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Nonlinear and weak interactions among Sustainable Development Goals (SDGs) drive 1 

China’s SDGs growth rate below expectations 2 

 3 

Abstract 4 

Despite substantial efforts dedicated to achieving the Sustainable Development Goals (SDGs) 5 

by 2030, there remains a critical lack of focus on how the nonlinear interactions between the 6 

SDGs affect their progress. To fill this pressing knowledge gap, we conducted a comprehensive 7 

analysis of SDG interactions and progress in China, from 2000 to 2021, with a focus on 8 

assessing nonlinear interactions and their effects on compound annual growth rates of SDGs at 9 

both national and provincial scales. Our results show that unless its current trajectory improves, 10 

China will not fully achieve all SDGs by 2030, with actual growth rates of some of the goals 11 

falling short of desired targets. Crucially, nonlinear interactions among SDGs are more 12 

prevalent than linear ones, calling into question the conventional assumption of predominantly 13 

linear interactions. While linear synergies do exert the strongest positive influence on SDG 14 

progress, the unclassified interactions emerge as the most critical factor inhibiting it. Our 15 

findings emphasize the importance of adopting more tailored policy approaches that leverage 16 

beneficial nonlinear dynamics and tackle obstacles posed by isolated actions or trade-offs, thus 17 

offering valuable insights for both China and the global community in navigating the 18 

complexities of the timely achievement of the SDGs. 19 

Keywords: Sustainable Development Goals, growth rates, nonlinear interactions, synergies, 20 

trade-offs  21 
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1. Introduction 22 

The launching of the 17 Sustainable Development Goals (SDGs) by the United Nations in 23 

2015 has provided a critical framework for guiding global sustainable development efforts (UN, 24 

2015). But recent assessments have revealed that progress in over half of the global SDG targets 25 

is either stagnant or regressing, with only 17% of them currently on track (UN, 2024). 26 

Furthermore, the progress towards different SDGs varies considerably across countries (Sachs 27 

et al., 2024). Therefore, identifying the key challenges hindering the realization of SDGs and 28 

exploring effective pathways to implement them not only has important implications for 29 

accelerating SDG progress, but can also yield valuable insights for shaping the post-2030 30 

agenda (Biermann et al., 2023; IGSSG, 2023; Malekpour et al., 2023). 31 

To expedite SDG realization, substantial efforts have been dedicated to localizing SDG 32 

indicators and measuring progress towards SDGs (Allen et al., 2021; Zhang et al., 2022a). 33 

Moreover, elucidating the synergies (where progress in one goal can enable progress in another) 34 

and trade-offs (where progress in one goal may hinder progress in another) between the SDGs 35 

is deemed crucial for exploring the mutually beneficial achievement of these goals and 36 

constructing reliable predictive models (Kroll et al., 2019; Anderson et al., 2022). A previous 37 

study analyzed SDG indicator data for 227 countries and found that synergies largely outweigh 38 

trade-offs in most countries, with SDG1 (No poverty) showing synergistic relationships with 39 

most other goals in 80%–90% of the data pairs (Pradhan et al., 2017). In contrast, SDG12 40 

(Responsible consumption and production) exhibited trade-offs with 10 goals (SDGs 1–7, 9, 41 

10, 17) in 50%–90% of the data pairs (Pradhan et al., 2017).  42 

Moreover, several studies highlight that synergies and trade-offs between SDGs are not static 43 

but evolve dynamically over time, with significant implications for policy prioritization and 44 

resource allocation (Kroll et al., 2019; Cao et al., 2023). For instance, Kroll et al. (2019) 45 

employed Spearman correlation analysis on global data from 2010–2018, identifying that 46 
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SDG1 exhibited synergies with 70% of other SDGs, while SDG11 (Sustainable Cities and 47 

Communities) and SDG13 (Climate Action) showed trade-offs in 60% of interactions. 48 

Importantly, projected trends until 2030 indicate persistent challenges: SDGs 11, 13, 14, 16, 49 

and 17 are expected to retain >50% trade-offs, whereas SDGs 1, 3, 7, 8, and 9 may sustain 50 

synergies across 65–80% of interactions (Kroll et al., 2019). Additionally, a China-specific 51 

study analyzing 1,302 directed networks from 2000–2020 found 27% of trade-off pairs 52 

transitioning to synergies, while 25% of synergistic pairs shifted to trade-offs (Cao et al., 2023).  53 

Recent research has increasingly adopted systemic approaches to understand SDG 54 

interactions, moving beyond static, pairwise correlations to dynamic analyses of causal drivers 55 

and feedback mechanisms. Moallemi et al. (2022) introduced eight archetypes of SDG 56 

synergies and trade-offs, such as ‘Fixes That Fail’ and ‘Tragedy of the Commons’, which 57 

generalize recurring interaction patterns and link causal drivers like delayed feedback and path 58 

dependency to dynamic behaviors and policy implications. Luttikhuis and Wiebe (2023) 59 

advanced methodological frameworks for technology-specific SDG interaction analysis, 60 

integrating expert elicitation, literature triangulation, and focus groups to identify context-61 

dependent trade-offs and synergies. These approaches address data-driven method limitations 62 

by incorporating qualitative insights and stakeholder perspectives. Yet most research has 63 

predominantly focused on linear interactions, leaving nonlinear interactions largely overlooked 64 

(Warchold et al., 2021; Kostetckaia and Hametner, 2022). Particularly, how nonlinear 65 

interactions influence SDG progress constitutes a critical research gap. 66 

Nonlinearity describes a scenario where the relationship between two variables is neither 67 

proportional nor constant, and instead shows curved patterns (Skene, 2024). Regarding possible 68 

SDG synergies and trade-offs, the impact of one goal on another is likely not static; it can 69 

change dynamically as their targets evolve. Preliminary analyses by some scholars using global-70 

scale SDG indicator data have uncovered vital insights (Warchold et al., 2021). Yet our 71 
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understanding of nonlinearity dynamics in SDGs is still nascent (Kostetckaia and Hametner, 72 

