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Abstract Sustainable development goals (SDGs) have set the 2030 agenda to transform our world by
tackling multiple challenges humankind is facing to ensure well-being, economic prosperity, and envi-
ronmental protection. In contrast to conventional development agendas focusing on a restricted set of
dimensions, the SDGs provide a holistic and multidimensional view on development. Hence, interac-
tions among the SDGs may cause diverging results. To analyze the SDG interactions we systematize the
identification of synergies and trade-offs using official SDG indicator data for 227 countries. A significant
positive correlation between a pair of SDG indicators is classified as a synergy while a significant negative
correlation is classified as a trade-off . We rank synergies and trade-offs between SDGs pairs on global and
country scales in order to identify the most frequent SDG interactions. For a given SDG, positive correla-
tions between indicator pairs were found to outweigh the negative ones in most countries. Among SDGs
the positive and negative correlations between indicator pairs allowed for the identification of particu-
lar global patterns. SDG 1 (No poverty) has synergetic relationship with most of the other goals, whereas
SDG 12 (Responsible consumption and production) is the goal most commonly associated with trade-offs.
The attainment of the SDG agenda will greatly depend on whether the identified synergies among the
goals can be leveraged. In addition, the highlighted trade-offs, which constitute obstacles in achieving
the SDGs, need to be negotiated and made structurally nonobstructive by deeper changes in the current
strategies.

1. Introduction

The publication of a comprehensive, and extensive, road map of targets and indicators underpinning the
sustainable development goals (SDGs) in 2015 was a milestone for aligning not only developing countries
but also developed ones on the path of sustainable development (United Nations General Assembly, 2015).
The SDGs have set the 2030 agenda to transform the world by ensuring, simultaneously, human well-being,
economic prosperity, and environmental protection. Comprising of 17 goals and 169 targets, SDGs aim at
tackling multiple and complex challenges faced by humankind. Accordingly, they are implicitly interde-
pendent and it may happen that conflicting interactions among the SDGs may result in diverging results
(Nilsson et al., 2016).

In order to make policy happen, the dependencies among the goals in terms of potential interactions need
to be evaluated, both across (Lu et al., 2015) and within the SDGs (Schmidt et al., 2015). This challenge is
not new and similar concerns have been identified when attempting to align climate change adaptation
and mitigation response (Smith & Olesen, 2010); poverty alleviation (Mathy & Blanchard, 2016); meeting
the millennium development goals (MDGs) (Bue & Klasen, 2013); and balancing economic development,
environmental sustainability, and social inclusion for human well-being (Ibisch et al., 2016; Sachs, 2012).

The holistic nature of the SDG framework implies that a large number of potential interactions across the
169 targets have to be considered by policy makers (Costanza et al., 2016; Rickels et al., 2016). Although
a framework has been proposed to characterize SDG interactions (Nilsson et al., 2016), a systematic,
data-driven analysis of interactions between all SDG indicators is currently missing. In their most general
form, such interactions can be classified as synergies (where progress in one goal favors progress in another)
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or trade-offs (where progress in one goal hinders progress in another) and vice versa. We tie this semantic
formulation of synergies and trade-offs to the results of a correlation analysis across all the official SDG
indicators, accounting for all countries, and the entire time-frame for which data are available.

Accordingly, the objective of our study is to provide the first complete quantification of synergies and
trade-offs as they occurred in the past to the present within and across the SDGs both at country and global
scales. By doing so, we highlight the most commonly found trade-offs for which targeted and transforma-
tional action is required to overcome past trends and deliver the largest global benefits possible. Compara-
bly, the analysis also identifies current synergies that are crucial to be reinforced and cross-leveraged in the
future. The empirical framework on the evaluation of SDG interactions here presented makes a fundamental
contribution to make policy happen for successful implementation of the SDG agenda.

2. Data and Methods

2.1. Data

The Inter-Agency and Expert Group on SDG Indicators endorsed a set of 230 individual indicators for mon-
itoring the progress in achieving the SDGs (United Nations Economic and Social Council, 2016). Currently,
United Nations Statistics Division (2016) provide data on 122 indicators for a total of 227 countries between
the years 1983 and 2016 (Table S1). For 56 of these indicators country-disaggregated data in terms of gen-
der, age, urban and rural population, or income groups is provided in order to “leave no one behind” (Stuart
& Woodroffe, 2016). In this analysis we make use of both country and country-disaggregated data. Hence,
for the same indicator multiple time-series are available depending on the level of disaggregation.

Indicator time-series are not available for all time steps and countries (see Tables S2 and S3). For around 85%
of the countries, more than 80 time-series data are available since 1990. On average there are 175 time-series
per country with a minimum of 6 time-series and a maximum of 265.

