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Abstract 

Stringent measures, such as lockdowns, were implemented to curb the virus’s spread, leading to reduced pollution 
levels and environmental improvements at various geographic scales, from cities to regions and nations. Such posi‑
tive effects have been found and reported for regional scales, but not for a global scale till nowadays. This study aims 
to fill the gap by uncovering the modifications of global spatiotemporal eco‑environmental vulnerability patterns 
between pre‑pandemic (2016) and amid‑pandemic (2020) periods. By analyzing various factors influencing the eco‑
environmental health or geo‑health, such as human activities, climate change, and ecological dynamics, we seek 
to understand the intricate relationships and dynamics within these influential factors. We examined six categories 
of environmental vulnerability, which encompassed socioeconomics, land resources, natural hazards, hydromete‑
orology, and topography, using a five‑dimensional stressor framework. Our analysis revealed a significant decrease 
in vulnerability levels across all categories, except for the very low level increased by 78.5% globally. These findings 
emphasize the detrimental impact of human activities on the global environment. They underscore the urgency 
of implementing spatial management strategies that prioritize sustainable geo‑health development and foster 
a more resilient Earth.

Keywords Global eco‑environment vulnerability, Spatiotemporal changes, Nature and human impacts, COVID‑19, 
Lockdown, Land‑based eco‑environment, Geo‑health

Introduction
The global environment is undergoing deterioration due 
to a combination of human actions and natural varia-
tions (Tilman 1999; Tilman and Lehman 2001). Concur-
rently, urbanization has been shown to diminish, if not 
impede, the ecological services provided by greenspaces 
(Tran and Liou 2024; Nguyen and Liou 2024) and elevate 

the susceptibility to flash flood in mountainous regions 
(Hoang and Liou 2024). Understanding the magnitude 
and spatial distribution of the eco-environmental vul-
nerability caused by natural changes and human-made 
impacts is a crucial step in safeguarding the geo-health. 
Nguyen and Liou (2019a) presented a global assessment 
framework to evaluate and visualize the eco-environmen-
tal vulnerability from human and natural disturbances by 
using freely accessible global datasets. Give the scope of 
our study, the term “eco-environmental vulnerability is 
defined as the risk of damage to the natural environment 
or particular ecosystem because of any disturbances, 
including internal physical/structural features and exter-
nal dynamics (Nguyen et  al. 2016). Their study showed 
that in 2016 Asia was the most vulnerable region with 
China and India as the two leading countries. It has 
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been suggested that the COVID-19 pandemic has ben-
efited the environment and climate by reducing human 
disturbances relating to lockdown measures (UNECE, 
Coll 2020). According to the report by the World Eco-
nomic Forum (WEF), as of April 7, 2020, about half of the 
world’s population was under some form of lockdown, 
with more than 3.9 billion people in more than 90 coun-
tries experienced some form of lockdown globally, and 
their mobility was restricted by respective governments 
to control COVID-19 transmission (World Economic 
Forum 2020). Due to the lockdown, various industries, 
business and transportation were significantly reduced or 
halted, resulting in an apparent reduction of greenhouse 
gas emissions, as vehicles and airplanes, which are major 
sources of greenhouse gas emissions (GHG), were used 
less frequently (Henriques 2020). As a result, the envi-
ronment has been improved overall (Saadat et  al. 2020; 
Hu et al. 2021; Goel et al. 2020; Chen et al; 2023). Moreo-
ver, Liou et al. (2023) illustrated that a substantial decline 
in premature deaths and welfare costs around 97,390 and 
over USD 74 billion, respectively. This reduction was 
attributed to improvements in air quality resulting from 
the COVID-19 lockdown measures.