2022). For instance, nonlinear synergies can take an array of forms, such as starting strong but 73 

later weakening, or starting weak but later strengthening. The same applies to nonlinear trade-74 

offs. Most importantly, the patterns of non-monotonic nonlinear interactions between SDGs can 75 

have a U-shape (where trade-offs change into synergies) or an inverted U-shape (where 76 

synergies change into trade-offs), neither yet adequately explored. 77 

Filling this pivotal knowledge gap is crucial, since it underpins a better understanding of how 78 

to harness the benefits of nonlinear interactions while avoiding their adverse impacts. To 79 

address this issue, we assessed the progress and growth rates of the SDG Indices in China, as 80 

well as the nonlinear features of the interactions between differing SDGs at national and 81 

provincial scales. China presents an ideal case study for several compelling reasons. As the 82 

world’s largest developing country, China has made enormous efforts and achieved 83 

considerable progress in constructing its SDG indicator framework, assessing progress towards 84 

SDGs, and analyzing their interactions (Xu et al., 2020; Zhang et al., 2022b). Additionally, the 85 

relationship between China’s SDG achievements and various topics such as ecological 86 

civilization (Zhang and Fu, 2023), human well-being (Yu et al., 2025), the construction of a 87 

beautiful China (Guan et al., 2024), and planetary boundaries (Chen et al., 2024) has garnered 88 

great attention. Key solutions have been identified on how to promote synergetic and balanced 89 

development between regions and various SDGs (Liu et al., 2021; Zhang et al., 2022b). 90 

However, China simultaneously faces ongoing difficulties with the slow progress of many 91 

SDGs (Yu et al., 2025). In particular, the nonlinear dynamics between various SDGs and how 92 

such interactions may influence SDG changes have not been thoroughly examined. The 93 

geographic, economic, and social diversity across China’s provinces provides a rich field 94 

laboratory for examining how nonlinear interactions manifest under various development 95 

contexts (Sachs et al., 2024; Yu et al., 2025). Meanwhile, China’s increasingly sophisticated 96 
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SDG monitoring framework can supply high-quality, consistent data, which is undoubtedly 97 

essential for quantitatively analyzing complex nonlinear interactions (Guo et al., 2022; Luo et 98 

al., 2024). This combination of factors makes China a prime study subject for comprehensive 99 

SDG-related investigations. 100 

Our study aims to answer three key questions: (1) What are the progress and growth rates of 101 

SDGs across Chinese provinces from 2000 to 2021? (2) What are the spatial patterns of the 102 

nonlinear synergies and trade-offs between different SDGs? (3) How do these nonlinear 103 

interactions affect the realization of SDGs in China? Tackling these questions will enhance our 104 

understanding of the complex dynamics underlying SDG implementation; inform more 105 

effective policy interventions that explicitly account for nonlinear interactions; and provide 106 

timely insights for optimizing resource allocation in SDG efforts. China’s experience could also 107 

provide a model framework and findings to guide studies in other parts of the world, particularly 108 

in those developing countries facing similar sustainable development challenges. 109 

 110 

2. Methods 111 

2.1. Indicator framework and data sources 112 

This study extends the time series of indicators based on the framework established recently 113 

by Zhang et al. (2022a) and refines that framework further given the available data. At the 114 

provincial scale, a total of 91 indicators were developed, corresponding to 71 targets and 16 115 

goals (Table S1). It is important to note that 20 inland provinces in China do not have indicators 116 

related to SDG14 (Life below Water). Given the need for comparability across indicators 117 

(Lafortune et al., 2018), this study does not assess SDG14 and focuses exclusively on the 118 

remaining 16 goals.  119 

To enhance the robustness of the analysis of interactions among SDGs, we collected long-120 

term historical data for various SDG indicators. Since the availability of statistical yearbooks 121 
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from most departments ended in 2022 or 2021, historical data for each indicator were collected 122 

from 2000 to 2021 (i.e., the study period). The available data per indicator varies to some extent, 123 

as detailed in Table S1. Generally, from an indicator perspective, SDG15 (38.64%), SDG17 124 

(35.23%), and SDG1 (31.17%) exhibit the highest proportions of missing data, while SDG7 125 

(0%), SDG12 (6.82%), and SDG5 (7.58%) show the lowest proportions (Fig. S1). From a 126 

temporal perspective, with the exception of the period from 2015 to 2017, data are missing to 127 

varying degrees in other years. The largest gaps are observed in 2000, with a missing rate of 128 

71.43%. This missing rate gradually decreased, reaching its lowest point in 2014 (1.1%), but 129 

then increased again, rising to 9.89% in 2021 (Fig. S2). 130 

To deal with such missing data, the ‘mice’ package in R was utilized to perform multiple 131 

imputations, thereby generating multiple complete datasets. Each of these complete datasets 132 

was then analyzed using the same statistical methods to obtain more accurate parameter 133 

estimates and more reliable statistical inferences (Austin et al., 2021). This approach boosts 134 

statistical power while also substantially enhancing the robustness of our results by quantifying 135 

the uncertainty associated with the imputation (Austin et al., 2021). Our compilation revealed 136 

that the SDG Index for the nation and provinces was assessable from 2000 to 2021. Importantly, 137 

despite the lack of a formal SDG framework between 2000 and 2015, China had already started 138 

implementing policies strongly aligned with SDGs, including reducing poverty, improving the 139 

quality of education and promoting conservation (Zhang and Fu, 2023). Therefore, data from 140 

this period provides valuable historical context for understanding the implementation of the 141 