2.2. Analysis of Synergies and Trade-Offs

This study captures synergies and trade-offs in a statistical sense, that is, as the existence of a significant
positive and negative correlation, respectively. The correlation analysis is carried out between unique pairs
of indicator time-series, considering country and country-disaggregated data. For example, we analyze cor-
relation between available data on “maternal mortality ratio” and “portion of births attended by skilled health
personnel,” indicators of SDG 3 (Good health and wellbeing), for each country. The data pairs can belong
to the same goal or to two distinct goals. This is done in order to capture both synergies and trade-offs
happening within one particular goal, and positive/negative correlations between different goals.

Given the nature of an indicator, an increase or a decrease of its value in time carries different meanings for
attaining the SDGs. For example, SDG 3 needs to be achieved by declining “maternal mortality ratio” and by
increasing “portion of births attended by skilled health personnel.” We assign a positive sign to indicators that
are desirable to increase and a negative sign to those indicators that need a decline for meeting the SDGs
(Table S1). This avoids false results like a trade-off in case of decreasing maternal mortality and increasing
income. An analogous rationale would apply in cases of synergies.

The nonparametric Spearman’s rank correlation (𝜌) analysis is used to assess monotonic relationships
between all possible combinations of the unique indicator data pairs for each country. Spearman’s corre-
lation coefficient (𝜌) provides a measure to evaluate the strength of an association between two variables
(Spearman, 1904). Unlike Pearson’s correlation analysis, Spearman’s analysis is able to capture nonlinear
correlation between the variables and is less sensible to outliers (Hauke & Kossowski, 2011). Spearman’s
analysis is widely used to identify general relation beyond the linear correlation between two variables in
various disciplines (e.g., Kellner & Hubbart, 2017; Sesnie et al., 2017; Sidney et al., 2017; Yoon, 2012). We
carry out the correlation analysis only with the data pairs consisting of more than three data points. This
reduces the chance of false detection of synergies/trade-offs resulting from a small number of data. The
correlation with a p-value of less than 0.05 is considered as statistically significant.

A Spearman’s 𝜌 value greater than 0.6 is considered to indicate a synergy (positive association) between
the two indicators, a 𝜌 less than −0.6 is considered to indicate a trade-off (negative association). Hauke and
Kossowski (2011) suggested avoiding over-interpretation of the 𝜌 value as a measure of the strength of
the associations between two variables. Therefore, indicator pairs with 𝜌 values between −0.6 and 0.6 are
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not classified. The interaction between indicator pairs in each country fall into three categories: synergy,
trade-off, or nonclassified. SDG indicators are used as proxies to characterize complex mechanisms and
one cannot exclude confounding factors or spurious behavior between indicators. Our approach, therefore,
aims at providing a first systematic overview on the SDG interactions.

2.3. Synthesizing Synergies and Trade-Offs across Scales

The results of the interactions between indicator pairs are then presented for each country and globally. At
the global level, interactions of SDG indicators within one goal are quantified by the percentage of synergies,
trade-offs, and nonclassifieds of indicator pairs belonging to the same SDG. Interactions between SDGs is
given by the percentage of synergies, trade-offs, and nonclassifieds between indicator pairs that fall into
two distinct goals. Similarly, SDG interactions at the country level are calculated based on the percentage
of synergies, trade-offs, and nonclassifieds between all the indicator pairs of all the SDGs for the respective
country. We choose the percentage to represent the interactions within and among the SDGs to avoid bias
that may arise from variation in amount of available indicator data among the SDGs.

Afterward, we perform a global ranking of SDG pairs based on the percentage of synergies, trade-offs, and
nonclassifieds. For this analysis only SDG pairs with more than 100 data pairs are considered. Similarly, we
rank SDG pairs for each country individually following the similar approach but considering only the SDG
pairs with at least 10 data pairs. Given that the rank of SDG pairs differ substantially from country to coun-
try, we derive a frequency rank of how often a given SDG pair fell within the top-five synergy or trade-off
pairs across all countries. Finally, we map for each country the SDG pair that ranks highest in the top-five
previously identified synergy or trade-off pairs.

By this, we analyze the SDG synergies and trade-offs under past and current technological and economic
paradigms. Although the correlation does not necessarily imply causality, the analysis shows associated syn-
ergistic co-benefits and problematic trade-offs that exist among and within the SDGs under past and current
conditions of socio-economic operation. This might not hold for the future. However, currently existing syn-
ergistic co-benefits need to be leveraged and problematic trade-offs need to be removed for sustainable
transformation.

3. Results

3.1. Synergies and Trade-Offs within an SDG

Considering all countries, our analysis indicates that within each SDG synergies largely outweigh trade-offs
(Figure 1). Particularly, SDGs 1 (No poverty), 3 (Good health and wellbeing), 4 (Quality education), 10 (Reduced
inequalities), 12 (Responsible consumption and production), and 13 (Climate action) show synergetic relations
with 𝜌 values greater than 0.6 for 80%–90% of the data pairs. This indicates a broad compatibility of indica-
tors, where progress in one indicator is associated with the fulfillment of another one in the same goal.

