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Abstract

:

In the context of climate change, heat waves are a serious hazard having significant impacts on human health, especially vulnerable populations. Many studies have researched the association between extreme heat and mortality. In the context of urban planning, many studies have explored the cooling effect of green roofs, parks, urban forests and urban gardens. Nevertheless, few studies have analyzed the effect mechanism of specific ecosystem services (Ess) as mitigation measures to heat waves. This study aimed to determine the relationship among Ess, heat waves and the heat-related mortality risk of different groups by diseases, age and sex. The research was conducted in three cities in Jiangsu Province, including Nanjing, Suzhou and Yancheng. We quantified five ecosystem services, i.e., water supply service, carbon sequestration service, cooling service, biodiversity and cultural service. Based on the previous studies, we took the frequency of heat waves into account, extending the concept of the Heat Wave Magnitude Index (HWMI). A distributed lag nonlinear model (DLNM) was applied to estimate the effect of extreme heat on mortality. Then, the study used the process analysis method to explore the relationship among Ess, heat waves and heat-related mortality risks. The results indicated that (i) water supply service, carbon sequestration service, cooling service and biodiversity can reduce heat-related mortality while cultural service increases; (ii) the effects of carbon sequestration service and cultural service are stronger than other Ess; (iii) the effects of Ess on cardiorespiratory disease, stroke and chronic obstructive pulmonary disease (COPD) mortality risks are higher than others; and (iv) women and elderly heat-related mortality risks are more affected by the Ess. This study can provide a theoretical support for policy makers to mitigate heatwave events, thus limiting heat-related mortality.
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1. Introduction


Currently, climate change is a paramount challenge, and almost all regions of the world are experiencing warming [1,2]. There is a general agreement that extreme heat affects the body’s temperature-regulating mechanism, leading to heat-related diseases and exacerbating cardiorespiratory diseases [3]. Heat waves are a particular type of extreme heat that are defined as prolonged periods of excessively high temperatures beyond human adaptation [4]. Global average surface temperatures are projected to increase by 1.1–6.4 °C by 2100, and heat waves are also increasing in frequency, intensity and duration [5]. Several studies [6,7,8] have reported that extreme heat influences mortality, making it a current public health concern. Heat waves are associated with increased mortality due to nonaccidental and specific causes [9]. Previous studies have identified the differences in the impact of mortality on different sexes and age groups [10,11]. The findings on populations vulnerable to heat waves are somewhat inconsistent [12]. Most studies have suggested that the elderly and women are more vulnerable to extreme heat due to physiological and social characteristics [10,13,14]. However, studies from China and Sweden indicated that men are more affected by heat waves than women [15,16]. Additionally, young adults may be even more vulnerable to heat waves because they are more likely to engage in strenuous outdoor work and activities during heat waves [15].



A series of factors can modify the effects of heat on human health, such as sex, the division of labor and exposure to extreme heat and age [17,18]. The role of sex as a risk factor remains unclear, and the assessment is limited [17]. Hence, achieving a better understanding of the heterogeneity of the sexes in different age groups is essential to identify vulnerable populations exposed to heat. Under the context of climate change, the increasing severity of heat waves has inflicted a disastrous effect on public health [19]. Adaptation and mitigation strategies are needed to reduce heat-related mortality risks.



Both politics and academia are pushing toward the implementation of nature-based solutions (NBSs), defined as “actions which are inspired by, supported by or copied from nature”, which can provide multiple ecosystem services (Ess) [20]. Ess have become increasingly important over the last 15 years [21] and are defined as “the benefits that people get from ecosystems” [22]. Indeed, some studies have pointed to the relationships between Ess in regulating the local thermal environment [23,24,25,26]. Planting trees and deploying green infrastructure will help to cool areas and mitigate the effects of natural disasters [20]. Trees and vegetation can lower summer temperatures by providing shade, causing evapotranspiration and removing greenhouse gases [25,26]. Cultural service may have a positive correlation with the thermal environment, as the increase in cultural service may lead to a decrease in cooling service. It is essential to highlight that Ess significantly affect the thermal environment and further impact heat-related health.