SDGs after 2015. 142 

2.2. Assessment of SDG progress and growth rates 143 

To measure progress towards the SDGs in China, we borrowed methodologies from previous 144 

research to compile aggregated indices for the SDG Index and SDG scores, at both the national 145 

and provincial scales, from 2000 to 2021 (Zhang et al., 2022b). Initially, the raw data were pre-146 
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processed to minimize the influence of outliers by replacing values exceeding the 97.5th 147 

percentile and below the 2.5th percentile with their corresponding percentile values. Based on 148 

the characteristics of the indicators, the SDG indicators were categorized into three types: 149 

positive, negative, and intermediate. Normalization of these indicators was then performed 150 

using the method outlined by Zhang et al. (2022b), in accordance with the target and baseline 151 

values for each SDG provided in Table S2.  152 

After calculating the SDG Index and SDG scores, the compound annual growth rate (CAGR) 153 

of score changes was derived using formula (1), where Xt denotes the SDG Index or SDG scores 154 

for year t, and Xt0 that for the initial year (Allen et al., 2020). This method let us determine the 155 

rate of change for each score over time using formula (2). Our study evaluates the observed 156 

compound annual growth rate (CAGRO) and the desired compound annual growth rate 157 

(CAGRD). For CAGRO, t corresponds to 2021, and t0 stands for year 2000, with Xt being the 158 

SDG Index or SDG scores in 2021. For CAGRD, t is 2030, while t0 is also 2000, and Xt is the 159 

target score of 100 points. By comparing the CAGRO with the CAGRD needed to achieve the 160 

target score by 2030, our study calculated their ratio, CAGR(O/D). It is important to note that this 161 

study performs calculations at both the national and provincial scales: the national scale 162 

CAGR(O/D) is derived from national SDG Index data, while the provincial scale CAGR(O/D) are 163 

based on the corresponding regional SDG Index data. Additionally, the CAGR(O/D) for each 164 

individual SDG is computed using the scores specific to that goal. 165 

𝐶𝐴𝐺𝑅 = (
𝑋𝑡

𝑋𝑡𝑜
 )

1

𝑡−𝑡0
− 1                            (1) 166 

𝐶𝐴𝐺𝑅(𝑂/𝐷) =
𝐶𝐴𝐺𝑅𝑂

𝐶𝐴𝐺𝑅𝐷
                               (2) 167 

We analyzed changes to CAGR(O/D) across provinces differing in their mean income levels. 168 

Following the methodology described by Xu et al. (2020), 31 provinces of China’s mainland—169 

excluding Hong Kong, Macau, and Taiwan—were categorized according to their per capita 170 
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GDP values from 2000 to 2021. The five provinces with the highest per capita GDP (ranging 171 

from 57,457 to 87,807 RMB during this period) were classified as high-income ones. 172 

Conversely, those five provinces with the lowest per capita GDP (from 18,567 to 23,639 RMB) 173 

were classified as low-income ones. Provinces ranked 6th to 15th (per capita GDP of 29,851–174 

50,367 RMB) were categorized as upper-middle-income, and those ranked 16th to 26th (per 175 

capita GDP of 26,530–29,712 RMB) were categorized as lower-middle-income ones (Table S3).  176 

2.3. Synergies, trade-offs and nonlinearities 177 

Building on the work of Warchold et al. (2020), SDG interactions were categorized into six 178 

types by using Spearman and Pearson correlation coefficients and the Maximal Information 179 

Coefficient (Reshef et al., 2011). These types are synergy monotone interactions (Sml); trade-180 

off monotone linear interactions (Tml); unclassified interactions (Un); synergy monotone 181 

nonlinear interactions (Smnl); trade-off monotone nonlinear interactions (Tmnl); and 182 

unclassified non-monotone nonlinear interactions (Unnmnl). Furthermore, we conducted 183 

polynomial regression analyses of the three types of nonlinear interactions and used the sign of 184 

the resulting quadratic term’s coefficient to determine the type of nonlinearity involved. A 185 

positive quadratic term coefficient indicates a Type I nonlinear relationship, while a negative 186 

coefficient signifies a Type II nonlinear relationship. The corresponding methodology is 187 

detailed in the supplementary information (Fig. S3). This approach provides a more in-depth 188 

analysis than reported in previous studies, which only examined six types of SDG interactions. 189 

The interactions between SDGs could then be quantified into nine categories: synergy 190 

monotone interactions (Sml); trade-off monotone linear interactions (Tml); unclassified 191 

interactions (Un); Type I synergy monotone nonlinear interactions (Smnl1); Type I trade-off 192 

monotone nonlinear interactions (Tmnl1); Type I unclassified non-monotone nonlinear 193 

interactions (Unnmnl1); Type II synergy monotone nonlinear interactions (Smnl2); Type II 194 

trade-off monotone nonlinear interactions (Tmnl2); and second-type unclassified non-195 
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monotone nonlinear interactions (Unnmnl2). We then grouped Smnl1, Tmnl1, and Unnmnl1 as 196 

Type I nonlinear interactions, and Smnl2, Tmnl2, and Unnmnl2 as Type II nonlinear interactions. 197 

For detailed definitions of the different SDG interactions, please refer to Table 1.  198 

To evaluate the impact of different interactions on SDG progress, we first calculated the 199 

respective proportions of the nine relationship types for each province and each SDG. These 200 

proportions were analyzed alongside their corresponding CAGR(O/D) values. Next, linear 201 

regressions were fitted, to examine the relationships between the proportions of the nine 202 

relationship types for each SDG and the SDG Index, and their respective CAGR(O/D) values. 203 

The sign of regression coefficients would indicate the direction of the impact, with positive 204 

coefficients suggesting positive impacts and negative coefficients indicating negative impacts. 205 

Finally, the absolute values of these coefficients can be employed to gauge the relative 206 

magnitude of these impacts. Applying this approach ensures a systematic and quantitative 207 

assessment of all potential interactions, providing greater insight into how they could influence 208 

SDG progress. 209 

 210 

3. Results 211 

3.1. Progress and growth rates of SDGs in China 212 

Our findings indicate that, at its current pace, China is unlikely to achieve all the SDGs by 213 

2030. While China’s SDG Index did rise from 54.46 in 2000 to 72.44 in 2021 (Fig. S4), the 214 

observed compound annual growth rate (CAGRO) of the SDG Index during this period was 215 

about 1.37%, which is only two-thirds (67%) of the desired compound annual growth rate 216 