The large fraction of synergies within each SDG is consistent with previously highlighted linkages between
some indicators. For example, recent studies show that a rise in the “proportion of births attended by skilled
health personnel” and decline in the “number of new HIV infections” can contribute to a reduced “maternal
mortality ratio,” indicators for the SDG 3 (Costello et al., 2004; Hogan et al., 2010; Jokhio et al., 2005). Addi-
tionally, pairs of disaggregated data for the SDGs mostly depict a positive correlation for all countries and
enhance the percentage of synergies. For example, the large fraction of synergies within SDG 1 is partially
due to synergies observed between disaggregated indicators such as “proportion of population below the
international poverty line, by sex, age, employment status, and geographical location.”

Our analysis also highlights the existence of negative correlations within the same goal. These are mainly
observed within SDGs 7 (Affordable and clean energy), 8 (Decent work and economic growth), 9 (Industry, inno-
vation, and infrastructure), and 15 (Life on land) for 25%–40% of the data pairs. According to our definition,
progress in one indicator has been connected in the past and the present with an obstacle in fulfillment of
another and vice versa. For example, “proportion of population with access to electricity,”, an SDG 7 indicator,
has increased in some countries by expansion of nonrenewable energy sources (Wamukonya, 2003). This
may not support an increase in “renewable energy share in the total final energy consumption,” another SDG
7 indicator. We can observe such significant negative correlation between these two indicators with 𝜌 value
−0.67 when all countries are considered.
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Figure 1. Observed synergies and trade-offs within an SDG. The color bars represent the shares of synergies (green), nonclassifieds
(yellow), and trade-offs (orange) observed within a goal for the entire dataset. The gray bar depicts insufficient data for the analysis. The
area of the circle in the boxes indicates the number of data pairs (see the legend for comparison). The SDGs are represented with the
numbers in the left and the icons in the right. Within each goal the positive correlations largely outweigh the negative ones, however,
negative correlations and nonclassifieds are also observed within all SDGs.

A similar logic is valid regarding the historical association of gross domestic product (GDP) per capita and
material footprint of a country (Wiedmann et al., 2015). The sustainable development logic of SDG 8 calls
for sustaining economic growth while improving resource use efficiency by reduction of material footprints.
The opposite took place during the time-frame investigated with trade-offs observed between indicators
“annual growth rate of real GDP per capita” and “material footprint, material footprint per capita, and material
footprint per GDP” for 77% of the countries. The two examples make clear the existence of intrinsic challenges
in achieving the SDGs due to the tight coupling (correlation) of some indicators.

3.2. Synergies and Trade-Offs Between SDGs

Among the SDGs both positive and negative interactions can be observed (Figure 2). A noticeable example
is SDG 1 (No poverty) that is associated with synergies across most SDGs and ranks five times in the global
top-10 synergy pair list (Figure 3, left). Reducing poverty is statistically linked with progress in SDGs 3 (Good
health and wellbeing), 4 (Quality education), 5 (Gender equality), 6 (Clean water and sanitation), or 10 (Reduced
inequalities) for 75%–80% of the data pairs. For SDG 3 a large fraction of synergies with various SDGs are
also observed (Figure 2) and summarized by four appearances of the goal in the global top 10 synergy
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Figure 2. Observed synergies and trade-offs between the SDGs. The color bars represent the shares of synergies (green), nonclassifieds
(yellow), and trade-offs (orange) observed between the SDG pairs for the entire dataset. The gray bar depicts insufficient data. The area
of the circle in the boxes indicates the number of data pairs (see the legend for comparison). The SDGs are represented by the numbers
in the diagonal. Both positive and negative correlations are observed among the SDG pairs with SDG 1 (No poverty) expressing synergies
among most other SDGs. SDGs 12 (Responsible consumption and production) and 15 (Life on land) have mostly shown trade-offs with
most other SDGs.

pair list (Figure 3, left). This underlines that improvement of global health and well-being has highly been
compatible with progress in SDGs 1 (Poverty reduction), 4 (Quality education), 5 (Gender equality), 6 (Provision
of clean water and sanitation), and SDG 10 (Inequalities reduction) based on more than 70% of the data pairs.

The observed positive correlations between the SDGs have mainly two explanations. First, indicators of the
SDGs depicting higher synergies consist of development indicators that are part of the MDGs and compo-
nents of several development indices (Jahan et al., 2015). Second, the observed higher synergies among
some SDGs are an effect of having the same indicator for multiple SDGs. For example, “number of deaths,
missing persons, and persons affected by disaster” and “number of countries with national and local disaster risk
reduction strategies” are among the indicators for SDGs 1 (No poverty), 11 (Sustainable cities and communi-
ties), and 13 (Climate action). This is also a reason for observed high synergetic relation between SDGs 11
and 13. We apply our analysis for the repeated indicators to comply with the official indicator list.