Although a number of studies have assessed the effect of Ess on heat-related mortality, the results are inconsistent. For example, Zhang et al. [27] revealed that greenness can protect against the effect of heat waves on mortality; Burkart et al. [28] found that urban green and blue appeared to have a mitigating effect on heat-related mortality in the elderly population in Lisbon. Marvuglia et al. [29] found that green roofs act to lower the damaging effects of heat waves on human health. Choi et al. [30] explored the effect modification of greenspace on the heat-mortality relationship on a global scale. Nevertheless, some studies pointed out that green space is not associated with heat-related mortality [31,32]. The effect mechanism of Ess on heat waves and heat-related mortality remains to be studied.



Therefore, taking three different cities of Jiangsu Province as the study area, the main objectives of this study were: (i) to determine the populations vulnerable to extreme heat, (ii) to analyze how Ess affect heat waves and heat-related mortality, and (iii) to compare the effects of different Ess on human health. This study quantified the annual magnitude of heatwave events and five ecosystem services from 2000 to 2015 in Jiangsu Province. Then, three cities (Nanjing, Suzhou and Yancheng) in Jiangsu Province were selected to evaluate the mortality risk from exposure to extreme heat from 2007 to 2015. For the three cities, this study derived the Ess, HWMI and RRs from 2007 to 2015 to explore the relationship among Ess, heat waves and mortality risk.



Addressing these issues will be beneficial for revealing the effect mechanism of Ess on heat waves and human health; these findings will provide a theoretical support for urban planning to reduce the risk of thermal impacts and identify the most vulnerable populations.




2. Materials and Methods


2.1. Study Area


This study was conducted in three cities (Nanjing, Suzhou and Yancheng) with different latitudes in Jiangsu Province, China (Figure 1). These three cities included a total of 25.8 million people in 2010. Jiangsu Province is one of the more developed provinces in China and has experienced rapid urbanization [33]. Nanjing (31°14′ N–32°37′ N, 118°22′ E–119°14′ E), the capital of Jiangsu Province, is located centrally within the province. Nanjing has a northern subtropical, humid monsoon climate. From 2007 to 2015, in Nanjing, the annual average temperature was 16.4 °C, the annual precipitation was 1201.6 mm, the average temperature of the coldest month (January) was 3.0 °C and the average temperature in the hottest month (July) was 28.3 °C [34]. Suzhou (30°47′ N–32°02′ N, 119°55′ E–121°20′ E), located in the south of Jiangsu Province, is characterized by extensive rural industrialization and dramatic economic growth. From 2007 to 2015, the annual average temperature was 17.3 °C, the annual precipitation was 1170.2 mm, the average temperature of the coldest month (January) was 4.3 °C and the average temperature in the hottest month (July) was 29.3 °C. Nanjing and Suzhou lie along the Yangtze River. Yancheng (32°48′ N–34°29′ N, 119°53′ E–121°18′ E) is in the northern coastal area of Jiangsu Province and has an integral ecosystem and high habitat value. Yancheng has a subtropical monsoon climate, whereas Suzhou has a subtropical monsoon marine climate. From 2007 to 2015, in Yancheng, the annual average temperature was 15.0 °C, the annual precipitation was 1025.5 mm, the average temperature of the coldest month (January) was 1.5 °C and the average temperature in the hottest month (July) was 27.3 °C.




2.2. Data Collection


The data used in this study are shown in Table 1. Daily data on maximum temperature, relative humidity and wind speed were obtained from weather stations in each city. Daily cause-specific mortality data from 1 January 2007 to 31 December 2015, were collected from the Jiangsu Provincial Center for Disease Prevention and Control. Daily mortality counts were classified into nonaccidental (A00-R99) and cardiorespiratory mortality (I00-I99, J00-J99) based on the International Statistical Classification of Diseases and Related Health Problems, 10th Revision (ICD-10). Cardiorespiratory diseases were subdivided into hypertensive diseases (I10-I15), IHD (I20-I25), stroke (I60-I69) and COPD (J40-J47). This study also investigated the effect of heat on cardiorespiratory mortality modified by sex (men and women) and age (15–64, 65–74 and 75+).




2.3. Quantifying Ecosystem Services


2.3.1. Water Supply Service


Water supply is defined as the amount of water resources available to humans and is calculated as the difference between precipitation and actual evapotranspiration. The annual water yield per grid is calculated as follows [35]:


  WY = P − AET =  (  1 − AET / P  )  × P  



(1)







AET/P is calculated as follows [36]:


  AET / P =  (  1 +  ω R   )  /  (  1 +  ω R  +  R  − 1    )   



(2)




where WY refers to the water yield; P is the annual precipitation; AET is the actual evapotranspiration; R is the ratio of potential evapotranspiration to precipitation; and the  ω  factor is the plant-available water coefficient, which is a dimensionless parameter.