To explore the change in eco-environmental vulner-
ability status, global freely accessible dataset that con-
tains variables derived from satellite data is utilized in the 
current study. GIS modelling, analytic hierarchy process 
(AHP), and spatial analysis are applied for the change and 
vulnerability assessment  (Nguyen et  al. 2019). This type 
of quantitative method was developed and based on indi-
vidual GIS-layer with variables considered and weighted 
overlaid to generate the eco-environmental vulnerabil-
ity synthesis map (Fernández and Lutz. 2010; Liou et al. 
2017; Nguyen and Liou 2019a; Nguyen et  al. 2021). To 
date, these assessment methods have been applied to 
different environmental issues to assess the spatial pat-
terns of affected status by different factors (Halpern et al. 
2008; Halpern et al. 2009; Ban and Alder. 2008; Micheli 
et al. 2013) or natural hazard processes (Wu et al. 2022; 
Sansare and Mhaske. 2020; Chen 2022). These methods 
and study results are helpful to identify and classify the 
hotspots areas, and understand which stressors have the 
most dominating impact, and in turn, are useful to design 
the mitigation strategies for decision-making and envi-
ronmental protection management (Halpern et al. 2009; 
Dai et  al. 2001; Rashed and Weeks 2003; Eastman et al. 
1993; Yin and Li 2001).

The impact of COVID-19 on the eco-environmental 
quality is examined in this study by evaluating the differ-
ences between eco-environmental vulnerability in 2020 
during pandemic with its pre-pandemic status, as evalu-
ated in a previous study presented in 2016 (Nguyen and 
Liou 2019a). To ensure fair comparison and consistent 

outcomes, we use the same data sources as earlier study 
but updated to 2020, and apply the same methodology. 
The results of our analysis can provide insights into the 
changes in the global inland’s eco-environment and offer 
suggestions for sustainable and resilient eco-environ-
mental strategies. As the COVID-19 pandemic repre-
sents a significant global experiment in reducing human 
impacts on the natural eco-environment, our assessment 
results will reveal outcomes relevant to both direct and 
indirect socio-economic and eco-environmental factors 
for a healthier earth.

Materials and methods
Assessment framework
We have utilized the framework developed and presented 
by Nguyen and Liou (2019a, 2019b) to quantify the global 
eco-environmental vulnerability status for the year 2020. 
The same five-dimensional stressors and sixteen indica-
tors used in the previous study were used, but updated 
data and satellite products from 2020 were utilized. The 
eco-environmental vulnerability was classified into six 
levels as in the previous study: very low, low, medium, 
medium high, high and very high levels. Quantifying the 
vulnerability level is helpful to identifying regions that 
require prioritized environmental protection manage-
ment, particularly from a top-down perspective at the 
global, continental, and national scales. The formulae 
(1,2) were used to compute the sum of weights for the 
indicators:

In this equation, GEV denotes the global eco-environ-
mental vulnerability where a higher GEV value indicates 
greater vulnerability. Bi is the ith group determinant 
factor, Wi is the weight of the ith group determinant 
factor, Ci is the ith indicator, wi is the weight of the ith 
variable, and nBi is the number of indicators in a group 
determinant factor Bi introduced in Table 1 (Nguyen and 
Liou 2019a). The weights for the indicators are the same 
as those used in the previous assessment as shown in 
Table 2.

Comparison and analysis the eco‑environmental 
change
To ensure fair and consistent comparison, we classified 
global eco-environmental vulnerability levels for both 
pre-pandemic (2016) and amid-pandemic (2020) using 
the same standard and statistical and scoring methods. 

(1)GEV =

4∑

1

Bi ∗Wi

(2)Bi =

∑nBi

1
Ci ∗ wi
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Table 1 Indicators used to evaluate global eco‑environmental vulnerability including data description, and brief explanation of their 
roles

Major disturbance determinants Indicators Role in environment profile

Hydrometeorology (B1) Soil moisture
(C1)

Soil moisture is vitally important in controlling the exchange 
of water and heat energy between land surface and atmosphere 
through evapotranspiration and as a key variable to define flood 
control, soil erosion, and slope failure

Precipitation
(C2)

Precipitation is important for soil and plant growth and useful 
for determination of weather patterns regarding to early warning 
of drought and flood

Temperature
(C3)

Average global air temperature is useful to classify weather pat‑
terns in combination with precipitation and soil moisture

Distance from hydrological network
(C4)

Availability of surface water is important for environment espe‑
cially in urban cities for cooling heat island effect

Socioeconomics (B2) Population
(C5)

Population plays an important role in eco‑environmental vulner‑
ability assessment since it contributes to determine human pres‑
sure on eco‑environment. In general, more people and higher 
population density likely cause heavier pressure on environment 
resulting in higher vulnerability

Income
(C6)

