are currently below the
thresholds at the national level will lead to threshold
transgression. This phenomenon could even intensify if per capita
values increase. On the contrary, population reduction in
countries that are currently above the biophysical threshold at the
national level could help them return below the threshold
(Kopnina and Washington 2016). However, the time-scale
required for such demographic changes (Bradshaw and Brook
2014, Ganivet 2020) makes lowering per capita values an
inevitable and more effective tool.
A call for degrowth in the North
Most of humanity already lives in countries with per capita GDP
above the GDP threshold values found in this study, although not
all citizens from these countries receive the same share. Most
social minimum bars can be achieved by countries with per capita
income below the order of magnitude of the GDP threshold
values. Moreover, it is even necessary to stay at these income values
in order not to exceed any biophysical threshold. The current
dynamics in developed and developing countries that had
transgressed biophysical thresholds and experienced positive
economic growth do not allow for the possibility of falling below
the thresholds again at least for the next few decades (Appendix
3).
More than providing an exact threshold value for GDP, this study
emphasized that achieving a safe and just space for all requires a
redistribution of current wealth rather than growth in global
GDP. There is currently enough wealth being produced, if not
too much, as GDP values of the top-ranked countries as well as
the optimal GDP values to maximize SEI are lower than the
current global GDP per capita. A decrease in the environmental
impact, which might result in a GDP degrowth, is needed to bring
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the impact of high footprint countries into a safe and just space.
So far, the observed decreases in GDP, while related to a
diminution in the biophysical impact (in particular CO2 emission
and ecological footprint, see Appendix 3), were consequences of
external pressures such as political troubles (e.g., Central African
Republic) or economic crises (e.g., Spain, Italy, Greece). This
implies a decrease in social achievements (especially life
satisfaction) in parallel with the decrease in GDP.
A degrowth in the environmental impact is also necessary to
provide room to maneuver for countries that have not met social
needs, some of which potentially require increased use in energy,
material, and space (Krausmann et al. 2017, Wiedenhofer et al.
2020), e.g., education, sanitation, access to energy, income, and
nutrition (see Hickel 2019). Such a degrowth, if it results from
political willingness and not economic recession, could also lead
in developed countries to an improvement in the social part of
SEI (D’Alessandro et al. 2020), although the possibility to reverse
unsustainable development pathways remains to be empirically
demonstrated. More than a marginal economic change, political
degrowth corresponds to a paradigm shift (Hickel 2021) in which
transformative societal changes (Parrique 2019) should avoid the
deleterious social consequences of recession such as declining life
satisfaction, employment, income, and democratic quality in
developed countries, and social support and nutrition in
developing countries (Appendix 3). But beyond GDP per capita,
which emphasized inequalities between countries, the relationship
between the socio-environmental index and inequalities within
countries needs to be analyzed because these inequalities have
both social and environmental consequences (Thorbecke and
Charumilind 2002, Rao 2014, Piketty and Chancel 2015).

Responses to this article can be read online at:
https://www.ecologyandsociety.org/issues/responses.
php/13238
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Appendix 1: Social and biophysical indicators with thresholds

Social indicators
Indicators

Thresholds

Life satisfaction

6.5 on 0-10 Cantril ladder scale

Healthy life expectancy

65 years

Nutrition

2 700 kilo-calories per person per day

Sanitation

95% of people have access to improved sanitation facilities

Income

95% of people earn above US$1.90 a day

Access to energy

95% of people have electricity access

Education

95% enrollment in secondary school

Social support

90% of people have friends or family they can depend on

Democratic quality

0.80 on -2.5-2.5 scale (approximated US/UK values)

Equality

70 on 0-100 scale (Gini index of 0.30)

Employment

94% employed

Biophysical indicators
Indicators

Thresholds (per capita)

CO2 emissions

1.61 tCO2.yr-1

Phosphorus

0.89 kgP.yr-1

Nitrogen

8.9 kgN.yr-1

Blue water

574 m3.yr-1

eHANPP

2.62 tC.yr-1

Ecological footprint

1.72 gha.yr-1

Material footprint

7.2 t.yr-1

Table A1.1: The 11 social and 7 biophysical indicators with their thresholds (modified from O’Neill
et al. (2018)).

