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Abstract: The UN Sustainable Development Goals (SDGs) represent a universal agenda that nations
have committed to achieving by 2030. The challenge is substantial, with no country excelling across
all SDGs. Using global UN data, we assess patterns of positive and negative correlations between
indicators of SDG status and progress. For nearly 70% of SDG indicators, status is positively associated
with GDP/capita. Progress on SDG indicators, however, occurs in both poorer and wealthier countries.
When GDP/capita is controlled for, positive associations remain between health, environment and
energy usage indicators. Economic growth is negatively associated with changes in some health and
environment indicators. For SDGs targets to be achieved, major opportunities and conflicts will need
to be identified, prioritized and acted upon.

Keywords: sustainable development goals; synergies and tradeoffs; interlinkages; sustainable
development; international policy; time-series; connectivity

1. Introduction

In September 2015, the UN General Assembly adopted the 2030 Agenda for Sustainable
Development as a universal plan of action to shift the world towards a more sustainable and
resilient future [1]. The Agenda comprises 17 Sustainable Development Goals (SDGs), further clarified
in 169 SDG Targets. The Agenda is designed as an integrated and indivisible whole, covering areas of
critical importance both to humanity and the planet, with interconnectedness embedded in the overall
vision and policy wording [2]. However, no country excels in all areas covered by the Agenda [3],
and historically, progress on some aspects of the SDG agenda has not always aligned with other
policy areas, such as biodiversity conservation [4,5] and climate change [6,7]. UN estimates suggest
that the achievement of SDG targets by 2030 will require an additional spending of US$2.6 trillion
across low-income and emerging market economies [8]. Even with substantial domestic resource
mobilisation, this is an ambitious funding target. Understanding how progress on one SDG may
be correlated with, amplify or hinder progress on other SDGs is essential to identify opportunities
both to achieve synergies and co-benefits, as well as anticipate areas of policy incoherence [9-11].
Although the literature on prioritization, implementation and national progress is growing [12,13],
analyses of the interactions between SDG goals and targets primarily rely on expert opinion [9,14-18].
Complementary empirical analyses are still scarce.
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The study presented here advances current analyses on SDG interlinkages in two main ways.
First, we use empirical data in our analyses, as opposed to prior studies relying on expert opinion.
Evidence-based insights on global patterns in SDG attainment require large amounts of data that
are comparable across countries [19]. The global SDG indicator framework adopted by the UN
General Assembly in July 2017 [20] facilitates the process of collating such information. Here, we use
available SDG indicator data [21] to conduct cross-national analyses of patterns of association between
different indicators.

Second, in addition to using empirical data, the analyses presented here also consider two novel
metrics: (1) SDG status (i.e., the current state of development, defined as the most-recent SDG indicator
values for each country), and (2) SDG progress (i.e., the change in development levels over time,
calculated as the mean annual rate of change in SDG indicator levels between 2000-2015). We consider
two metrics because, over time, levels of SDG status may become correlated as progress is achieved.
The use of a metric of change provides important additional insights into the degree to which rates
of progress are similar across indicators. Presenting these two complementary metrics side-by-side,
while using otherwise similar model structures, allows us to contrast and compare the insights that
could be gained when using only a singular metric.

For the purpose of this study, we define the level of SDG connectivity as the proportion of significant
correlations across all SDGs. Correlations between SDG status indicators have recently been shown to
be strongly associated with country income per capita [22]. In the following sections of this paper,
we therefore first assess the degree to which SDG status and progress are associated with per capita
country income (GDP/capita). We then calculate the degree of SDG connectivity, i.e., the proportion of
significant correlations across all potential connections between SDG status and progress indicators,
respectively, while controlling for GDP/capita. By doing this we are able to identify where there are
non-income-dependent associations between SDG indicators.