Our analysis reveals the SDGs 8 (Decent work and economic growth), 9 (Industry, innovation, and infrastruc-
ture), 12 (Responsible consumption and production), and 15 (Life on land) to be associated with a high fraction
of trade-offs across SDGs (Figure 2). These goals are currently in conflict with most other SDGs, antagonizing
sustainable development. For instance, SDGs 8 (Decent work and economic growth) and 9 (Industry, innova-
tion, and infrastructure) are negatively correlated with 12 goals (SDGs 1–7, 9, 10, 13, 15, 17) and nine goals
(SDGs 1, 2, 4, 6, 8, 11–13, 15), for 40 to 60% of the data pairs, respectively. Similarly, SDGs 12 (Responsible
consumption and production) and 15 (Life on land) frequently appear, seven and three times respectively, in
the global top 10 trade-off pairs (Figure 3, right). SDG 12 has negative correlations with 10 goals (SDGs 1–7,
9, 10, 17) and SDG 15 with 12 goals (SDGs 1–6, 7–11, 17), respectively for 50%–90% and 40%–70% of the
data pairs.
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Figure 3. Global ranking of SDG pairs with high shares of synergies (left) and trade-offs (right) from top to bottom. SDGs 1 (No poverty),
3 (Good health and well-being) and 6 (Clean water and sanitation) dominate the global top 10 pairs with synergies. The global top 10 pairs
with trade-offs either consist of SDG 12 (Responsible consumption and production) or 15 (Life on land).

Most trade-offs described beforehand can be linked to the traditional nonsustainability development
paradigm focusing on economic growth to generate human welfare at the expenses of environmental
sustainability (Sen, 1983). On average developed countries provide better human welfare but are locked-in
to larger environmental and material footprints which need to be substantially reduced to achieve SDG
12 (Responsible consumption and production). In the past, a higher level of GDP and human development
index (HDI) have contributed to improve health and nutritional status globally (Parkin et al., 1987; Pradhan
et al., 2013) but also resulted in increasing greenhouse gas emissions and food waste (Costa et al., 2011; Hiç
et al., 2016; Stoll-Kleemann & O’Riordan, 2015). Therefore, in these cases policies need to focus on societal
transformation in order to break away from these locked-in relationships for the successful implementation
of the SDG agenda.
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Figure 4. Global distribution of the difference between the share of synergies and trade-offs among the SDGs by country in percentage.
Green color depicts countries with higher share of synergies than trade-offs, the opposite holds for orange color. The darker the color,
the higher the difference is. The gray color depicts regions with no data or with less than 100 data pairs. For most countries positive
correlations largely outweigh the negative ones. However, a larger trade-off share is also observed in some countries as indicated by
lower differences. For all the countries the share of nonclassifieds is less than 20%.

3.3. Global Patterns of SDG Interactions

At the country level, our analysis indicates that positive correlations among the SDGs largely outweigh the
negative ones for most countries (Figure 4). The observed share of synergies is larger than 40% for all the
countries and more than 60% for around 70 countries. Similarly, the faction of trade-offs is less than 50%
for almost all the countries and the trade-off fraction is less than 40% for around 140 countries. This implies
that countries have a positive starting point to implement the SDG agenda due to relatively larger share of
synergies than trade-offs among the SDGs. Notably, Finland, Germany, and Japan have a share of synergies
at least 60% larger than that of trade-offs. These countries also rank better in the 2017 SDG index (Sachs
et al., 2017) with a score above 80 out of 100. However, a high share of synergies does not necessarily mean
a better score because the SDG index aims to summarize SDG baseline for countries and to compare their
performances (Sachs et al., 2017).

SDG 3 (Good health and well-being) was found to have a higher share of synergies with other SDGs in most of
the countries and the world population (Figure 5a). Notably, circa 2.7 billion people (year 2015) live in coun-
tries in which SDG 3 has substantial synergies with SDG 6 (Clean water and sanitation). Additionally, progress
in both of these goals will positively contribute in fulfilling other SDGs (see associated pair in Figure 5a) for
around 7.3 billion people. When all commonly found synergies are investigated, 6.8 billion people live in
countries in which SDG 3 appears in one of the country-scale top synergy pairs. Hence, a paradigm shift
prioritizing good health and well-being, for example, by inter-sectoral and prevention based approaches,
will have a greater impact than the conventional approaches (Buse & Hawkes, 2015) and will also leverage
attainment of other SDGs.

On the trade-off side, SDGs 3 and 12 are identified as a top trade-off pair in 121 countries, making it the most
widespread trade-off across countries (Figure 5b). This is mainly driven by better health care being found
in countries with larger material footprints. Approximately 3.4 billion people live in the countries where the
historical dependency between health and sustainable consumption/production needs to be reinvented.
Failing to do so, will likely result in a lock-in effect where countries having to opt for one of the goals to
detriment of the other. Interestingly, our analysis has identified examples of synergies between SDGs 3
and 12, albeit for a reduced number of countries (Figure 5a). This highlights that particular lock-in effects
between goals can, and have been, broken by past and current policies. The evidence calls for a deeper
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Figure 5. Global patterns of (A) synergy and (B) trade-off pairs with corresponding population for the year 2015 (barplot). The synergy between SDGs 3 (Good health and well-being)
and 6 (Clean water and sanitation) is widely observed among countries with a total population of 2.7 billion. The trade-off between SDGs 3 (Good health and well-being) and 12
(Responsible consumption and production) is largely encountered among countries with a total population of 3.4 billion. The gray color depicts regions with no data or with less than
10 data pairs.
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investigation of the development paradigm in targeted countries, which is fundamental to understand how
relevant trade-offs can be mitigated.