For this study, the plant-available water coefficient was assumed to be 2.0 for woodland, 1.0 for shrubland, 0.5 for grassland and cropland, and 0.1 for construction land and unused land [37]. The ET of a water body is defined as the minimum precipitation and potential evapotranspiration [38].




2.3.2. Carbon Sequestration Service


Plants can absorb carbon dioxide through photosynthesis. Based on the photosynthesis equation,   6  CO 2  + 6  H 2  O → 6  O 2  +  C 6   H  12    O 6   , net primary production (NPP) was used to calculate carbon sequestration, where the production of 1 kg of organic matter can fix 1.63 kg of   C  O 2    [39,40].


  CS = NPP × 1.63  



(3)




where CS refers to carbon sequestration.




2.3.3. Cooling Service


The normalized difference vegetation index (NDVI) is a vegetation index based on satellite images. Values around zero represent bare soil, and higher values indicate the higher levels of vegetation density. The cooling power of vegetation has been widely proved and green space has been proposed as a natural mitigation strategy for climate change [41]. Trees and vegetation can modulate the thermal environment by providing shade and transpiration [25]. Thus, the mean NDVI value was used to assess the cooling services of each city in this study.




2.3.4. Biodiversity


The spatial arrangement and combination of land surface elements could impact ecological functions and processes. Animals can travel more easily in habitats with low resistance. A lower patch connectivity indicates that animals must overcome greater migration resistance [42]. Thus, the study used the patch cohesion index (COHESION) to assess biodiversity, which represents the connectivity of habitats. COHESION was calculated as follows:


  COHESION =  [  1 −     ∑   j = 1  n   P  i j       ∑   j = 1  n   P  i j      a  i j        ]  ×    [  1 − 1 /  N   ]    − 1   × 100  



(4)




where    P  i j     is the perimeter of patch ij in terms of the number of cell surfaces;    a  i j     is the area of patch ij in terms of the number of cells; and Z is the total number of cells in the landscape.




2.3.5. Cultural Service


Landscape metrics as descriptions of landscape patterns are believed to have a relationship with climate and are crucial for the maintenance of both cultural diversity and biodiversity [43,44,45]. Shannon’s diversity index (SHDI) was used to represent landscape diversity and assess cultural services [46]. SHDI was calculated as follows:


  SHDI = −   ∑   i = 1  m   (   P i  × l n  P i   )   



(5)




where I indicates the land cover type;    P i    is the proportion of the landscape occupied by land cover type I; and m indicates the number of types.



In this study, the WY, CS and NDVI from 2000 to 2015 were estimated by using ArcGIS 10.7 software to analyze the temporal and spatial changes. The COHESION and SHDI from 2000 to 2015 were calculated by using Fragstats 4.2 software.





2.4. Magnitude of Annual Heatwave Events


In this study, heat waves are defined as ≥3 consecutive days with daily maximum temperature >90th percentile [19]. Heat waves within a given year were examined with the Heat Wave Magnitude Index (HWMI). HWMI is calculated by summing of all heatwave magnitudes in this year. Heatwave magnitude is defined as the sum of the magnitudes of all subheat waves that comprise a heat wave [47]. A subheat wave is a heat wave of three consecutive days. The multiple-stage process is explained as follows [47]:




	(1)

	
Daily threshold: In this study, the threshold is the 90th percentile of the daily maximum temperature from 2000 to 2015.




	(2)

	
Heatwave selection: The periods with an excessive threshold for three days or more are selected as heat waves.




	(3)

	
Heat wave to subheat waves: Each heat wave can be decomposed to n subheat waves. A subheat wave is three consecutive heat wave days. For example, if the length of a detected heat wave is 11 days, then the study obtained 3 subheat waves for a total of 9 days; the last 2 days of the heat wave are grouped with the value below the threshold. Thus, the last subheat wave of the heat wave includes 3 days as well.




	(4)

	
Subheat wave magnitude: The maximum temperatures for three consecutive days are added together to obtain the unscaled magnitude. The subheat wave unscaled magnitude is normalized from 0 to 1 by the min–max normalization method.