2. Materials and Methods

2.1. Materials

Indicator data for the UN Sustainable Development Goals were obtained from the dissemination
platform of the Global SDG Indicators Database [21]. From this platform, all SDG indicator series
were downloaded that are conceptually clear, for which internationally established methodology and
standards are available, and for which data are regularly produced by countries (Tier 1 indicators,
Table S1) [23]. We used only numerical, national-level data series, disregarding potential disaggregation
by income, sex, age, race, ethnicity, migratory status, disability and geographic location, or other
characteristics, which may not be available for all countries. SDG indicator time series had varying
lengths, ranging from 1983-2017 but predominantly spanning 2000-2015 (Figure S1), which was
therefore assumed as the focal temporal scope of the present study.

2.2. Methods

For the purpose of this study, we define SDG status as the current SDG indicator levels, measured
as the most-recent-available SDG indicator values for each country, and SDG trends as the change
in SDG indicator levels over time, measured as the mean annual rate of change in indicator values
between 2000-2015.

SDG trends were calculated using two distinct methods. For data-sparse times series (ngps < 6),
linear models were used to describe SDG indicator trends over time, derived with the R ‘stats’
package [24]. Trends of longer time series (nops > 5), were described using Generalized Additive
Models (GAM) derived in the R ‘mgcv’ package [25], to better capture potential nonlinearity in these
time series. GAM smoothing parameters were set to half the length of the time series. Missing years
were imputed with linear interpolation using the R “zoo” package [26] for linear models, and predicted
from model parameters for the GAM procedure. From each complete time series, annual trend values
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were calculated as the change in (predicted) values between subsequent years, after which the mean
over the study period (2000-2015) was taken as the final SDG trend.

Despite using only national-level Tier 1 SDG indicators, not all resulting indicators had the same
number of countries (Figure S2), and indicator data gaps were strongly mismatched between countries
(Figures S3 and S4). To prevent missing country data from influencing cross-national assessments
of patterns in SDG attainment, we filtered SDG status and trend values to generate a complete set of
countries and SDG indicators, balancing the exclusion of data-poor indicators with the exclusion of
data-poor countries to maximize the number of SDG indicators observed across the largest number of
countries. Countries were thus homogenized across SDG indicators by first removing any countries
missing data on more than 50% of indicators (i.e., very data-poor countries). Second, excluding
any SDG indicators missing more than 10% of remaining countries (i.e., very data-poor indicators),
and finally, retaining only countries with complete indicator coverage after these first two steps.
For SDG status, this complete set contains 42 indicators in 123 countries, while the complete set of SDG
trends contains 29 indicators in 127 countries (Table S1, Figures S2 and S3), 83% and 85% of the total of
149 UN Member States.

SDG status and trend values were normalized across countries before subsequent analyses using
the R ‘bestNormalize’ package [27], to overcome the influence of high-leverage points in skewed
distributions of original values. Series for which greater indicator values indicate a less desirable
outcome (e.g., mortality rates) were inverted (i.e., multiplied by —1), so that for all SDG indicators,
greater indicator values signify more desirable outcomes (see Table S1 for a complete list).

Economic capacity is likely to affect implementation and effectiveness of SDG policies. To account
for this confounding effect, we first derive a set of regression models that evaluate relationships
between SDG indicators and economic capacity, using Ordinary Least Squares (OLS) for parameter
estimation:

SDG; ~ aicpp + Bicpp X GDP + ¢;cpp 1)

where SDG; represents SDG status or trend values, a; spp represents the model intercept, 8; cpp denotes
the coefficient for the effect of economic capacity, measured as per capita gross domestic product (GDP),
on SDG indicator i and ¢; ; represents a model error term. For SDG status, we use recent (2015) GDP
per capita data (PPP 2011 international $), while for SDG trends, we use GDP data from the beginning
of the study period (2000).
Residuals from models above (Equation (1)) were then used to assess interlinkages between SDG
status and trend values:
SDG; ~ Qi+ ﬁi,j XSDG/' + & 2)

where SDG; and SDG; are the residuals from SDG status or trend models following Equation (1).
In Equation (2), ;; represents the model intercept, f; ; represents the relationship between SDG
indicator j and SDG indicator #, and ¢; ; represents a model error term. Linear model theory shows that
exchanging dependent and independent variables in regression model derivation affects the effect size
of relationships (i.e., the magnitude of ; j), but not the T- and F-statistic, nor the significance level for
the relationship. We use this symmetry here by reporting significant interlinkages between SDG pairs
without assigning directionality to these relationships. We do not attempt to discover any underlying
mechanisms behind the observed patterns, which will be almost impossible to determine, as they
are the results of complex feedbacks in societies. Instead, we report on the manifested relationships,
as evidenced in the currently available data. Significance of relationships between SDG indicators
calculated from Equation (2) are evaluated at a false discovery rate of a = 0.05, corrected for multiple
comparisons [28].