SDG 3 is also an element in the second most common country scale trade-off, this time with SDG 15 (Life on
land). This trade-off highlights that the achievement of good health standards in some countries coincided
with the degradation of ecological systems. Examples of countries exhibiting this trade-off are China, South
Africa, and Venezuela. Apart from these two major global patterns, the rest of the trade-off landscape is
rather heterogeneous. Lager trade-offs between SDGs 6–12, 3–8, and 6–15, have only been identified for
a few countries, although in terms of population the numbers can be substantial, that is, between 200 and
600 million people. These results imply that policy priorities for achieving the SDGs need to be differenti-
ated among the countries based on the observed extent of SDG synergies and trade-offs in the considered
country.

4. Discussion

The successful implementation of the SDG agenda is the only way forward to address the global sustainabil-
ity challenge of ensuring human well-being, economic prosperity, and environmental protection. For this,
all SDGs need to act as a system of interacting cogwheels that together move the global system into the
safe and just operating space. No SDG will do that individually, and the whole SDGs should not be seen as
an additive structure but as a system of synergistic re-enforcement. Hence, attainments of SDGs will greatly
depend on whether synergies can be leveraged and trade-offs identified and tackled. Here, we devise a sta-
tistical formulation of the SDG synergies and trade-offs based on correlation analysis of development so far
as a contribution to make the SDG agenda a success.

The potential synergies or trade-offs between the goals make the SDG interactions complex, as they are
clearly not independent from each other. However, data granularity allowed us to analyze synergies and
trade-offs within a given goal and divided by individual countries. Furthermore, by identifying synergies
and trade-offs based on the official list of SDG indicators, we avoid the need to make use of proxy indicators,
as commonly done in other approaches (Jakob & Steckel, 2016; Santangeli et al., 2015).

Our study highlights the existence of typically more synergies than trade-offs within and among the
SDGs in most countries. This indicates a strong foundation for successfully implementation of the SDG
agenda. Our analysis shows that SDG 3 (Good health and well-being) is mostly associated with synergistic
co-benefits and SDG 12 (Responsible consumption and production) is largely linked with most problematic
trade-offs among others. The observed synergies show a broad compatibility of SDGs where progress
in one goal can leverage the fulfillments of the other goals. Therefore, policies fostering cross-sectoral
and cross-goal synergetic relations will play a crucial role in operationalization of the SDG agenda
(Nilsson et al., 2016).

Similarly, the observed trade-offs portray historical and current incompatibilities among the SDGs. Contin-
uation of these may result in lock-in effects where progress in one of the goals may limit the fulfillments
of others. For achieving the SDGs, these trade-offs need to be negotiated and made structurally nonob-
structive, where possible. In some cases, a deeper structural change will be needed. For example, SDGs
associated with higher human development and socioeconomic standards were traditionally conflicting
with environmental protection goals. Learning from these past developments, policies should target for
sustainable transformation by breaking away from these lock-in relationships and by creating new syner-
gies. Policies on minimizing trade-offs with SDG 12 (Responsible consumption and production) have been
suggested to be the most effective at leveraging the whole SDG agenda (Obersteiner et al., 2016). However,
differentiated policies at different scales and countries are needed to foster synergies and to overcome
trade-offs (Griggs et al., 2013), which is highlighted by the differences in top synergy and trade-off pairs
identified on a global scale and for individual countries.

Our analysis also provides the starting point to interpret how SDGs might develop under different socioe-
conomic and climate scenarios. For example, the impacts of climate change that may constrain the achieve-
ment of SDGs, is expected to be mostly visible though the interactions of SDG 6 with their corresponding
trade-off and synergy pairs (Szabo et al., 2016). Accordingly, changes in available freshwater resources trig-
gered by climate change can either reinforce the trade-offs with SDGs 3, 15, and 9, or influence negatively
the historical synergies with SDGs 1, 3, 4, and 17.
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Compared to the recent report on SDG interactions (International Council for Science [ICSU], 2017), we
obtain both agreeing and disagreeing results. ICSU (2017) applied expert judgment to identify causal and
functional relations among the SDGs and mostly found synergies for the four considered SDGs 2, 3, 7, and 14.
Our analysis also highlights similar larger synergies among other goals for SDGs 2 and 3. However, we obtain
a mixture of synergies and trade-offs for the SDG 7. This implies that the positive interactions reflected on
the theoretical level have not been fully achieved in the past. Therefore, we complement the qualitative SDG
interaction studies by highlighting the current trade-offs instead of the future interactions after the achieve-
ment of SDGs. However, we were not able to analyze interactions for SDG 14 due to data scarcity, which was
not the case for the qualitative approach. Therefore, enhancing our knowledge on SDG interactions will
require intersecting both qualitative and quantitative approaches.