(CAGRD) (Fig. 1a). In terms of progress toward individual SDGs, only SDG 11 (Sustainable 217 

Cities and Communities) and SDG 13 (Climate Action) achieved the CAGRD. This progress 218 

can be attributed to the Chinese government’s prioritization of ecological civilization, 219 

embedding “carbon peaking and carbon neutrality” goals into its national development strategy, 220 
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and advancing sustainable urban development and climate change mitigation under its “14th 221 

Five-Year Plan”. Six other goals had growth rates that exceeded the national average of the 222 

SDG Index, namely SDG1 (No Poverty), SDG3 (Good Health and Well-being), SDG5 (Gender 223 

Equality), SDG6 (Clean Water and Sanitation), SDG7 (Affordable and Clean Energy), SDG11 224 

(Sustainable Cities and Communities), and SDG13 (Climate Action).  225 

Unfortunately, progress in achieving the remaining goals has been comparatively slow, with 226 

notable challenges faced with respect to SDG9 (Industry, Innovation, and Infrastructure), 227 

SDG10 (Reduced Inequalities), and SDG15 (Life on Land). Their CAGRO values were 228 

particularly low, at 0.32%, 0.29%, and 0.13%, respectively, these corresponding to just 17.6%, 229 

19.3%, and 5.5% of their CAGRD values (Fig. S5). The slow progress in SDG9 (Industry, 230 

Innovation, and Infrastructure), SDG10 (Reduced Inequalities), and SDG15 (Life on Land) can 231 

be attributed to economic restructuring, income inequality, environmental degradation, and 232 

competing land-use pressures. While advancements have been made in certain areas, these 233 

challenges highlight the difficult complexities of balancing economic growth with sustainable 234 

development.  235 

At the provincial scale, we also found that no province has yet made sufficient progress to 236 

achieve all SDGs under China’s current trajectory. Our results indicated relatively slower 237 

progress in high-income provinces in particular, whose CAGR(O/D) values mainly ranged from 238 

30% to 60%; this range represents the lowest distribution of CAGR(O/D) values among all four 239 

income categories. For middle-high and middle-low income provinces, more than half of the 240 

CAGR(O/D) values fell within the 30% to 60% range, with a smaller proportion between 60% 241 

and 80%. In stark contrast, low-income provinces had the highest proportion of CAGR(O/D) 242 

values exceeding 60%, with some provinces even surpassing 80% (Fig. 1b). For example, two 243 

high-income provinces, Zhejiang and Tianjin, have only achieved their expected targets in two 244 

SDGs, while low-income Guizhou has achieved its targets in six SDGs (Fig. 1c). This suggested 245 
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that high-income provinces are encountering developmental bottlenecks, potentially slowing 246 

their SDG progress, while low-income provinces may have played a key role in driving national 247 

SDG trends. 248 

 249 

3.2. Nonlinear synergies and trade-offs between SDGs in China 250 

Some differences were found in how SDGs interacted at the national versus provincial scale. 251 

At the national scale, no trade-offs were identified, whereas at the provincial scale, a low 252 

proportion of trade-offs (4.4%) was observed. This suggested that although local conditions at 253 

the provincial scale may lead to some trade-offs, these effects were offset at the national scale, 254 

resulting in no significant trade-off effects at the latter scale. At both scales, however, nonlinear 255 

interactions were more common than linear interactions. At the national scale, Sml (32.8%) 256 

slightly outweighed Smnl (28.2%, the sum of Smnl1 and Smnl2). Nevertheless, with 11% of 257 

interactions classified as Unnmnl, the overall proportion of nonlinear interactions (39.2%) 258 

exceeded that of linear interactions (32.8%). Similarly, at the provincial scale, nonlinear 259 

interactions were dominant, at 37.2% compared to 33.7% for linear interactions (Fig. 2a). 260 

Figure 2b illustrates the nine types of SDG interactions. For example, Smnl1 exhibits a 261 

promotional effect that starts weak but later strengthens. In Gansu Province, before eradicating 262 

poverty, residents had to endure a low quality of life. Following comprehensive poverty 263 

alleviation (SDG1) there in 2020, an improved rural infrastructure led to enhanced living 264 

standards (SDG3). Conversely, Smnl2 reflects a promotional effect that starts strong but later 265 

weakens. For instance, bolstering gender equality (SDG5) facilitates more equitable resource 266 

allocation and empowers women’s access to engage in projects aimed at improving water and 267 

sanitation facilities (SDG6). Yet further progress may encounter cultural, policy, or structural 268 

economic barriers, leading to a deceleration in this aspect of development.  269 

The Tmnl interactions can also exhibit nuanced patterns. Tmnl1 represents a trade-off effect 270 
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that weakens after reaching a threshold. In Qinghai Province, for example, the development of 271 

clean energy (SDG7) initially limited the expansion of information infrastructure (SDG17). 272 

However, as clean energy objectives are gradually met, additional resources become available 273 

for investments in technology and internet accessibility. In contrast, Tmnl2 refers to a trade-off 274 

effect that intensifies after crossing a threshold. For instance, the heavy reliance on coal in 275 

Shanxi Province means that substantial resources are needed for transitioning to clean energy 276 

(SDG7), which further constrains the development of its technology and internet infrastructure 277 

(SDG17).  278 

The Unnmnl interactions often involve transitions between trade-offs and synergies. 279 

Unnmnl1 exemplifies a shift from a trade-off to a synergistic relationship. For example, in 280 

Qinghai Province, the short-term development of clean energy (SDG7) may negatively impact 281 

infrastructure and the ecological environment, thus affecting climate action (SDG13). But in 282 

the long term, Qinghai’s abundant clean energy resources enable it to reduce fossil fuel use and 283 

carbon emissions, ultimately hastening progress in climate action (SDG13). Conversely, 284 

Unnmnl2 represents a shift from a synergy to a trade-off. In Sichuan Province, hydropower 285 

initially supports local economic growth (SDG8) that also enables more efficient resource use 286 