This indicator shows average income of each country from high 
to low income (highly developed countries to developing 
countries). In general, in the developing countries, the eco‑envi‑
ronment is likely to be disturbed more than developed countries 
since they are on the fast growing processes of urbanization 
and industrialization. Income also reflects the education level 
as well as public awareness of eco‑environmental protection

Distance from urbanized areas
(C7)

This indicator determines the influence from the urban by spatial 
distance. Exposure from urban affected the eco‑environment 
by the stress from the city like pollution from vehicles and air 
condition, and trash from households, and wastewater. It is likely 
that the farther from the urban the better the eco‑environment

Land resource (B3) Land use/land cover
(LULC)
(C8)

LULC is an important determinant of eco‑environmental 
vulnerability due to its contribution to and general influence 
on environmental quality. The areas without or with less vegeta‑
tion cover are more vulnerable than the dense vegetation areas. 
Impervious surface materials conserve more heat during the day 
and release it more slowly at night than natural materials like soil 
or vegetation

Normalized Difference Vegetation Index (NDVI)
(C9)

NDVI is a crucial indicator to measure the greenness of vegeta‑
tion and vegetation plays an important role in maintaining good 
eco‑environment. Regions that are less or without vegetation 
may cope with higher vulnerability

Natural hazards (B4) Drought (C10) These indicators determine the areas constantly affected 
by natural hazards resulting in environmental declineTropical cyclones (C11)

Landslides (C12)

Flood
(C13)

Topography (B5) DEM
(C14)

DEM plays an important role in defining topographic condition, 
determining the features of land surface such as incoming solar 
radiation, tree types, and potential exposure to hazards like land‑
slide, and drought

Slope constraint
(C15)

Slope constraint is a factor influencing land‑use decision 
and the item “Land utilization possibilities”. The influence of ter‑
rain on erosion is great important. Steeper slopes are also associ‑
ated with shallower soils in general and with a higher risk for soil 
degradation and landslides

Slope aspect
(C16)

Slope aspect and topographic position contribute to define 
annual mean temperature, potential energy incoming and evap‑
otranspiration. Resulting in vegetation structure, ground mois‑
ture, snow retention, plant communities and surface tempera‑
ture are all characteristics influenced by aspect
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A positive or negative score represents increased or 
decreased in human- or nature-made disturbance, 
respectively. We categorized the vulnerability scores/
trends into different levels, such as very high decreasing, 
high decreasing, low decreasing, very low decreasing and 
neither decreasing nor increasing.

Validation
Validation of the global eco-environmental vulnerabil-
ity map is crucial. In an earlier study,  PM2.5 data derived 
from the MIRS product were used. However, since MIRS 
data are no longer available in 2020, we used  PM2.5 data 
derived from MODIS. We eliminated dust using the 
same process as the  PM2.5 derived from the MIRS prod-
uct. During the validation phase, we located 230 random 
points, and their vulnerability values were calculated and 
compared with the  PM2.5 values at the corresponding 
locations.

Results
Change in cumulative impact
Figure 1 shows (a) the change in the global eco-environ-
mental vulnerability during the study period from 2016 
to 2020, as well as the percentage of all six vulnerability 
levels considered in the study for those years. Ice-covered 
land (i.e. Greenland) and sea ice area are excluded for 
comparison, because sea ice cannot be considered in the 

assessment. All the vulnerability levels except the very 
low vulnerability level under the scenario of improving 
eco-environmental condition exhibit a decreasing trend, 
with the percentage of eco-environmental vulnerability 
at the very low level increasing by approximately 78.5% 
over the 5-year study timespan (Fig. 1a, b). The improve-
ment of the eco-environment appears in all continents, 
particular in Asia, Africa and America. Globally, a 
decrease in vulnerability levels indicates a positive impact 
of COVID-19 on the environment. In the previous study 
conducted by Nguyen and Liou (2019a), it was found 
that Asia and Africa were identified as the most vulner-
able continents, with China and India as the two most 
vulnerable countries. Interestingly, the current results 
indicate that China and India have experienced signifi-
cant improvement in their environment due to lockdown 
measures, resulting in temporary slowdowns or halts. 
As a result, deforestation rates have decreased or slowed 
down, as seen in satellite images from NASA/USGS’s 
Landsat and ESA’s Sentinel-2 satellites, along with a 
reduction in the environmental pollution. For instance, 
Singh et  al. (2020) reported a significant reduction in 
 PM2.5 and  PM10 (by ~ 40–60%), and  NO2 (by ~ 30–70%) 
and CO (by ~ 20–40%) across the 134 cities in India dur-
ing the lockdown.