Network- and indicator-level metrics were calculated using the R ‘igraph” package [29]. Network
connectivity C is calculated as the ratio of significant links Ly;q, over the total number of possible links:

C = Lig/(Nx(N-1)) ®)
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where N denotes the number of nodes (SDG indicators) in the network. At the indicator level, degree
centrality D is defined as the proportion of significant links L;;; that connect an SDG indicator i to all
other SDG indicators, normalized over the number of possible links:

D = Lisig/(N-1) @)

Significant relationships were visualized using the R ‘chorddiag’ [30] and ‘circlize’ packages [31].
All analyses were performed in R version 3.5.1 [24].

3. Results

SDG data availability varies greatly across countries and indicators (Figures S2-55), hindering
comprehensive analyses of connectivity between indicators. We limit our analyses to a subset of
countries and indicators with complete data coverage, to avoid potential biases associated with
differing country samples across indicator pairs (Figure S6, Table S1, see Methods for details). In this
way, we ensure that differences in linkages between SDG indicator pairs are not due to the inclusion
or exclusion of specific countries on different indicator pairs, as would be the risk if we included all
possible data. Numbers of available indicator time series also vary strongly across SDGs (Figure S5),
leading to unbalanced comparisons when aggregating to the goal-level. We, therefore, describe patterns
in interlinkages at the indicator-level. We only use national time series, not disaggregated by age,
gender, region, or other descriptors. In total, we assessed a consistent set of 42 SDG indicators across
123 countries for SDG status, and 29 SDG indicators across 127 countries for SDG progress, representing
83% and 85% of all 149 UN Member States, respectively. In the analyses, a few indicators were inverted
so that for all indicators, greater status and progress signify outcomes closer to SDG targets. With these
methods, we thus: (1) Highlight the dependence of SDG status on country income, and (2) after
controlling for income dependence, identify both positive SDG associations (i.e., synergistic, high-high,
low-low status or progress on SDG indicators), and negative SDG interlinkages (i.e., antagonistic,
high-low status or progress on SDG indicators).

GDP/capita is strongly and consistently associated with SDG status (predicting levels of 83% of
SDG indicators, Figure 1A). In general, SDG status is higher in countries with higher GDP/capita
(69% of indicators, including all health indicators except alcohol consumption and suicide mortality).
Some indicators, however, appear to show higher status in lower-income counties (14%—lower-income
countries tend to have lower alcohol consumption, lower suicide mortality, lower freshwater stress,
lower domestic material consumption, more renewable energy use, and more remittances, e.g., through
money transfers from migrant workers to their home countries). In low-income countries, initial
increases on some indicators such as domestic material consumption (i.e., declining SDG progress) may
be necessary precursors to other types of development.

GDP/capita is also correlated with SDG progress across 69% of SDG indicators (Figure 1B),
but progress occurs in both poorer and wealthier countries. In 38% of indicators, SDG progress is
significantly faster in lower-income countries. Conversely, in 31% of SDG indicators, higher-income
countries are improving faster. Change on health indicators is split between high- and low-income
countries, with some health issues (e.g., neo-natal mortality, under-five mortality), not surprisingly
improving more rapidly in lower-income countries, while other health issues (e.g., reductions in
cardiovascular disease, cancer and diabetes mortality, road-traffic mortality) progressing more rapidly
in countries with higher GDP/capita. Internet usage and broadband subscriptions are also progressing
much more rapidly in richer nations, leading to very high levels of status (Figure 1A), compared
to 2G mobile coverage, which, while higher in richer countries (Figure 1A), is increasing faster in
lower-income countries (Figure 1B).