	(5)

	
Heatwave magnitude: The heatwave magnitude is defined as the sum of n subheat wave magnitudes.




	(6)

	
Heat Wave Magnitude Index: The HWMI is defined as the sum of all heatwave magnitudes in this year.










2.5. Mortality Risk Caused by Heat


A distributed lag nonlinear model (DLNM) with a quasi-Poisson regression was applied to investigate the relationship between daily maximum temperature and nonaccidental and cause-specific mortality by age and sex in each city. Consistent with previous studies [48,49], the exposure to extreme heat was defined as the 97.5th percentile of temperature distribution relative to the MMT in this study. Firstly, this study evaluated the exposure–response relationship between temperature and mortality from 2007 to 2015 using the DLNM. Secondly, the study calculated the 97.5th percentile of temperature for the entire period and each year. Thirdly, this study calculated the RRs of the entire period and for each year based on the exposure–response relationship between temperature and mortality. The annual RRs were then used to conduct the process analysis of the mediating effect. Additionally, the RRs for individual population groups were calculated in the same way. The DLNM can flexibly describe the nonlinear exposure–response association and simultaneously represent the lagged effect [50]. The model is presented below:


  LnE  (  Yt  )  = α +  ε Cb  .   temp  l  + ns  (  time , df  )  + ns  (  RH , df  )  +  δ DOW  +    β HW   t   



(6)




where   E  (  Yt  )    is the expected daily mortality count at day t; β, ε and δ are the coefficients for     HW  t   ,   Cb .   temp  l    and DOW; RH refers to relative humidity;     HW  t     is a binary variable;   Cb .   temp  l    is a cross-basis matrix for the two dimensions of temperature and lags; l refers to the maximum lag days; the natural cubic spline function   ns  (   )    captures the nonlinear relationships between the covariate (time and RH) and mortality; DOW is the dummy variable for the day of the week; and α is the intercept.



The main model included a cross-basis function of daily temperature, which included a quadratic B spline with three internal knots placed at the 10th, 75th and 90th percentiles of temperature distributions; a lag response curve with a natural cubic B spline and three internal knots placed at equally spaced values in the log scale with a maximum lag up to 6 days [51], which was used because previous studies showed that the heat effect usually lasted for a week [15,52]; a binary variable which is equal to 1 for heatwave days and 0 for non-heatwave days; 5 degrees of freedom (df) per year for long-term time trends and 3 df for RH, which were applied to the analysis; and a dummy variable for the day of the week. The minimum mortality temperature (MMT) was used as the reference value for calculating the relative risk. The RR corresponding to the 97.5th percentile of temperature in each city was calculated as the mortality risk caused by extreme heat. Several sensitivity analyses were conducted to examine different df for time and different maximum lag days. All analyses were conducted with the R software (version 3.6.1) using the “dlnm” package.




2.6. Statistical Analysis


This study derived the Ess, HWMI and RRs of three cities (Nanjing, Suzhou and Yancheng) for each year between 2007 and 2015. Then, the correlation analysis, as a preliminary analysis, was used to explore how the Ess impact heat waves and heat-related mortality This study used the correlation analysis to study the relationship between the two. Pearson’s correlation coefficient can measure the correlation between two variables, x and y [53]. The coefficient r is calculated as follows:


  r =     ∑   i = 1  n   (   x i  −  x ¯   )   (   y i  −  y ¯   )        ∑   i = 1  n     (   x i  −  x ¯   )   2    ∑   i = 1  n     (   y i  −  y ¯   )   2       



(7)







The process analysis method was then utilized to explore the effect mechanism of the Ess, HWMI and RRs, which is an in-depth analysis [54]. The process of mediation is a causal explanation, which assumes that the mediator is causally located between an independent variable (X) and a dependent variable (Y) [55]. The mediating effect refers to how the effect of X on Y is realized by the mediating variable (M) [56]. The model of the mediating effect is shown in Figure 2. In this study, the independent variable (X) is the Ess, the mediating variable (M) is the HWMI and the dependent variable (Y) is mortality risk. The coefficients a, b and c are the path coefficients of the mediation effect model. Coefficient a is the direct effect of X on M, coefficient b is the direct effect of M on Y, and coefficient c is the direct effect of X on Y. The test of joint significance (TJS) was used to test the mediating effect in this study. This approach requires that both the direct effects of X on M and M on Y be statistically significant, and it does not test the total effect and direct effect of X on Y. The mediating effect analysis was conducted in PROCESS, a plug-in for SPSS 25.0.