(SDG12). Over time, however, sustained economic expansion often involves intensive resource 287 

consumption, increasing the risk of natural resource depletion. 288 

 289 

3.3. Spatial variation in the nonlinear interactions between SDGs in China 290 

Our results indicated that, at the national scale, Smnl interactions (Smnl1 and Smnl2) occur 291 

widely among all SDGs, with the highest proportion (68.75%) observed between SDG10 and 292 

other goals (Fig. 3a). Hence, SDG10, which addresses inequalities in income, social security, 293 

education, and employment, has a positive influence on other SDGs. Meanwhile, the Unnmnl 294 

interactions (Unnmnl1 and Unnmnl2) were chiefly observed for SDG9, SDG12, and SDG17 295 
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vis-à-vis other goals, with respective proportions of 25%, 31.25%, and 31.13% (Fig. 3a). This 296 

suggested that the impacts of SDG9, SDG12, and SDG17 are more indirect and may vary 297 

depending on regional contexts and implementation strategies. 298 

At the provincial scale, SDG6, SDG7, and SDG11 were each characterized by a relatively 299 

higher proportion of Smnl interactions (Smnl1 and Smnl2) with other goals, at 9.08%, 8.75%, 300 

and 8.21%, respectively (Fig. 3a). This suggested that improvements in infrastructure and social 301 

resources at the local scale are more likely to generate widespread positive effects in meeting 302 

the SDGs. Meanwhile, SDG17 had the highest proportion of Unnmnl interactions (Unnmnl1 303 

and Unnmnl2) with other goals, at 10.9%. Concerning the Tmnl interactions (Tmnl1 and 304 

Tmnl2), these were mainly observed in SDG12 and SDG17, at 14.77% and 30.11%, 305 

respectively (Fig. 3a), probably reflecting potential tensions between local development 306 

priorities and regional cooperation.  307 

Moreover, nonlinear interactions among SDGs exhibited spatial variation at the provincial 308 

scale. Those provinces with high, upper-middle, and lower-middle income levels had higher 309 

proportions (8.33%, 4.58%, and 2.78%, respectively) of Type I nonlinear interactions than Type 310 

II nonlinear interactions (Fig. 3b). The opposite trend characterized low-income provinces: as 311 

their income levels rose, the proportions of Tmnl1 and Tmnl2 fell. However, in high- and upper-312 

middle-income provinces, the proportion of Tmnl1 (0.52% and 2.45%, respectively) surpassed 313 

that of Tmnl2 (0% and 1.07%, respectively); but the opposite was true for low- and lower-314 

middle-income provinces. The proportion of Smnl1 consistently exceeded that of Smnl2 315 

(6.97%) across all income levels, with the difference being most pronounced in high-income 316 

provinces. Additionally, in low-income provinces, the proportion of Unnmnl1 (4.47%) was 317 

lower than that of Unnmnl2 (7.18%). By contrast, in other provinces with greater income levels, 318 

the proportion of Unnmnl1 surpasses that of Unnmnl2 (Fig. 3b). Altogether, these findings 319 

suggested that Type I nonlinear interactions play a more essential role in promoting China’s 320 
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provincial development than Type II nonlinear interactions. 321 

 322 

3.4. Impact of nonlinear interactions on the progress of SDGs in China 323 

We observed that, as the CAGR(O/D) of the SDG Index increases, so too does the proportion 324 

of Sml interactions across Chinese provinces; however, the proportion of Un interactions 325 

decreases, while that of Tml interactions initially falls but then rises (Fig. 4a). For example, in 326 

provinces whose CAGR(O/D) of the SDG Index is lower (between 30% and 60%), Un 327 

interactions reach 30% in proportion, whereas Sml interactions are under 30%. At the other end 328 

of the spectrum, for provinces having a higher CAGR(O/D) of the SDG Index (between 80% and 329 

100%), their proportion of Sml interactions increases to 40%, while Un interactions decline to 330 

below 20%, with that of Tml interactions falling from 2.48% to 1.89% before rising to 2.35%. 331 

These findings suggest the isolation of individual goals may be a pivotal factor inhibiting 332 

overall progress in the SDG Index. Furthermore, the role of Tml interactions in potentially 333 

advancing the SDG Index warrants further investigation. This trend was also corroborated in 334 

Fig. 4b, with one key difference: when the CAGR(O/D) of individual SDGs reach their expected 335 

values, the proportion of Sml interactions slightly decreases, while that of Un interactions 336 

slightly increases. This discrepancy could imply that, once the CAGRD is achieved, subsequent 337 

advancements could encounter diminishing returns in progress.  338 

The linear regression results further clarified the impacts of the nine types of interactions on 339 

SDG progress (Fig. 5). Overall, we found that synergistic interactions exhibit stronger positive 340 

effects on SDG targets compared to non-monotonic and trade-off interactions. Moreover, linear 341 

interactions exhibited greater positive effects than did nonlinear ones. Among nonlinear 342 

interactions, the suppressive effects of Type I nonlinear interactions are relatively less severe 343 

than those of Type II nonlinear interactions. For instance, Sml interactions were able to 344 

positively influence 15 goals, whereas Smnl1 and Smnl2 interactions contributed to the 345 
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progress of 14 and 10 goals, respectively. Conversely, Un interactions hindered progress across 346 

all 15 goals, representing the most suppressive relationship type. Likewise, Unnmnl1 and 347 

Unnmnl2 interactions negatively impacted more than half of the goals, affecting 8 and 9 goals 348 

(out of 16), respectively.  349 

Nonlinear trade-offs, in contrast, had a more detrimental effect on SDGs than did linear trade-350 

offs (Fig. 5). Specifically, we found that Tmnl1 and Tmnl2 interactions negatively impact 10 351 

and 11 goals, respectively, while Tml negatively affects 6 goals. Despite their predominantly 352 

negative effects, trade-offs (Tml, Tmnl1, and Tmnl2) also had positive effects on certain SDGs, 353 

such as SDG7 and SDG8. This could arise when inhibiting one goal facilitates the advancement 354 

of other goals via trade-offs. An example is SDG17, whose trade-offs with other SDGs (Fig. S6 355 

and Fig. S7) may indirectly augment the development of goals (e.g., SDG7 and SDG8) in 356 

mutual suppression with it. This indicates that when the development of information 357 

infrastructure (SDG17) is curtailed, more resources may be allocated to clean energy (SDG7) 358 

and employment (SDG8), thereby fostering their progress. 359 

 360 

4. Discussion 361 

4.1 Nonlinear interactions among SDGs 362 

Our analysis reveals several critical insights about the nature of nonlinear interactions among 363 