Given the strong correlation between GDP/capita and SDG status and progress (Figure 1), we control
for this in our analysis of SDG connectivity (see Figure S6 for SDG connectivity before accounting
for GDP/capita). Eighteen percent of connections between SDG status indicators assessed in this
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way are significantly positive (Figure 2B). This percentage is largely made up of connections among
health indicators (11 health indicators are positively correlated with more than 25% of other indicators,
Table S2), and indicators for information access (internet broadband subscriptions and internet usage),
remittances, electricity access, and clean fuels and technology. Only 4% of connections between SDG
status indicators are negatively correlated (Figure 2A), largely driven by connections with alcohol
consumption and renewable energy consumption, which tend to be inversely aligned with many other
aspects of the SDG Agenda (see Table S2).

Higher indicator status in
lower—income countries

Higher indicator status in
higher-income countries

«— —
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Under-five mortality (rate)*
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Alcohol consumption/capita (L/yr)*
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Figure 1. Dependence of SDG attainment on GDP per capita. Showing regression coefficients for GDP
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per capita (PPP 2011 international $) derived from regression models of normalized values for SDG
status in 123 countries (A) and SDG progress in 129 countries (B). Positive GDP regression coefficients
signal SDG indicators on which status (A) or progress (B) are significantly higher in higher-income
countries. Negative GDP regression coefficients signify SDG indicators on which status (A) or progress
(B) are significantly higher in lower-income countries. Indicator names appended with an asterisk
were inverted (i.e., multiplied with —1), so that greater SDG indicator values signify more desirable
outcomes for all indicators.
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Figure 2. Connectivity of SDG status (top, (A,B)) and progress (bottom, (C,D)) derived from regression
models after controlling for GDP/capita. Connections show significant negative (A,C) and positive
(B,D) relationships. Significance cutoff’s are corrected for multiple comparisons following Benjamini
and Hochberg [28], resulting in g* = 0.011 for status models (A,B), and g* = 0.005 for progress models
(C,D), equivalent to a false discovery rate @ = 0.05. Status models use most-recent reported SDG
indicator levels on 42 SDG indicators across 123 countries, progress models use mean annual change
values on 29 SDG indicators between 2000-2015 across 127 countries. Inside the diagrams, quantity C
specifies network connectivity: The proportion of relationships significant at 4%. Link color and width
are proportional to relationship strength. Indicator sector colors reflect overarching SDG, indicator
sector width is proportional to total relationship strength for each indicator. Indicator names appended
with an asterisk were inverted (i.e., multiplied with —1), so that greater SDG indicator values signify
more desirable outcomes for all indicators.



Sustainability 2020, 12, 8424 7 of 12

Compared to SDG status indicators, the connections between SDG progress indicators are weaker
and more directionally balanced (overall connectivity 10%, 6% positive, 4% negative, Figure 2C,D).
Health indicators represent roughly half of the significant positive and negative connections in these
models. Negative connections (tradeoffs, Figure 2C) exist between progress in GDP growth rates, an SDG
indicator in itself, and increases in domestic material consumption (economic indicators, both negatively
associated with a range of health indicators and some environment indicators). While changes in
economic indicators also have positive connections (Figure 2D, correlations between SDG progress),
these are mostly connections with other economic indicators: The results indicate no synergies for
the rate of economic growth across SDGs. Cross-SDG positive synergies are apparent between health,
environment and energy usage indicators. Taken together, these results provide no evidence for
positive associations between increasing economic activity (GDP/capita acceleration) and improvement
in a range of health, environment and sustainable energy indicators, once country income levels have
been accounted for. Therefore, while the level of income (GDP/capita) is strongly associated with SDG
status and progress, the pace at which income is improved may potentially mitigate improvements on
other SDGs (Figure 1).

4. Discussion

Negative connections between SDG status levels signal indicators that are at odds with general
levels of development. Renewable energy consumption and alcohol consumption, for instance,
have many negative connections (Table S2), suggesting that alcohol consumption is relatively higher in
more developed countries, while renewable energy consumption is relatively lower in more developed
countries. Lower-income countries often lack centralized energy infrastructure resulting in a faster
adoption of off-grid renewable energy solutions. Alcohol consumption may increase with income levels,
and more generally with development, as these results are robust against controlling for economic
capacity (Table S2).