3. Results


3.1. Spatial-Temporal Patterns of Ecosystem Services


The spatial–temporal patterns of the ecosystem services in Jiangsu Province from 2000 to 2015 are shown in Figure S1. According to the results in 2000, water supply service, carbon sequestration service and culture service showed an increasing trend in Jiangsu Province, whereas cooling service and biodiversity showed a declining trend. From southeast to northwest, two ecosystem services, i.e., water supply service and carbon sequestration service, display a high-to-low trend; the other three ecosystem services, i.e., cooling service, biodiversity and cultural service, exhibit heterogeneity between the north and the south. Small values of the NDVI and COHESION are mainly observed in the southern areas, which experienced a more rapid urbanization process [57]. In contrast to COHESION, the largest SHDI value was found in the southern area of Jiangsu Province, where developed urban areas lie. Specifically, the vegetation coverage area and connectivity of habitats has decreased due to the process of urban expansion and development.



The trends of ecosystem services from 2007 to 2015 In Nanjing, Suzhou and Yancheng are shown in Figure 3. The water supply service of Nanjing and Suzhou showed a trend of fluctuation and rise. Compared with 2007, the water supply service of Yancheng decreased in 2015. Yancheng has the strongest carbon sequestration service and cooling service, followed by Nanjing and Suzhou. The biodiversity of Suzhou showed a downward trend, whereas that of Nanjing showed an upward trend. Additionally, biodiversity in Yancheng is relatively stable. Suzhou has the highest cultural service, whereas Yancheng has the lowest.




3.2. Spatial-Temporal Patterns of HWMI


Spatial–temporal patterns of the HWMI in Jiangsu Province are shown in Figure S2. According to the spatial–temporal patterns of the HWMI, heat waves in the north and coastal areas are less severe than those in the south. Jiangsu Province had the highest HWMI in 2013. The decline in the HWMI in 2015 may have been affected by atmospheric circulation. From 2000 to 2013, the high-grade heatwave areas tended to spread from south to north. For the HWMI of Nanjing, Suzhou and Yancheng, Suzhou increased the most, followed by Nanjing and Yancheng. Heatwave events in Suzhou and Nanjing are significantly more severe than in Yancheng. Besides latitude, discrepancies between the three cities may also be affected by rapid urbanization. The trends of the HWMI in Nanjing, Suzhou and Yancheng from 2007 to 2015 are shown in Figure 4. The HWMI of the three cities showed similar trends. The HWMI in Nanjing and Suzhou was higher than that in Yancheng. Additionally, the heat waves were most severe in 2010 and 2013.




3.3. Mortality Risks Associated with Extreme Heat


In this study, the mortality risk was expressed as the relative risk (RR) with a 95% confidence interval (CI). RRs of nonaccidental mortality, all cardiorespiratory diseases, hypertensive diseases, ischemic heart disease (IHD), stroke and chronic obstructive pulmonary disease (COPD) in the three cities are shown in Figure 5. The effect of heat on cause-specific mortality in different cities is heterogeneous. The mortality risk in Yancheng is generally greater than in Nanjing and Suzhou. The mortality risks were higher in hypertensive diseases and COPD in Nanjing (RR, 1.54; 95% CI, 1.16–2.03; and RR, 1.26; 95% CI, 1.03–1.55, respectively) and hypertensive diseases and stroke in Suzhou (RR, 1.33; 95% CI, 1.16–1.53; and RR, 1.40; 95% CI, 1.26–1.56, respectively) and Yancheng (RR, 2.07; 95% CI, 1.27–3.37; and RR, 1.36; 95% CI, 1.21–1.53, respectively). The reference temperature used to derive the RR is shown in Tables S3 and S4. Additional sensitivity analyses showed that the results remained similar (Tables S5 and S6). Additionally, the annual mortality risk of the three cities is shown in Figure S3.