We also were able to distinguish SDG interactions for different countries in additional to the global
aggregated picture. However, ICSU (2017) discards the possibility of having different countries display-
ing contrasting interactions between the same SDG pair. For example, although SDGs 3 and 12 have
trade-offs in many parts of the world, there are countries in which this SDG pair have a synergistic relation
(e.g., Algeria). In this sense, our analysis advances our understanding of current regional interactions
among SDGs.

Although our study provides clear findings, the interpretation of results requires a discussion on the limita-
tions nested in data sources and methodology used. Given that the current SDG indicator framework is still
work in progress, our study is currently limited by the completeness of the SDG indicator database. Addition-
ally, our analysis captures the existing SDG synergies and trade-offs based on currently available indicator
data but do not necessarily indicate synergies and trade-offs for future conditions. This study highlights
synergies that should be leveraged and trade-offs that should be overcome by transformative strategies
to implement the SDG agenda. Our approach can also be applied to the updated SDG database after the
development of the indicator framework.

We are aware that correlation does not imply causality. This means observed synergies between two SDG
indicators could be independently related to another process driving both indicators and therefore result-
ing in correlations. However, because the correlation analysis is done for indicator pairs in each country indi-
vidually, the existence of a large number of synergies (or trade-offs) suggests that the relation is widespread
across many countries and most likely not appearing by chance. Hence, our findings on the SDG inter-
actions attempt to reflect ongoing processes in most countries based on the multidimensional dataset.
Furthermore, while the mechanisms generating synergies and trade-offs remain elusive in our analysis, we
complement approaches using process-based models by investigating the entire option space in which
synergies and trade-offs emerge.

The outcomes of our empirical analysis provide a sound basis for forthcoming works that wish to focus
on the operationalization of synergies and trade-off models for the main patterns identified. This would
allow to evaluate if leveraging the identified synergies could tip global megatrends into a safe and just
operating space envisioned by the SDGs and which trade-offs constitute critical roadblocks that need to be
circumvented.

References
Bue, M. C. L., & Klasen, S. (2013). Identifying synergies and complementarities between MDGs: Results from cluster analysis. Social

Indicators Research, 113(2), 647–670. https://doi.org/10.1007/s11205-013-0294-y
Buse, K., & Hawkes, S. (2015). Health in the sustainable development goals: Ready for a paradigm shift? Globalization and Health, 11(1), 13.

https://doi.org/10.1186/s12992-015-0098-8
Costa, L., Rybski, D., & Kropp, J. P. (2011). A human development framework for CO2 reductions. PLoS One, 6(12), e29262.
Costanza, R., Fioramonti, L., & Kubiszewski, I. (2016). The UN sustainable development goals and the dynamics of well-being. Frontiers in

Ecology and the Environment, 14(2), 59–59. https://doi.org/10.1002/fee.1231
Costello, A., Osrin, D., & Manandhar, D. (2004). Reducing maternal and neonatal mortality in the poorest communities. British Medical

Journal, 329(7475), 1166–1168. https://doi.org/10.1136/bmj.329.7475.1166
Griggs, D., Stafford-Smith, M., Gaffney, O., Rockström, J., Öhman, M. C., Shyamsundar, P., Steffen, W., Glaser, G., Kanie, N., & Noble, I. (2013).

Policy: Sustainable development goals for people and planet. Nature, 495(7441), 305–307. https://doi.org/10.1038/495305a
Hauke, J., & Kossowski, T. (2011). Comparison of values of Pearson’s and Spearman’s correlation coefficients on the same sets of data.

Quaestiones Geographicae, 30(2), 87.
Hiç, C., Pradhan, P., Rybski, D., & Kropp, J. P. (2016). Food surplus and its climate burdens. Environmental Science & Technology, 50(8),

4269–4277. https://doi.org/10.1021/acs.est.5b05088

Acknowledgments
The research for this article was finan-
cially supported by the German Federal
Ministry for the Environment, Nature
Conservation, Building, and Nuclear
Safety (International Climate Protection
Initiative) and the European Union’s
Horizon 2020 research and innovation
program under grant agreement no.
730459 (European calculator project).
The publication of this article was par-
tially funded by the Open Access Fund
of the Leibniz Association. The funders
had no role in study design, data collec-
tion and analysis, decision to publish,
or preparation of the study. The data
used are listed in the references. Thanks
go also to H. Schreier and W. Schirok
for their supports in data preparation
and analysis, to S. Stoll-Kleemann for
the valuable comments on our study,
and to S. L. Becker for language editing.
The authors appreciate two anonymous
reviewers and the editor for their valu-
able comments and suggestions.