Negative connections between measures of SDG progress highlight areas of the SDG agenda where
relative change on SDG indicators is divergent. Figure 2C shows that, for instance, change in under-five
mortality and the incidence of tuberculosis are strongly negatively connected. This suggests that
countries that are making progress (achieving reductions) in these areas do not make progress in both at
the same time. Similarly, countries were shown to either increase the number of internet subscriptions
or reduce under-five mortality. The results also suggest that countries showing accelerating economic
growth (measured as increasing GDP per employed person growth rate), also tend to experience
increases in internet usage and mortality from suicide, accidental poisoning, cancer, cardiovascular
disease, diabetes and/or chronic respiratory diseases (Figure 2C).

Positive connectivity of SDG progress stems from several intrinsically-linked indicator pairs,
such as internet usage and broadband subscriptions, neonatal and under-five mortality, and GDP per
capita and per employed person growth rates. Other positive links may be more interesting, such
as those between change in electricity access and births attended by health personnel, or renewable
energy consumption and the Red List Index of Threatened Species. Additional patterns are revealed
through the combination of SDG status and SDG progress metrics. For instance, suicide mortality is
high in developed countries (Table S2), but as countries combat suicide mortality, they also progress on
many other SDG indicators (Table S3).

Domestic material consumption is often highlighted as a threat for global sustainability [32-34],
and is known to create performance gaps, even in top-performing countries [3]. Here, we show
that status on this indicator is negatively associated with status on 63% of the tested indicators,
before accounting for GDP (Table S2). These associations are diminished when accounting for
economic capacity, but for SDG progress, connections with domestic material consumption become
more pronounced after accounting for country GDP, suggesting that irrespective of wealth, change on
many SDG indicators is associated with increases in material consumption.
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Before controlling for GDP, SDG status shows moderate total connectedness (connectivity 0.58,
Figure S7A,B), largely resulting from positive connections (positive connectivity 0.43), suggesting that
national status across SDG indicators is well-linked. Fewer SDG indicators are connected through
negative relationships (negative connectivity before-GDP 0.15), suggesting tradeoffs between certain
SDG indicators. In a similar analysis based on expert opinion [16], connectivity was reported to be
much higher (0.8) than the total evidence-based (before-GDP status) connectivity found here (0.58).
We find that positive connectivity is largely driven by health indicators: 15 health indicators are each
significantly correlated with 59-68% of all indicators (Table S2). Other positively connected indicators
are manufacturing value added, internet broadband subscriptions and internet usage (all significantly
positively correlated with 68% of indicators). These indicators correlate with more than half the total
number of tested indicators and might thus make reasonable candidates for proxies of overall SDG
status.

Negative connectivity of SDG status, before controlling for GDP, is driven by per capita alcohol
consumption, domestic material consumption, renewable energy consumption, and suicide mortality.
These indicators are negatively correlated with large proportions (49-66%) of all other indicators,
suggesting that developed countries perform relatively poorer on these indicators than less-developed
countries, and vice-versa.

Economic growth has long been linked with many other aspects of human development, such as
health and education indicators [35,36]. There is a growing field of literature, however, calling for a
move away from consumption-based macroeconomic indicators such as GDP, for measuring economic
progress and human development more broadly [37-39]. Recently, economic growth in the EU was
shown to be unrelated, for instance, to other economic performance indicators and inversely related to
environmental and well-being indicators [40]. Here, we show that although GDP/capita levels are a
determining factor in the types of development that we observe across countries (Figure 1), there are
many positive correlations between other types of development that cannot be explained by differences
in income levels (Figure 2). Our results thus both provide support for correlations between income
levels and other development indicators, as well as suggest there are many other intrinsic interlinkages
between human development metrics after income levels have been accounted for, and thus suggest a
nuance between these schools of thought.