Figure 2 shows the trend of eco-environmental vulner-
ability evolution. Overall, there has been a decreasing 

Table 1 (continued)
Modified and adapted from Nguyen and Liou 2019a

Table 2 Weightings of group indicators and indicators used for the calculation of global eco‑environmental vulnerability

Modified and adapted from Nguyen and Liou 2019a, b. Consistency ratio of assessment is 0.007

Group variables/factors (Bi) Global weight (Wi) Variables/factors (Cj) Local weight (wj)

B1. Hydrometeorology 0.169 C1 Soil moisture 0.384

C2 Precipitation 0.300

C3 Temperate 0.191

C4 Distances from hydrological network 0.125

B2. Society–economics 0.242 C5 Population 0.557

C6 Income 0.320

C7 Distances from urbanized areas 0.123

B3. Land resources 0.070 C8 LULC 0.667

C9 NDVI 0.333

B4. Natural hazards 0.395 C10 Drought 0.250

C11 Tropical cyclone 0.250

C12 Landslide 0.250

C13 Flood 0.250

B5. Topography 0.123 C14 DEM 0.557

C15 Slope constraint 0.320

C16 Slope aspect 0.123
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Fig. 1 Global eco‑environmental vulnerability patterns and changes (2020–2016)

Fig. 2 Difference in vulnerability between current (as of 2020) and previous (2016) in accumulative impact scores based on the input indicators 
in the timeframe 2016–2020. This is the result of overlaid pixel score of 2020–2016. Positive score is defined as increasing impact and negative score 
is defined as decreasing impact (trend)
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trend in the vulnerability worldwide from 2016 to 2020. 
About 41% of the global inland areas experienced a 
very high or high decreasing trend in vulnerability, with 
the most significant decreases seen in Asia, Africa, and 
America. A decreasing trend appears more obvious 
in Asia, Africa and America. In contrast, only 16.1% 
of global inland areas showed neither decreasing nor 
increasing trends, as seen in Fig. 2b. The largest decrease 
in vulnerability were observed in China and India, East 
Africa and America where very high and high vulner-
abilities were identified in the 2016 assessment (Nguyen 
and Liou 2019a). Oceania, North Africa, high-latitude 
regions, and part of European countries showed a patchy 
mix of decreased and increased vulnerability. It is worth 
noting that the change in accumulative impacts corre-
lated with spread of COVID-19. By examining the distri-
bution of COVID-19 cases and lockdown measures on 
the map in 2020. (Dailymail.Co.UK), a strong link can be 
observed between the regions of lockdown and trend of 
eco-environmental status.

Current cumulative impact
Figure  3 presents a global eco-environmental vulner-
ability (GEV) map. The map highlights three hotspots in 
Asia, Africa, and America, represented by A, B, and C, 
respectively. Six levels of vulnerability have been defined 
ranging from very low to very high, with each vulnerabil-
ity category’s percentage distribution based on the num-
ber of pixels (where 1 pixel = 0.083 degree).

Regarding the comparison of the GEV values between 
2016 (Fig. 4) and 2020 (Fig. 3), it is clearly seen that there 
was a reduced trend with mean values 2.17 and 0.78 in 
2016 and 2020, respectively (standard deviations were 

0.63 and 0.55 in 2016 and 2020, respectively). In addition, 
min and max values in 2016 were 0.84 and 5.0, respec-
tively, while min and max values of GEV in 2020 were 
0.26 and 0.39, respectively. This reduction trend in GEV 
value is due to the contribution of COVID-19 pandemic.

Validation
To validate the results of the global vulnerability map in 
2020, 230 random points were selected and their values 
were compared with the  PM2.5 values at the same spatial 
locations in the same year. Spatial correlation coefficients 
were computed and results showed a significant correla-
tion of 0.84 between the global maps and  PM2.5 (Fig. 5). 
Notably, to remove noise from the  PM2.5 data, dust was 
eliminated when comparing it to the global maps.