SDGs in China and their implications for sustainable development’s implementation. The 364 

paramount finding is that nonlinear interactions, including synergies and trade-offs, as well as 365 

non-monotone nonlinear interactions, are more prevalent than linear ones. This challenges the 366 

traditional linear perspectives that have long dominated SDG research and policy discussions 367 

(Warchold et al., 2021; Luttikhuis and Wiebe, 2023). Importantly, our findings underscore the 368 

differential impacts of these nonlinear synergies and trade-offs upon SDG progress, an aspect 369 

often overlooked in previous studies.  370 
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Another key finding of our study is that China’s current trajectory is insufficient for fulfilling 371 

all SDGs by 2030, with actual growth rates falling short of the desired targets. Other research 372 

has highlighted the slow pace of SDG achievement in many countries, particularly due to 373 

economic disparities across regions (Sachs et al., 2024). However, our study provides deeper 374 

insight into how interactions among SDGs—especially nonlinear interactions—can influence 375 

overall progress. Specifically, we find that provinces with faster progress in attaining their SDG 376 

indices, as indicated by higher CAGRO values, are distinguished by a more balanced 377 

distribution of linear synergies (Sml). Nonetheless, in those provinces, the prevalence of 378 

negative interactions (Tml) fluctuates, initially declining before rising again. 379 

By contrast, provinces with slower SDG progress, as characterized by lower CAGRO values, 380 

tend to show a higher proportion of unclassified interactions (Un). This means there is weak 381 

interaction between the SDGs, in that advancement towards one goal has a minimal impact on 382 

others. Previous analyses have largely focused on correlation coefficients between SDGs, 383 

which typically range from –0.5 to 0.5, indicating weak negative or positive interactions (Kroll 384 

et al., 2019; Warchold et al., 2021). Our results, however, suggest that the lack of strong 385 

synergies and trade-offs—manifested in the high levels of Un—poses a major barrier to 386 

achieving the SDGs. This highlights the critical importance of enhancing potential synergies 387 

among various SDGs to accelerate their comprehensive progress (Malekpour et al., 2023). 388 

Further, this preponderance of Un interactions may be evidence that the isolated implementation 389 

of SDGs remains common, or that past policy actions have not yet achieved their desired effects 390 

(Glass and Newig, 2019; Berrone et al., 2023). 391 

The emergence of nonlinear interactions among the SDGs could be influenced by various 392 

factors, both known and unknown, that shape the complex dynamics of sustainable 393 

development. Interdependencies and feedback loops inherent in SDGs contribute to this 394 

nonlinearity (Dawes, 2022); for example, while greater access to clean energy (SDG7) may 395 
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initially boost economic growth (SDG8), it can eventually lead to resource depletion or 396 

environmental degradation, adversely affecting the realization of other goals. Also, the socio-397 

economic and political contexts of different regions can profoundly shape such interactions 398 

(Nerland et al., 2023). Variations in governance, economic policies, and cultural norms will 399 

affect the provinces’ capacities to address multiple SDGs, resulting in divergent progress 400 

trajectories (Skene, 2022). High-income regions could face development bottlenecks, while 401 

low-income areas may achieve rapid improvements due to targeted interventions. The stage of 402 

development and initial conditions also predetermine, to some degree, how SDGs interact. 403 

Early development stages often entail strong synergies as basic needs are increasingly met, but 404 

as economies grow, trade-offs become more pronounced, particularly between poverty 405 

reduction (SDG1) and environmental protection (SDG15) (Zhang et al., 2022b). External 406 

shocks, such as economic crises and climate events, will introduce further nonlinearities, 407 

disrupting progress in one goal while creating new opportunities for others (Skene, 2022).  408 

4.2 Policy implications  409 

Our findings go beyond previous research by demonstrating that the impact of nonlinear 410 

interactions on SDG progress is not uniform, but rather varies greatly across different 411 

development stages and contexts. Compared with a previous study (Warchold et al., 2021), we 412 

identified six distinct types of nonlinear interactions: synergistic nonlinear (Smnl1 and 2), trade-413 

off nonlinear (Tmnl1 and 2), and non-monotonic nonlinear (Unnml1 and 2). These variations 414 

have significant implications for transforming policy-making, suggesting that successful SDG 415 

implementation requires both understanding and leveraging these nonlinear interactions rather 416 

than presupposing simple linear progressions (Skene, 2021; Allen and Malekpour, 2023).  417 

For example, in those regions with relatively high economic growth, achieving certain SDGs, 418 

such as poverty reduction (SDG1) or clean energy use (SDG7), appears to accelerate the 419 

realization of other related SDGs. Still, the non-monotonic nature of these interactions, such as 420 
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U-shaped and inverted U-shaped patterns, suggests that synergies are not always sustained and 421 

may in fact reverse depending on the stage of development or specific regional challenges. 422 

Additionally, the transition from trade-offs to synergies (Unnmnl1) during Qinghai’s shift 423 

towards clean energy (SDG7), and its impact on climate action (SDG13), illustrates the 424 

potential for nonlinear interactions to evolve. Policymakers can leverage this facet by investing 425 

in initiatives that not only tackle immediate challenges but also proactively prepare for long-426 

term synergies. Conversely, nonlinear trade-offs, especially those that intensify beyond a 427 

threshold (Tmnl2), could pose substantial challenges, as seen for the relationship between 428 