The mortality risks of cardiorespiratory disease for different sex and age groups are shown in Figure 6. The results showed that age and sex factors can modify the mortality risks. A positive association between heat and cardiorespiratory mortality was observed for both men and women, and the effect was stronger among women than men in all ages. The mortality risks of sex and age showed heterogeneity in different cities. The mortality risk was highest in the oldest age group (≥75 years) in Nanjing (RR, 1.24; 95% CI, 1.16–1.32) and Yancheng (RR, 1.42; 95% CI, 1.28–1.58), whereas the age group of 65–74 years was affected the most in Suzhou (RR, 1.29; 95% CI, 1.21–1.36). In the age group of 15–64 years, the effect of extreme heat is stronger among men than women in Suzhou and Yancheng. This might be due to outdoor activities and the occupational division of labor [17].




3.4. Relationships between ESs, Heat Waves and Heat-Related Mortality Risks


3.4.1. Correlation Analysis


The results of the correlation analysis are listed in Tables S8–S10. Based on the correlation analysis of 23 indicators, statistically significant negative correlations are detected in the WY, CS, NDVI and COHESION with the HWMI, and the effect is strongest on the CS. The SHDI is positively correlated with the HWMI. The results show that the WY and SHDI are negatively correlated with mortality risks. Most mortality risks are positively correlated with the CS, NDVI and COHESION. The CS and NDVI are negatively correlated with mortality risk for people aged 65 to 74. The related mortality risks are also affected by other factors, such as health services, education level, socioeconomic structure, etc. Rapid urban development improves urban public services but reduces ecosystem services [40]. Mortality risks may be offset by the increased socioeconomic level. Thus, this study observed some positive correlations between mortality risks and the ESs such as the CS, NDVI and COHESION.




3.4.2. Mediating Effect Analysis


The study focused on the mediating effect of the HWMI between ESs and mortality risk. This study wanted to explore how ecosystem services affect mortality risk by influencing heat waves. Tables S11 and S12 show the specific pathways of how ESs affect cause-specific mortality RR and different groups of cardiorespiratory mortality RR, respectively. The numbers in Tables S11 and S12 refer to the size of the effect of ESs on the HWMI (a) and the direct effect of the HWMI on RR (b). The WY, CS, NDVI and COHESION have an inhibitory effect on the HWMI, thus limiting the heat-related health risks. However, the SHDI has a positive effect on the HWMI and mortality risks. The results show that the effect of CS on the HWMI is strongest, followed by the SHDI, COHESION, NDVI and WY. The results of the mediating effects are shown in Figure 7, and the thickness of a line represents the size of the mediating effect. Table 2 lists the results of the mediating effects   ( a × b  ) from Figure 7. The numbers indicate the size of the effect of ESs on RR through affecting HWMI. Generally, the effects on cardiorespiratory disease, stroke and COPD are stronger than on other cause-specific diseases. The mortality risks for the elderly and women are more affected by ESs.






4. Discussion


This study analyzed the effect mechanism of ESs on heat waves and heat-related mortality. The results provide direct evidence that ESs have a significant impact on the HWMI, and heatwave events are associated with increased mortality risks of cardiorespiratory diseases. The mortality risks for the elderly and women are more affected by heat waves. This study assessed the associations among ESs, the HWMI and heat-related mortality from a spectrum of causes, and further estimated the cardiorespiratory mortality for different sexes and age groups. The mediating effects of carbon sequestration service and cultural service were higher than other ESs. Additionally, the mediating effects were stronger in cardiorespiratory diseases, the elderly and women. For the subtypes of cardiorespiratory diseases, the effect is stronger on stroke and COPD mortality risks.



The results show that heat waves in Nanjing and Suzhou are more severe than those in Yancheng. This discrepancy may be affected by latitude and urbanization. It is understandable that heat waves are more likely to occur at lower latitudes than at higher latitudes. Urbanization will change the surface physical properties and lead to the formation of the urban heat island (UHI) effect [58]. Synergistic interactions between the UHI effect and heat waves may worsen the thermal environment.