Discussion
The patterns of eco-environmental vulnerability change 
over the timeframe from 2016 to 2020 show an improved 
signal of eco-environmental vulnerability level world-
wide. This improvement of vulnerability level is highly 
associated with decreasing human activities due to 
COVID-19 pandemic, with lockdown-measure imple-
mented in many parts of world. This study offered a 
unique concept for global eco-environmental monitoring 
using freely accessible global dataset. Its outcomes alert 
not only the public, but also private sectors to the evo-
lution and signatures of environmental conditions due 
to human-made and natural disturbances, as well as the 
improved inland’s environment owing to the COVID-
19 pandemic. It should be noted that the input data for 
assessment may consist of uncertainties since there may 
be inconsistencies in the data used in the study, possibly 

Fig. 3 Global eco‑environmental vulnerability and hotspots A, B, C in continents
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due to differences in data collection and inventory in 
different countries and regions. It is also important to 
note that there exist other environmental condition 
assessment indicators or platforms to map the dynam-
ics of eco-environmental vulnerability before and during 
COVID-19 pandemic, which can provide fundamentally 
novel understanding of impacts from COVID-19 out-
spread linking to human impacts on the environment and 
eco-system.

The vast majority of the inland eco-environment 
is experiencing significant decreasing vulnerability, 

indicating a reduction of human impacts on the envi-
ronment during the lockdown measures. During the 
lockdown, many countries, particularly in China, USA, 
and Europe, temporarily stopped industrial opera-
tions, and people were locked at home leading to a 
notable reduction in land-based air pollution. Thus, 
our findings indicate that there are significant cumula-
tive human impacts on the eco-environment, and the 
COVID-19 pandemic has pushed many inland regions 
to restore the eco-environment.

Fig. 4 Global eco‑environmental vulnerability map and hotspots A, B, C in continents in 2016

Fig. 5  Comparison between the global eco‑environmental vulnerability map and  PM2.5 distribution in 2020 was conducted, yielding a correlation 
coefficient of approximately 0.84 for 230 randomly chosen checking points worldwide
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The role of population density in the spatial distribution 
of global eco-environmental values (GEV) suggests an 
exploration of how human populations contribute to or 
are impacted by eco-environmental vulnerability. Higher 
population density may be associated with increased 
stress on ecosystems, resource depletion, and higher sus-
ceptibility to environmental risks  (Tran and Liou 2024). 
Spatial distribution analysis could involve mapping GEV 
against population density to identify areas with height-
ened vulnerability and understand the relationships 
between human activities and environmental conditions. 
In the context of the global economy in 2020, the study 
may be considering how economic factors, particularly 
vulnerability. Economic activities can impact the environ-
ment positively or negatively. The pandemic’s effects on 
the global economy, especially in developing countries, 
might include disruptions in trade, changes in resource 
consumption, and shifts in developing priorities. The 
role of the global economy in lower economic stages of 
developing countries could involve examining how these 
nations are disproportionately and how vulnerabilities 
are exacerbated by economic challenges (Di Pietro 2022; 
Sanchez-Paramo et al. 2021). The impact of COVID-19 is 
ununiformed in low-income and minority groups reflect-
ing the role of socio-economic factors in exposure and 
vulnerability to the virus (Barouki et al. 2021).

The research has some limitations as it did not consider 
specific statistic on human activities during COVID-19 
due to data availability. Nevertheless, based on the infor-
mation extracted from satellite products and available 
global dataset, the findings deliver clear message that 
the global eco-environment can be rapidly improved if 
human beings adjust their behaviors in an environment-
friendly way.

Previously, snapshot of eco-environmental vulnerably 
due to human and nature disturbances have been used 
to inform us about the location of hotspots and the need 
for improvement. The current snapshot (of 2020) and 
the map showing the change of eco-environmental vul-
nerability provide a much more comprehensive under-
standing of how, where, and most importantly, how 
quickly human activities are affecting/improving the 
eco-environment.

The change of eco-environmental vulnerability map 
offers a baseline to guide conservation actions and 
assessments. However, driving factors may vary between 
regions depending on behavior intervention, regional 
policy, and effectiveness of implementation. This may be 
a consequence of rapid development in anthropogenic 
process and incomplete solution for the sustainable envi-
ronment, with a focus on strengthening the economy.