SDG7 and SDG17 in Shanxi. Hence, these dynamics demand a detailed understanding of SDG 429 

interactions and call for adaptive management strategies that can quickly respond to changing 430 

conditions and interactions (Fu et al., 2020; Scoones et al., 2020). 431 

Building on our analysis of nonlinear interactions among SDGs, policymakers in China could 432 

prioritize goals with key synergistic and trade-off dynamics. For instance, SDG1 (No Poverty), 433 

and SDG7 (Affordable and Clean Energy) have shown strong synergies in China, indicating 434 

that integrated policies in these areas could drive broader SDG achievement. Conversely, SDG9 435 

(Industry, Innovation, and Infrastructure), SDG10 (Reduced Inequalities), SDG12 (Responsible 436 

Consumption and Production), and SDG15 (Life on Land) also require urgent attention due to 437 

their slow progress and complex nonlinear interactions. The choice of which goals to prioritize 438 

should be flexible and context-dependent, reflecting the dynamic nature of SDG interactions 439 

and the need to adapt to changing conditions and regional challenges (Fu et al., 2020; Allen et 440 

al., 2021). 441 

These insights extend beyond China, offering critical lessons for regions navigating similar 442 

development complexities, particularly in reconciling SDG interdependencies shaped by 443 

divergent developmental stages. In early stages, strong synergies emerge as basic needs (e.g., 444 

availability of food and water) are met, but as economies grow, salient trade-offs arise (Zhang 445 
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et al., 2022b). For example, rapidly urbanizing regions, particularly in developing or 446 

underdeveloped countries, often face trade-offs between SDG11 (Sustainable Cities and 447 

Communities) and SDG13 (Climate Action), as urban expansion can lead to increased carbon 448 

emissions and resource consumption (Kroll et al., 2019). Addressing these challenges requires 449 

coordinated policies that balance urban development with climate resilience, such as investing 450 

in green infrastructure and climate-adaptive planning (Mirasgedis et al., 2024). By recognizing 451 

the interconnected nature of SDGs and adopting adaptive governance strategies, policymakers 452 

can navigate nonlinear dynamics and achieve more resilient and sustainable outcomes. 453 

4.3 Limitations and prospects 454 

Our study provides critical insights into the nonlinear dynamics of SDG interactions, yet 455 

several limitations must be acknowledged. Firstly, the robustness of our assessment method and 456 

the uncertainty surrounding nonlinear interactions require further enhancement. While we 457 

employed rigorous scientific methods to address missing data, such as multiple imputations 458 

using the ‘mice’ package in R, these approaches inherently carry limitations. The assumptions 459 

underlying the imputation process may introduce uncertainties, particularly when extrapolating 460 

trends or interpreting dynamic interactions. Additionally, the sensitivity of nonlinear 461 

interactions to contextual factors such as policy shifts, economic conditions, or environmental 462 

events was not explicitly quantified in this study. Future research could incorporate sensitivity 463 

analyses or scenario modeling to better understand how these factors influence SDG 464 

interactions and outcomes. 465 

Secondly, the temporal dynamics of nonlinear interactions were not fully explored in this 466 

study. Although our analysis spans the period from 2000 to 2021, the long-term nature of the 467 

dataset precludes a detailed examination of time-dependent effects. Rolling-window analyses 468 

(e.g., 5-year intervals) could provide valuable insights into how SDG interactions evolve over 469 

time and how their nonlinear characteristics might shift in response to policy changes or 470 
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external shocks. However, such analyses were not feasible in this study due to data constraints, 471 

particularly the limited availability of granular data for certain provinces and SDGs. As more 472 

official data become available in the future, it will be possible to conduct segmented analyses 473 

to explore how interactions evolve over time and under different contextual conditions. Such 474 

analyses could offer critical insights into the adaptive management of SDG interactions and 475 

inform more resilient policy strategies. 476 

 477 

5. Conclusion 478 

Our study enhances the comprehension of SDG interactions by elucidating the pivotal role 479 

of nonlinear dynamics in influencing sustainable development progress. Employing China as a 480 

case study, we illustrate that nonlinear synergies, trade-offs, and non-monotonic interactions 481 

are more common than linear relationships and significantly affect SDG outcomes in diverse 482 

contexts. These insights contest the conventional linear assumptions prevalent in SDG research 483 

and policy, underscoring the necessity for systems-based approaches that consider complexity 484 

and interconnectedness. Our work unveils the widespread nature of nonlinearity in SDG 485 

interactions, offering researchers a framework to investigate comparable dynamics in various 486 

regions, especially where development challenges are intricate and context-dependent. 487 

Nonlinear dynamics necessitate a transition from isolated actions to comprehensive, context-488 

sensitive strategies, as advancement in one goal can either enhance or impede others based on 489 

developmental phases and regional circumstances. Our findings, by acknowledging the 490 

dynamic and interconnected nature of SDG interactions, provide a pathway for accelerating 491 

sustainable development in a manner that is both resilient and equitable, delivering practical 492 

insights for researchers and practitioners globally. 493 

 494 
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Data availability 495 

Data will be made available on request. 496 
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Table 629 

Table 1 The nine types of SDG interactions defined in this study. 630 

 Type of SDG interactions Abbreviation Meaning 

1 
Synergy monotone linear 

interactions 
Sml 

Linear growth with a 

promoting effect. 

2 
Type I synergy monotone nonlinear 

interactions 
Smnl1 

A promotional effect that 

starts weak but strengthens 

over time. 

3 
Type II synergy monotone 

nonlinear interactions 
Smnl2 

A promotional effect that 

starts strong but weakens over 

time. 

4 
Trade-off monotone linear 

interactions 
Tml 

Linear growth with a 

negative effect. 

5 
Type I trade-off monotone 

nonlinear interactions 
Tmnl1 

A negative effect that starts 

strong but weakens over time. 

6 
Type II trade-off monotone 

nonlinear interactions 
Tmnl2 

A negative effect that starts 

weak but strengthens over 

time. 

7 Unclassified interactions Un 
Weak interaction or unclear 

classification. 