Appendix 2: Human Development Index and Index robustness

Figure A2.1: Relationships in space and time between SEI and HDI. (a) SEI values in 2011 related
to HDI. The turning point is depicted by a black dashed line (with 95% CI). (b) Change in SEI
values between 2010 and 2015 related to HDI.
HDI values come from United Nations Statistics (UN 2020). SEI showed a relationship with HDI in
space very close to the one found with GDP (Fig. A2.1). SEI was positively related with HDI (slope
= 0.70, sd = 0.09, pvalue < 1.10−5, r2 = 0.58) before 0.72 ± 0.02 and negatively above this threshold
(slope = −2.17, sd = 0.17, pvalue < 1.10−5, r2 = 0.58). Contrary to GDP, the threshold was not found
in the temporal analysis (Fig. A2.1), meaning that changes in HDI and in SEI were not related.
There is an intrinsic link between HDI and GDP as GDP per capita is one of the measurements
contained in HDI along with life expectancy and access to education. This explains the proximity in
relationships found in space between SEI and HDI (Fig. A2.1) compared to SEI with GDP (Fig. 3a).
Differences explained by the incorporation of life expectancy and access to education in the social
standards are probability strong enough to shift away from patterns found with GDP in time but not
in space. The negative relationship between SEI and HDI due to environmental and social
degradation linked to GDP increases, seems to be compensated by the increase in social standards
(life expectancy and access to education) in time (positive relationship between change in the social
score and change in HDI: slope = 0.68, sd = 0.14, tvalue = 5, pvalue = 5.10 −6, r2 = 0.51, non
significant relationship between change in the biophysical score and change in HDI: slope = 0.13,
sd = 0.17, tvalue = 1, pvalue = 0.46, r 2 = 0.06). However, this was not true in space (negative
relationship between change in the social score and spatial HDI: slope = −0.14, sd = 0.03, tvalue =
−5, pvalue = 2.10−6,r2 = 0.51, positive relationship between change in the biophysical score and
spatial HDI: slope = 0.09, sd = 0.08, tvalue = 3, pvalue = 0.007, r 2 = 0.06), which explains the
spatial pattern close to the relationship between SEI and GDP.

Figure A2.2: Robustness analysis. SEI was computed after removing at least one social or
biophysical indicator and the correlation between the recalculated index and the original SEI was
assessed. Available information corresponds to the number of social and biophysical indicators kept
for index calculation and ranges from 4 (2 social indicators required to compute the social score and
two biophysical indicators required to compute the biophysical score, needed for index calculation)
to 18 (all the 7 biophysical indicators kept and all the 11 social indicators kept).

Supplementary reference:
UN. 2020. United Nations Statistics. Human development trends.

Appendix 3: Spatial analysis between scores and GDP, population and SDI

Figure A3.1: Relationships between the social score and the environmental score of SEI and
external indices in 2011. (a) Social score related to GDP per capita (log values). The turning point in
the relationship between SEI and GDP is depicted by a black dashed line (with 95% CI) and the red
line represents the GDP value in 2011 for the world. (b) Social score related to population density
(log values). The red line represents the average density value in 2011 for the world. (c) Social
score related to SDI. (d) Biophysical score related to GDP per capita (log values). (e) Biophysical
score related to population density (log values). (f) Biophysical score related to SDI.

Figure A3.2: Spatial distribution of the social score. Low values are displayed in purple and high
values in green.

Figure A3.3: Spatial distribution of the biophysical score. Low values (low impact) are displayed in
green and high values (high impact) in purple.