Future research might explore further the link between 
human factors and the classification of environmentally 

vulnerable regions, including gender, education levels, 
societal security, structure of society, level of industrial 
zones, psychological factors and urbanization. This will 
help us better understand the interaction better between 
human and environment to propose smart solutions to 
restore and maintain the good quality of eco-environ-
ment for human well-being (Myers et  al. 2013; Galvani 
et al. 2016; Myers and Patz 2009).

The paragraph presents some limitations and uncer-
tainties associated with the study. It mentions that the 
use of different datasets for some indicators and differ-
ent methods for processing them can lead to uncertainty 
in comparing the results of the 2016 and 2020 eco-envi-
ronmental vulnerability maps. Additionally, uncertain-
ties related to land use/land cover classification, and GIS 
spatial analysis can also affect the results. The paragraph 
acknowledges that these limitations and uncertainties 
are common in studies of this nature and highlights the 
importance of this study as the first attempt to assess eco-
environmental vulnerability at a global scale and provide 
a comparison before and after COVID-19. To address 
these uncertainties, future studies could focus on using 
more precise and consistent data collection methods and 
improving the accuracy of land use/land cover classifica-
tion and GIS spatial analysis.

Uncertainties exist in the study despite the use of the 
same indicators in the designed framework. For instance, 
some indicators, such as soil moisture or PM2.5 in 2020, 
were derived from MODIS data, and the method used to 
process these indicators was different, resulting in uncer-
tainty in the comparison of the 2016 and 2020 eco-envi-
ronmental vulnerability maps. Additionally, uncertainties 
in the land use/land cover classification may lead to mix-
ing patterns of land cover that are not well-distinguished. 
Moreover, errors may arise during GIS spatial analysis, 
such as grouping or merging, which can accumulate and 
further contribute to uncertainties in the results (Cro-
setto and Tarantola 2001; Selkoe et  al. 2009). Nonethe-
less, this study represents the first attempt to assess 
eco-environmental vulnerability at the global scale, offer-
ing an overall view of the comparison before and after the 
COVID-19 pandemic.

Beyond the aforementioned limitations, our study 
has produced the first global eco-environmental vul-
nerability maps with quantified levels before and dur-
ing the COVID-19 pandemic. The comparison of these 
maps reveals significant improvement in environmental 
conditions worldwide, attributable to lockdown poli-
cies. This improvement can be seen as a benefit to the 
environment at the cost of human welfare and even 
lives. This raises an interesting question: should human 
activities be ceased altogether to protect the natural 
environment and ensure the sustainable development 
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of the world? Our results suggest that urgent and exten-
sive adaptions and transformations of human activities 
are needed.

Conclusion
This study aimed to assess the changes in global eco-envi-
ronmental vulnerability during COVID-19 pandemic. We 
compared the overall status of global eco-environmental 
vulnerability in 2020 with the result from 2016. To vali-
date our findings, we used global  PM2.5 data and found a 
significant correlation coefficient between  PM2.5 and eco-
environmental vulnerability.

Our findings highlight three major points: (1) there 
was significant improvement in the overall eco-envi-
ronmental vulnerability status from 2016 to 2020. All 
continents showed greener patterns of very low vulner-
ability levels. (2) China and India showed the greatest 
changes across all vulnerability levels, with evolution-
ary dynamics in very low and low vulnerability levels. 
(3) Sixteen indicators contributed to these positives 
shifts in eco-environmental conditions, while the 
COVID-19 pandemic played a controlling factor in the 
short term. If human activities continue to limit their 
impact on the environment in this way, we can expect a 
rapid recovery towards a greener trend.

Overall, this study provides important insights into 
the relationship between human activities and the envi-
ronment. It highlights the potential benefits of reducing 
our impact on the environment, even at the cost of sac-
rificing some human welfare, and the urgent need for 
larger and deeper adaptations and transformations of 
human activities towards sustainable development.

If we want to maintain or even accelerate the positive 
trend in eco-environmental vulnerability, the human 
activities during the COVID-19 pandemic could serve 
as a baseline for shaping the impact of human on the 
eco-environment. The ecological, societal and political 
lessons learnt during the pandemic have underscored 
the need for new policies to be informed by the latest 
scientific findings, in order to improve environmental 
standards and mitigate the pressures caused by human 
activities. Moving beyond simply quantifying prob-
lems, we must focus on evaluating solutions and taking 
actions to develop sustainable economic solutions that 
support and enhance the environment.
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