PRADHAN ET AL. A SYSTEMATIC STUDY OF SDG INTERACTIONS 1178

https://doi.org/10.1007/s11205-013-0294-y
https://doi.org/10.1186/s12992-015-0098-8
https://doi.org/10.1002/fee.1231
https://doi.org/10.1136/bmj.329.7475.1166
https://doi.org/10.1038/495305a
https://doi.org/10.1021/acs.est.5b05088


Earth’s Future 10.1002/2017EF000632

Hogan, M. C., Foreman, K. J., Naghavi, M., Ahn, S. Y., Wang, M., Makela, S. M., Lopez, A. D., Lozano, R., & Murray, C. J. (2010). Maternal
mortality for 181 countries, 1980–2008: A systematic analysis of progress towards millennium development goal 5. Lancet, 375(9726),
1609–1623. https://doi.org/10.1016/S0140-6736(10)60518-1

Ibisch, P. L., Hoffmann, M. T., Kreft, S., Pe’er, G., Kati, V., Biber-Freudenberger, L., DellaSala, D. A., Vale, M. M., Hobson, P. R., & Selva, N. (2016).
A global map of roadless areas and their conservation status. Science, 354(6318), 1423–1427. https://doi.org/10.1126/science.aaf7166

International Council for Science (ICSU) (2017). A Guide to “SDG” Interactions: From Science to Implementation (). Paris, France: International
Council for Science (ICSU).

Jahan, S., Jespersen, E., Mukherjee, S., Kovacevic, M., Bonini, A., Calderon, C., … Zampino, S. (2015). Human Development Report 2015:
Work for Human Development (). New York: United Nations Development Programme.

Jakob, M., & Steckel, J. C. (2016). Implications of climate change mitigation for sustainable development. Environmental Research Letters,
11(10), 104,010. https://doi.org/10.1088/1748-9326/11/10/104010

Jokhio, A. H., Winter, H. R., & Cheng, K. K. (2005). An intervention involving traditional birth attendants and perinatal and maternal
mortality in Pakistan. New England Journal of Medicine, 352(20), 2091–2099. https://doi.org/10.1056/NEJMsa042830

Kellner, E., & Hubbart, J. A. (2017). Advancing understanding of the surface water quality regime of contemporary mixed-land-use
watersheds: An application of the experimental watershed method. Hydrology, 4(2), 31. https://doi.org/10.3390/hydrology4020031

Lu, Y., Nakicenovic, N., Visbeck, M., & Stevance, A.-S. (2015). Policy: Five priorities for the UN sustainable development goals—comment.
Nature, 520(7548), 432–433. https://doi.org/10.1038/520432a

Mathy, S., & Blanchard, O. (2016). Proposal for a poverty-adaptation-mitigation window within the green climate fund. Climate Policy,
16(6), 752–767. https://doi.org/10.1080/14693062.2015.1050348

Nilsson, M., Griggs, D., & Visbeck, M. (2016). Policy: Map the interactions between sustainable development goals. Nature, 534, 320–322.
https://doi.org/10.1038/534320a

Obersteiner, M., Walsh, B., Frank, S., Havlík, P., Cantele, M., Liu, J., … van Vuuren, D. (2016). Assessing the land resource–food price nexus
of the sustainable development goals. Science Advances, 2(9), e1501499. https://doi.org/10.1126/sciadv.1501499

Parkin, D., McGuire, A., & Yule, B. (1987). Aggregate health care expenditures and national income: Is health care a luxury good? Journal of
Health Economics, 6(2), 109–127.

Pradhan, P., Reusser, D. E., & Kropp, J. P. (2013). Embodied greenhouse gas emissions in diets. PLoS One, 8(5), e62228.
Rickels, W., Dovern, J., Hoffmann, J., Quaas, M. F., Schmidt, J. O., & Visbeck, M. (2016). Indicators for monitoring sustainable development

goals: An application to oceanic development in the european union. Earth’s Future, 4(5), 252–267. https://doi.org/10.1002/
2016EF000353

Sachs, J., Schmidt-Traub, G., Kroll, C., Durand-Delacre, D., & Teksoz, K. (2017). SDG Index and Dashboards Report 2017 (). New York:
Bertelsmann Stiftung and Sustainable Development Solutions Network (SDSN).

Sachs, J. D. (2012). From millennium development goals to sustainable development goals. Lancet, 379(9832), 2206–2211. https://doi
.org/10.1016/S0140-6736(12)60685-0

Santangeli, A., Toivonen, T., Pouzols, F. M., Pogson, M., Hastings, A., Smith, P., & Moilanen, A. (2015). Global change synergies and
trade-offs between renewable energy and biodiversity. Global Change Biology. Bioenergy.