8 
Type I unclassified non-

monotone nonlinear interactions 
Unnmnl1 

Transition from a trade-off 

to a synergistic relationship. 

9 
Type II unclassified non-

monotone nonlinear interactions 
Unnmnl2 

Transition from a 

synergistic to a trade-off 

relationship. 
 631 



 

30 

Figure legends 632 

 633 

Fig. 1. The ratio of the observed compound annual growth rate to the desired compound annual 634 

growth rate (CAGR(O/D)) for the SDGs, from 2000 to 2021, and its spatial distribution in China. 635 

(a) CAGR(O/D) values for China’s SDGs. The dashed blue line represents the CAGR(O/D) values 636 

of the SDG Index at the national scale. (b) CAGR(O/D) values for the SDG Index across 31 637 

provinces of mainland China. In the map, the borders of each province are highlighted with 638 

colors to indicate their income classifications based on per capita GDP from 2000 to 2021 639 

(Table S3). (c) Distribution of the number of SDGs at different bins of CAGR(O/D) values across 640 

China’s provinces. 641 
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 642 

Fig. 2. Characteristics of the nine types of interactions between SDGs at the national and 643 

provincial scales in China. (a) Proportions of the nine interactions between SDGs at either 644 

spatial scale. (b) Illustrations of the nine interactions between SDGs. In Fig. 2b, the score of 645 

SDG (left) and SDG (right) represent the horizontal and vertical axes, respectively, indicating 646 

how SDG (right) changes in response to variations in SDG (left). The relevant parameters (R², 647 

P-values, etc.) for polynomial regression on the nonlinear relationships between different SDGs 648 

at both the national scale (China) and the provincial scale (across mainland China’s 31 649 

provinces) can be found in Table S4. The full names of the nine abbreviated SDG interactions 650 

are as follows: synergy monotone linear interactions (Sml), trade-off monotone linear 651 

interactions (Tml), unclassified interactions (Un), Type I synergy monotone nonlinear 652 

interactions (Smnl1), Type I trade-off monotone nonlinear interactions (Tmnl1), Type I 653 

unclassified non-monotone nonlinear interactions (Unnmnl1), Type II synergy monotone 654 

nonlinear interactions (Smnl2), Type II trade-off monotone nonlinear interactions (Tmnl2), and 655 

Type II unclassified non-monotone nonlinear interactions (Unnmnl2). For detailed definitions 656 

of these different SDG interactions, please refer to Table 1.657 
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 658 

Fig. 3. Distribution of the nine types of SDG interactions. (a) Relative distribution of the nine 659 

types of interactions across SDGs at the national or provincial scale in China. (b) Spatial 660 

distribution of the nine types of interactions across China. The bar chart represents the 661 

proportions of each relationship type in provinces categorized by four different income levels 662 

(classified in Table S3). The full names of the nine abbreviated SDG interactions are as follows: 663 

synergy monotone linear interactions (Sml), trade-off monotone linear interactions (Tml), 664 

unclassified interactions (Un), Type I synergy monotone nonlinear interactions (Smnl1), Type 665 

I trade-off monotone nonlinear interactions (Tmnl1), Type I unclassified non-monotone 666 

nonlinear interactions (Unnmnl1), Type II synergy monotone nonlinear interactions (Smnl2), 667 

Type II trade-off monotone nonlinear interactions (Tmnl2), and Type II unclassified non-668 

monotone nonlinear interactions (Unnmnl2). For detailed definitions of these different SDG 669 

interactions, please refer to Table 1.670 



 

33 

 671 

Fig. 4. Proportion histograms for the ratio of the observed compound annual growth rate to the 672 

desired compound annual growth rate (CAGR(O/D)) for provinces and individual SDGs. (a) 673 

Probability distribution of the ratios of CAGR(O/D) across provinces for the SDG Index (first 674 

column of panels on the left). (b) Proportion distribution of the ratios of CAGR(O/D) for 675 

individual SDGs (next two columns of panels to the right). The full names of the nine 676 

abbreviated SDG interactions are as follows: synergy monotone linear interactions (Sml), trade-677 

off monotone linear interactions (Tml), unclassified interactions (Un), Type I synergy monotone 678 

nonlinear interactions (Smnl1), Type I trade-off monotone nonlinear interactions (Tmnl1), Type 679 

I unclassified non-monotone nonlinear interactions (Unnmnl1), Type II synergy monotone 680 

nonlinear interactions (Smnl2), Type II trade-off monotone nonlinear interactions (Tmnl2), and 681 

Type II unclassified non-monotone nonlinear interactions (Unnmnl2). For detailed definitions 682 

of these different SDG interactions, please refer to Table 1.683 
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 684 

Fig. 5. Results of the linear regression analysis between different SDG interactions and the 685 

ratio of the observed compound annual growth rate to the desired compound annual growth 686 

rate (CAGR(O/D)) for each SDG. It shows how each interaction contributes to or hinders the 687 

goals. The pie charts on the right show the percentage of each relationship type that helps or 688 

hinders in achieving the goals. The color of circular symbols indicates the sign of the 689 

regression slope: orange for a positive slope and blue for a negative slope. The size of each 690 

symbol is proportional to the absolute slope value, with larger points indicating greater 691 

absolute values. Significance levels are as follows: *** p < 0.001, ** p < 0.01, and * p < 0.05 692 

(Table S5). The full names of the nine abbreviated SDG interactions are as follows: synergy 693 

monotone linear interactions (Sml), trade-off monotone linear interactions (Tml), unclassified 694 

interactions (Un), Type I synergy monotone nonlinear interactions (Smnl1), Type I trade-off 695 

monotone nonlinear interactions (Tmnl1), Type I unclassified non-monotone nonlinear 696 

interactions (Unnmnl1), Type II synergy monotone nonlinear interactions (Smnl2), Type II 697 

trade-off monotone nonlinear interactions (Tmnl2), and Type II unclassified non-monotone 698 

nonlinear interactions (Unnmnl2). For detailed definitions of these different SDG interactions, 699 

please refer to Table 1. 700 