Focus on developed and developing countries
Developed countries were selected as member of the Organisation for Economic Co-operation and
Development (OECD) and classified as advanced economy by the International Monetary Fund
(IMF), and separated into countries that experienced economic growth between 2005 and 2015 and
countries that experienced economic recession between 2005 and 2015 (bold):
Switzerland, Norway, United States, Netherlands, Denmark, Luxembourg, Japan, Germany, Austria,
France, Canada, Belgium, Australia, Sweden, Italy, Iceland, United Kingdom, Ireland, Finland,
Spain, New Zealand, Greece, Portugal, Czech Republic, Slovenia, Israel, Estonia, Latvia,
Lithuania.
Developing countries were selected according to the IMF classification and separated into countries
that experienced economic growth between 2005 and 2015 and countries that experienced economic
recession between 2005 and 2015 (bold):
Albania, Argentina, Armenia, Azerbaijan, Bangladesh, Belarus, Belize, Benin, Bolivia, Bosnia and
Herzegovina, Botswana, Brazil, Bulgaria, Burkina Faso, Cambodia, Cameroon, Central African
Republic, Chad, China, Chile, Colombia, Costa Rica, Croatia, Dominican Republic, Ecuador,
Egypt, El Salvador, Georgia, Ghana, Guatemala, Haiti, Honduras, Hungary, India, Indonesia, Iran,
Jamaica, Kazakhstan, Kenya, Kuwait, Lebanon, Liberia, Madagascar, Malawi, Malaysia, Mali,
Mauritania, Mexico, Moldova, Mongolia, Montenegro, Morocco, Mozambique, Namibia, Nepal,
Nicaragua, Niger, Nigeria, Pakistan, Panama, Paraguay, Peru, Philippines, Romania, Russia,
Rwanda, Saudi Arabia, Senegal, Serbia, Sierra Leone, South Africa, Sri Lanka.
Changes in social and biophysical indicators were then compared between countries that
experienced economic growth between 2005 and 2015 and countries that experienced economic
recession between 2005 and 2015 in developed and developing countries (Fig. A3.4). To do so, for
each indicator, an ANOVA was conducted with indicator values as the response variable and GDP
dynamic (growth vs. recession) between 2005 and 2015 as the explanatory variable.
The results showed that developed countries with a negative GDP change between 2005 and 2015
experienced a stronger decline in CO 2 emissions (-45±5%) and ecological footprint (-29±9%) than
countries with a growing GDP (-31±15% and -12±18%, respectively) (Fig. A3.4). The reduction in
CO2 emissions in developed countries with decreasing GDP is thus 1.5 times faster than in
developed countries with growing GDP and the reduction in ecological footprint 2.5 times faster.
Yet, developed countries with declining GDP also experienced more negative changes than
countries with growing GDP in social indicators such as life satisfaction (-12±7% vs. 0±10%),
income (-1±1% vs. 0±1%), democratic quality (-5±16% vs. -1±5%) and employment (-7±7% vs.
0±3%).
Developing countries whose GDP changed negatively between 2005 and 2015 experienced a
decline in their ecological footprint (-8±8%) whereas countries whose GDP increased experienced
an increase (7±30%) (Fig. A3.4). This makes it possible for developing countries with decreasing
GDP to reduce their ecological footprint, whereas the current trend makes it impossible in
developing countries with increasing GDP to do so. Yet, as with developed countries, developing
countries with decreasing GDP also experienced more negative changes than countries with

growing GDP in social indicators such as life satisfaction (-9±16% vs. 3±18%), social support (13±28% vs. -2±15%) and nutrition (-23±78% vs. 17±55%).

Figure A3.4: Difference in changes in biophysical and social indicators between 2005 and 2015
between countries that experienced economic growth or recession in developed and developing
nations. (a) Changes (% of the 2005 value) in biophysical indicators in developed countries between
countries that experienced economic growth (dark grey) or recession (light grey). Red lines: mean
required change (% of the 2005 value) to pass below the biophysical threshold. (b) Changes (% of
the 2005 value) in social indicators in developed countries between countries that experienced
economic growth or recession. Red lines: mean required change (% of the 2005 value) to reach the
maximum value. (c) Changes (% of the 2005 value) in biophysical indicators in developing
countries between countries that experienced economic growth or recession. (d) Changes (% of the
2005 value) in social indicators in developing countries between countries that experienced
economic growth or recession. ***: significant differences between countries that experienced
economic growth or recession.

Figure A3.5: Comparison between countries ranked according to GDP, SEI and SDI.

Appendix 4: Temporal change in indices and calculating GDP threshold in time

Figure A4.1: Changes in SEI between 2005 and 2015 related to (a) change in GDP, (b) change in
population density, (c) change in SDI and (d) change in HDI. The solid horizontal line corresponds
to an absence of change in SEI and dot colors show the 2005 value in GPD, population density, SDI
or HDI.
The model is constructed as follows (log value for GDP):
dSEI = α + β1GDPlog + β2dGDPlog + γGDPlog x dGDPlog + ε
with α = 0.11 ± 0.08, β1 = -0.01 ± 0.01, β2 = 6.55 ± 2.59, γ = -0.75 ± 0.28 and ε ~ N (µ, σ2)

By definition, the total coefficient of the slope between dSEI and dGDPlog is (β2 + γGDPlog).
So dSEI(dGDPlog) = 0 when GDPlog = −β2 /γ therefore GDPlog = 8.682 and GDP = Int$ 5 897.

Appendix 5: GDP thresholds
Country

2011
GDP per
capita
(Int$)

Afghanistan

1792

Albania

9484

Algeria

13204

Angola

8016

Argentina

20003

Armenia

8465

Australia

46132

Austria

41446

Azerbaijan

16176

Bahrain

36372

Bangladesh

2772

Barbados

11870

Belarus

17918

Belgium

38130

Benin

1836

Bolivia

5331

Bosnia and
Herzegovina

8961

Botswana

13376

Brazil

14831

Bulgaria

15112

Burkina Faso
Burundi

1344
719

Cambodia

2496

Cameroon

2494

Canada
Cape Verde
Central African
Republic
Chad

42197
6295
909
1661

GDP above Int$5
900 (optimal GDP
per capita from
temporal analysis)