This study found that extreme heat was significantly associated with an increased risk of mortality from nonaccidental and cardiorespiratory diseases. The findings on cause-specific mortality risk showed that people suffering from cardiorespiratory diseases are vulnerable. The study estimated stronger mortality risks for cardiorespiratory diseases such as hypertensive diseases, stroke and COPD compared to the total mortality in each city. The findings are generally consistent with many previous studies [48,51]. The estimated RRs associated with extreme heat (Nanjing, nonaccidental: 1.10, cardiorespiratory disease: 1.19, hypertensive disease: 1.54, IHD: 1.21, stroke: 1.20, and COPD: 1.26; Suzhou, nonaccidental: 1.15, cardiorespiratory disease: 1.28, hypertensive disease: 1.33, IHD: 1.06, stroke: 1.40, and COPD: 1.30; Yancheng, nonaccidental: 1.27, cardiorespiratory disease: 1.36, hypertensive disease: 2.07, IHD: 1.27, stroke: 1.36, and COPD: 1.35) were similar to those in a previous study based on 272 cities in China, which reported a RR of 1.16 for nonaccidental diseases, 1.22 for cardiovascular disease, 1.36 for respiratory disease, 1.24 for stroke and 1.26 for COPD [51]. Ma et al. [48] reported an RR of 1.77 for hypertensive disease. Respiratory symptoms can be linked to the thermoregulatory response and, possibly, the direct effect of breathing hot air, which can lead to increased airway resistance and bronchoconstriction [10]. The prevalence of cardiorespiratory diseases (such as hypertensive disease, IHD, stroke and COPD) may increase the susceptibility to heat waves due to the increased load on the circulation system that is needed to maintain a normal body temperature [6].



The mortality risks for different cities, ages and sexes were heterogeneous. The mortality risk in Yancheng was higher than in Nanjing and Suzhou. The three cities have different climate types [59]. Nanjing has a northern subtropical humid climate. Suzhou has a subtropical monsoon maritime climate. Yancheng has a subtropical monsoon climate. Additionally, the heterogeneity of ecosystem services may be caused by the different climatic characteristics of the three cities. In comparison with people residing in southern regions, those from northern regions may not have awareness and be prepared for extremely high temperatures, and thus, will suffer from a higher detrimental health impact of extreme heat [7]. This difference could reflect adaptation responses and local heat intervention policies such as medical service preparation and heat-protection advice and, consequently, could result in diverse human responses to heat waves in different cities [60]. The study then researched the mortality risks of cardiorespiratory diseases by sex and age. The results showed that women and the elderly had a higher mortality risk. The risk due to heat waves depends on the socioeconomic status of the population, sex and age, as well as the exposure and vulnerability of the population to the heatwave hazard, especially for those who work outside [18]. The RR was significantly elevated in both sexes, and women appear to be more susceptible than men in each city. The greater vulnerability of women has been noted in many previous studies [14,61]. It may be linked to physiological differences in thermoregulation between sexes [14]. The susceptibility of females may be caused by their relatively low ability to adapt to heat in relation to a disadvantaged socioeconomic status [61]. However, the effect varies across age groups and cities. In this study, women have a higher RR than men in the age group ≥ 65 years. Men have a higher RR than women in the age group of 15–64 years in Suzhou and Yancheng. This might be due to outdoor activities and the occupational division of labor. Men are more likely to do outdoor work, which is more exposed to heat. The stronger effect on women could also be partly explained by the fact that women generally live longer than men. Additionally, aged people are particularly vulnerable to heat due to thermoregulatory ability diminishing with age (e.g., reduced sweat gland output, reduced skin blood flow and a smaller increase in cardiac output), as well as the increased likelihood of living alone and taking medications [60]. Hence, in the age group ≥ 65 years, the RR of women is higher than the RR of men.



The findings for vulnerable populations can play a guiding role in implementing preventive measures. The government should develop heatwave warning systems and inform the public of upcoming heat waves. Local communities should focus on the vulnerable populations during heat waves and take measures such as reducing outdoor activities and using cooling equipment. Meanwhile, medical institutes should make adequate preparations for the increased demand for care during heat waves.



Water supply service, carbon sequestration service, cooling service and biodiversity can protect against mortality during heat waves, whereas cultural service increase heat-related mortality risks. This result is consistent with many previous studies [25,45,62]. Atmospheric blocking with a moisture deficit can lead to a continuous warm period [23,24]. Greenness regulates the local thermal environment by providing shade, absorbing thermal radiation through transpiration and removing greenhouse gases [25]. Urbanization makes the landscape pattern more fragmented and increased land use diversity leads to reduced vegetation coverage. [63]. Thus, the production of culture service may make heat waves and related health issues more severe. The concept of ESs can be integrated into urban planning as a mitigation measure to regulate the local thermal environment. In urban planning, we should pay attention to the carbon sequestration services of plants, enhancing connectivity between landscapes and increasing vegetation cover.