Schmidt, H., Gostin, L., & Emanuel, E. (2015). Public health, universal health coverage, and sustainable development goals: Can they
coexist? Lancet, 386(9996), 928–930. https://doi.org/10.1016/S0140-6736(15)60244-6

Sen, A. (1983). Development: Which way now? The Econometrics Journal, 93(372), 745–762.
Sesnie, S. E., Tellman, B., Wrathall, D., McSweeney, K., Nielsen, E., Benessaiah, K., Wang, O., & Rey, L. (2017). A spatio-temporal analysis of

forest loss related to cocaine trafficking in Central America. Environmental Research Letters, 12(5), 054,015. https://doi.org/10.1088/
1748-9326/aa6fff

Sidney, J. A., Jones, A., Coberley, C., Pope, J. E., & Wells, A. (2017). The well-being valuation model: A method for monetizing the
nonmarket good of individual well-being. Health Services and Outcomes Research Methodology, 17(1), 84–100. https://doi.org/10
.1007/s10742-016-0161-9

Smith, P., & Olesen, J. E. (2010). Synergies between the mitigation of, and adaptation to, climate change in agriculture. The Journal of
Agricultural Science, 148(05), 543–552. https://doi.org/10.1017/S0021859610000341

Spearman, C. (1904). The proof and measurement of association between two things. The American Journal of Psychology, 15(1), 72–101.
https://doi.org/10.2307/1412159

Stoll-Kleemann, S., & O’Riordan, T. (2015). The sustainability challenges of our meat and dairy diets. Environment: Science and Policy for
Sustainable Development, 57(3), 34–48.

Stuart, E., & Woodroffe, J. (2016). Leaving no-one behind: Can the sustainable development goals succeed where the millennium
development goals lacked? Gender and Development, 24(1), 69–81. https://doi.org/10.1080/13552074.2016.1142206

Szabo, S., Nicholls, R. J., Neumann, B., Renaud, F. G., Matthews, Z., Sebesvari, Z., … Hutton, C. (2016). Making SDGs work for climate
change hotspots. Environment: Science and Policy for Sustainable Development, 58(6), 24–33. https://doi.org/10.1080/00139157.2016
.1209016

United Nations Economic and Social Council (2016). Report of the inter-agency and expert group on sustainable development goal
indicators.

United Nations General Assembly (2015). Transforming our world: The 2030 agenda for sustainable development. Retrieved from http://
www.un.org/ga/search/view_doc.asp?symbol=A/RES/70/1&Lang=E

United Nations Statistics Division (2016). SDG indicators global database. Retrieved from https://unstats.un.org/sdgs/indicators/database/
Wamukonya, N. (2003). Power sector reform in developing countries: Mismatched agendas. Energy Policy, 31(12), 1273–1289. https://doi

.org/10.1016/S0301-4215(02)00187-8
Wiedmann, T. O., Schandl, H., Lenzen, M., Moran, D., Suh, S., West, J., & Kanemoto, K. (2015). The material footprint of nations. Proceedings

of the National Academy of Sciences of the United States of America, 112(20), 6271–6276. https://doi.org/10.1073/pnas.1220362110
Yoon, D. K. (2012). Assessment of social vulnerability to natural disasters: A comparative study. Natural Hazards, 63(2), 823–843. https://

doi.org/10.1007/s11069-012-0189-2

PRADHAN ET AL. A SYSTEMATIC STUDY OF SDG INTERACTIONS 1179

https://doi.org/10.1016/S0140-6736(10)60518-1
https://doi.org/10.1126/science.aaf7166
https://doi.org/10.1088/1748-9326/11/10/104010
https://doi.org/10.1056/NEJMsa042830
https://doi.org/10.3390/hydrology4020031
https://doi.org/10.1038/520432a
https://doi.org/10.1080/14693062.2015.1050348
https://doi.org/10.1038/534320a
https://doi.org/10.1126/sciadv.1501499
https://doi.org/10.1002/2016EF000353
https://doi.org/10.1002/2016EF000353
https://doi.org/10.1016/S0140-6736(12)60685-0
https://doi.org/10.1016/S0140-6736(12)60685-0
https://doi.org/10.1016/S0140-6736(15)60244-6
https://doi.org/10.1088/1748-9326/aa6fff
https://doi.org/10.1088/1748-9326/aa6fff
https://doi.org/10.1007/s10742-016-0161-9
https://doi.org/10.1007/s10742-016-0161-9
https://doi.org/10.1017/S0021859610000341
https://doi.org/10.2307/1412159
https://doi.org/10.1080/13552074.2016.1142206
https://doi.org/10.1080/00139157.2016.1209016
https://doi.org/10.1080/00139157.2016.1209016
http://www.un.org/ga/search/view_doc.asp?symbol=A/RES/70/1&Lang=E
http://www.un.org/ga/search/view_doc.asp?symbol=A/RES/70/1&Lang=E
https://unstats.un.org/sdgs/indicators/database/
https://doi.org/10.1016/S0301-4215(02)00187-8
https://doi.org/10.1016/S0301-4215(02)00187-8
https://doi.org/10.1073/pnas.1220362110
https://doi.org/10.1007/s11069-012-0189-2
https://doi.org/10.1007/s11069-012-0189-2