GDP above Int$6
830 (optimal GDP
per capita from
spatial analysis)

GDP above Int$14
275 (world GDP per
capita in 2011)

Chile

19705

China

10221

Colombia

11788

Comoros

1479

Congo

5875

Costa Rica
Cote d'Ivoire
Croatia
Cuba

12366
2444
19813
6928

Cyprus

27272

Czech Republic

26725

Democratic Republic
of Congo

681

Denmark

43575

Djibouti

2590

Dominica

8944

Dominican Republic
Ecuador
Egypt
El Salvador

11679
9985
10737
7607

Equatorial Guinea

43841

Estonia

21997

Ethiopia

1199

Finland

38432

France

36691

Gabon

16403

Gambia

1669

Georgia

8946

Germany

43189

Ghana

3283

Greece

24349

Guatemala

6650

Guinea

1347

Guinea-Bissau

1413

Haiti

1648

Honduras

4421

Hong Kong

44532

Hungary

20886

Iceland

36740

India

4768

Indonesia

8849

Iran

18024

Iraq

11484

Ireland

48980

Israel

29370

Italy

35151

Jamaica

7141

Japan

34979

Jordan

11615

Kazakhstan

21302

Kenya

2712

Kuwait

77126

Kyrgyzstan

4142

Laos

4401

Latvia

18428

Lebanon

16230

Lesotho

2346

Liberia

820

Libya

12893

Lithuania

20243

Luxembourg

54031

Macedonia

11321

Madagascar

1347

Malawi

1102

Malaysia

19390

Mali

1500

Malta

23871

Mauritania

3104

Mauritius

16483

Mexico

15210

Moldova

4892

Mongolia

9484

Montenegro
Morocco
Mozambique

15747
7226
925

Myanmar

3884

Namibia

8203

Nepal

2189

Netherlands

44591

New Zealand

32057

Nicaragua
Niger

4189
799

Nigeria

5136

North Korea

1718

Norway

80623

Oman

44454

Pakistan

4464

Palestine

4863

Panama

16762

Paraguay

7377

Peru
Philippines

10044
5851

Poland

21837

Portugal

25133

Puerto Rico

33981

Qatar

155533

Romania

17174

Russia

23130

Rwanda
Saint Lucia

1449
10255

Sao Tome and
Principe

3179

Saudi Arabia

48470

Senegal

2123

Serbia

12463

Seychelles

21545

Sierra Leone

1479

Singapore

61672

Slovakia

22483

Slovenia

26004

South Africa

11838

South Korea

32225

Spain

31600

Sri Lanka

8918

Sudan

3669

Swaziland

7389

Sweden

42079

Switzerland

58686

Syria
Taiwan

5979
38565

Tajikistan

3111

Tanzania

2227

Thailand

13318

Togo

1227

Trinidad and Tobago

29745

Tunisia

10437

Turkey

17919

Turkmenistan

16518

Uganda

1890

Ukraine

10333

United Arab Emirates

65307

United Kingdom

34971

United States

49675

Uruguay

17211

Uzbekistan

7396

Venezuela

17746

Vietnam

4786

Yemen

4088

Zambia

3205

Zimbabwe

1515

Table A5.1: Countries above SEI-optimal GDP thresholds and above 2011 world GDP. Dark grey
cell : above threshold.

Appendix 6: Indicators vs. external indices
1. Indicators and GDP

Figure A6.1: Relationships between social indicators and GDP in 2010-2011. The black dashed line
represents optimal GDP according to SEI (Int$5 900) and the red dashed line world GDP per capita
in 2011 (Int$14 275). To the exception of sanitation, for each indicator at least one country reached
the indicator threshold while having a GDP lower than optimal GDP.

Figure A6.2: Relationships between biophysical indicators and GDP in 2010-2011. The black
dashed line represents optimal GDP according to SEI (Int$5 900) and the red dashed line world
GDP per capita in 2011 (Int$14 275). Limits in CO2 emissions, ecological footprint and material
footprint were inevitability trespassed when countries had GDP higher than optimal GDP.

2. Indicators and population density

Figure A6.3: Relationships between social indicators and population density in 2010-2011. Healthy
life expectancy and sanitation are positively related to population density and for each indicator,
high and low density countries can reach the threshold.

Figure A6.4: Relationships between biophysical indicators and population density in 2010-2011.
For each indicator, high and low density countries can reach the threshold and eHANPP is even
negatively related to population density.

3. Indicators and SDI

Figure A6.5: Relationships between social indicators and SDI in 2010-2011.

Figure A6.6: Relationships between biophysical indicators and SDI in 2010-2011.