Surprisingly, this study found that some direct effects of ESs on mortality were opposite to what was expected. For example, the CS and NDVI are significantly negatively correlated with mortality in some groups. The effects may be modified by education level, medical care, air conditioning use and socioeconomic status [64,65,66]. Public services such as medical services and education services are improved in the process of urbanization [67]. However, rapid urbanization will inevitably destroy ecosystems and reduce ESs [68]. It is difficult for public services and ecosystem services to reach a positive synergy [40]. Heat-related mortality risks can be offset by increased public services.



One shortcoming of this study is that data on daily temperature was obtained from weather monitoring stations. Indoor heat exposure was not considered. Due to the limitation of mortality data, the study did not consider the long-term changes of ecosystem services. The study did not consider the lag of heat waves and the modification of air pollutants in the DLNM. Socioeconomic and demographic variables were not considered in this study. During heat waves, individual exposure to heat is affected by many factors, such as work properties and the neighborhood environment. Thus, the air temperature cannot accurately represent individual exposure.




5. Conclusions


This study analyzed the relationship among ESs, heat waves and heat-related mortality. The results from this study have practical significance for policy making and urban planning. The results reveal the following: (1) An impact chain exists between ecosystem services, heat waves and mortality risk. (2) The impact of carbon sequestration service on heat waves is the strongest. (3) The elderly, women and people with cardiorespiratory diseases are most at risk from heat waves. (4) ESs such as water supply service, carbon sequestration service, cooling service and biodiversity can reduce the mortality risk by reducing heat waves, especially for the elderly and women. Public health interventions are suggested to focus more on the vulnerable populations such as the elderly, women and people suffering from cardiorespiratory diseases. Ecosystem services could be integrated into urban planning to mitigate heat-related health risks and to help focus on carbon sequestration services.
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Figure 1. Location of the study area. 
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Figure 2. The mediating effect model in this study. 
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Figure 3. Temporal variation in the five ecosystem services. 
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Figure 4. HWMI from 2007 to 2015. 
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Figure 5. Mortality relative risk stratified by cause of death. 
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Figure 6. Cardiorespiratory mortality relative risk stratified by sex and age. 
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Figure 7. The mediating effects of ESs on mortality risks. 
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Table 1. Data, resolution and sources.
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Data

	
Resolution

	
Sources






	
Precipitation (mm)

	
1 km × 1 km

	
National Earth System Science Data Center




	
Potential evapotranspiration (mm)

	
1 km × 1 km




	
Land cover

	
300 m × 300 m

	
European Space Agency




	
Net primary production (g C/m2)

	
500 m × 500 m

	
National Aeronautics and Space Administration




	
NDVI

	
1 km × 1 km

	
Resource and Environmental Science and Data Center




	
Maximum temperature (oC)

	
weather station

	
China Meteorological Data Service Center




	
Relative humidity (%)




	
Wind speed (m/s)




	
Mortality

	
city

	
Jiangsu Provincial Center for Disease Prevention and Control
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Table 2. The results of mediating effects of ESs on mortality risks through HWMI.
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	WY
	CS
	NDVI
	COHESION
	SHDI





	Nonaccidental
	-
	−0.448
	-
	−0.362
	0.437



	Cardiorespiratory
	-
	−0.585
	−0.212
	−0.462
	0.552



	Hypertensive diseases
	-
	−0.475
	−0.125
	−0.216
	0.400



	IHD
	-
	−0.530
	−0.187
	-
	0.410



	Stroke
	−0.149
	−0.534
	−0.227
	−0.507
	0.528



	COPD
	−0.134
	−0.700
	−0.284
	−0.512
	0.636



	Men
	-
	−0.440
	-
	−0.436
	0.450



	Women
	-
	−0.690
	−0.275
	−0.475
	0.619



	15–64
	-
	-
	-
	−0.130
	0.177



	65–74
	−0.213
	-
	−0.154
	−0.396
	0.294



	≥75
	-
	−0.636
	−0.232
	−0.453
	0.581



	15–64 men
	-
	-
	-
	−0.146
	-



	15–64 women
	-
	−0.320
	-
	−0.290
	0.332



	65–74 men
	−0.171
	−0.369
	−0.180
	−0.450
	0.399



	65–74 women
	−0.221
	-
	−0.121
	−0.330
	-



	≥75 men
	-
	−0.540
	−0.185
	−0.453
	0.521



	≥75 women
	-
	−0.707
	−0.279
	−0.433
	0.615
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