Positive relationships between some SDG indicators have also been noted in other studies,
for instance, between indicators related to reducing (gender) inequalities, eradicating poverty, education
and some health indicators [41]. Spaiser et al. [42] also identify factors which can promote socioeconomic
development and ecological sustainability simultaneously, without spurring negative interactions
between these realms. Our research echoes the conclusions from prior research on the importance of
policy coherence [43,44] within the realm of the SDGs [40,45], by demonstrating the interdependence
of individual SDG indicators and thus underwriting the indivisibility of the SDGs as a system of policy
objectives that necessitates careful consideration of the downstream interactions between individual
policy measures.

The study presented here describes statistical correlations between national-level indicators of
human development. There are a number of limitations associated with the chosen methodological
approaches which may indicate new directions for future research. Firstly, the uncovered statistical
correlations indicate that there are human development indicators which tend to align (inversely)
across countries. The common mechanisms (if any) linking such indicators causally cannot be inferred
from the current macro-level, cross-country analysis. It would be interesting to further understand
the within-country processes leading the relationships observed across countries. Simultaneously,
by using national-level indicators, no attention can be paid to subnational differences in status or
progress on these indicators. While it is an explicit goal of SDG Agenda to achieve the Agenda’s Goals
and Targets for all nations and for all segments of society [46], the current analysis does not shed light
on nations nor sections within societies potentially lagging behind in reaching the Goals as set out in
the Agenda. Global country rankings are published by the UN directly (e.g., dashboards.sdgindex.org),
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and so the study presented here is merely intended to be complementary in its cross-national and
cross-SDG approach. Finally, in our attempt to generate such overarching insights unbiased by differing
country samples between SDG indicators, we have had to exclude certain data-poor countries and
indicators, to ensure an identical sample of countries across indicators. This has resulted in certain
obvious data gaps, such as missing indicators for SDGs 1 and 2, but we feel this is preferable than
drawing conclusions for different SDGs on differing sets of countries. Overall, this paper highlights the
connectivity of the SDG Agenda, and thereby serves as a reminder to carefully explore both intended
as well as unexpected outcomes of policy interventions.

5. Conclusions

Assessing national-level SDG data, we find three broad patterns in SDG attainment and network
connectivity. First, GDP/capita predicts 69-83% of SDG indicators (Figure 1) and accounts for up to
half the connections between indicator pairs, irrespective of measuring status or progress (Figure S7).
These findings illustrate, fundamentally, the central correlations between economic development (here
represented as GDP/capita) and progress on many SDGs. Given this, it is important to control for
GDP/capita when exploring other potential synergies and tradeoffs between SDG indicators.

Second, the interconnected nature of the SDG agenda is reflected in a high percentage of significant
correlations between indicators of SDG status (Figure 2A,B). Indeed, there are over four times more
positive than negative correlations, even when controlling for GDP/capita.

Third, SDG progress shows far fewer significant associations (10% overall) which are roughly equally
distributed between positive and negative correlations (Figure 2C,D). Notably, after controlling for
differences in GDP/capita, there are positive associations between SDG progress on health, environment
and sustainable energy indicators, while there are negative associations between the acceleration of
economic growth and some of these indicators (e.g., reductions in cardiovascular disease, cancer and
diabetes mortality, and the Red List Index of species threatened with extinction). While higher income
levels are associated with higher SDG achievement (Figure 1A), the results suggest that higher or
accelerating economic growth may mitigate some of these benefits (Figure 2C,D). Rapid economic
growth may change economic structures (patterns of consumption, labor markets) in a way that
counters the effect of GDP per capita.

Together, these findings illustrate the complexity of monitoring progress on the SDGs—given
differences in income levels, it may be more appropriate for different countries to prioritize different
sets of targets within goals. They also show that considerations of opportunities to achieve SDG
progress are complementary to analyses of SDG status. The findings suggest both that SDG status and
progress are often associated with GDP/capita, and also that there are many other areas of synergy.
However, for global ambitions for sustainable development to be achieved, major opportunities and
conflicts need to be articulated, prioritised and acted upon.
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in analyses, Figure S7: Connectivity of SDG status and trends without controlling for GDP per capita, Table S1:
Descriptions of SDG indicators at tier 1, Table S2: Proportion of significant links for SDG status indicators, Table S3:
Proportion of significant links for SDG progress indicators.
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