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A B S T R A C T   

Drylands are one of the most sensitive areas to anthropogenic climate change and are projected to experience 
accelerated expansion throughout the end of this century. However, the responses of drylands degradation to 
anthropogenic ecosystem changes remain unclear. This study proposes a new perspective of the ‘oxygen foot-
print’, defined as the ratio between oxygen consumption and oxygen production, which could be regarded as an 
indicator in evaluating the effects of anthropogenic climate change on global dryland ecosystems. A global 
distribution of the trend of oxygen footprint in response to climate change indicators and the transformations for 
ecosystem functioning is presented. The response of oxygen footprint to human activities and global warming is 
projected to enhance in the 21st century. Under a high emissions scenario (RCP8.5), linear regression analysis 
between oxygen footprint and other indicators shows oxygen footprint to increase with the increase of air 
temperature, precipitation, potential evapotranspiration and dryland areas, respectively. Our study suggests that 
when oxygen production is unsustainable combined with oxygen consumption, this scenario will accelerate the 
degradation of dryland ecosystem, with fundamental and negative consequences for the capacity of drylands to 
supply essential ecosystem services.   

1. Introduction 

Drylands, areas where precipitation (PRE) is <65% of potential 
evapotranspiration (PET) demand (Yao et al., 2020), cover approxi-
mately 45% of emerged lands, and support more than 35% of the 
world’s population (Huang et al., 2016a; Berdugo et al., 2020). 
Increasing aridity is driven by climate and environmental changes, and 
by anthropogenic activities such as land use and land cover changes 
(Cheng et al., 2016; Huang et al., 2017a; Guan et al., 2019). Degradation 
and desertification are pervasive in drylands due to the rapid population 
growth, economic development and urbanization impacts, especially in 
developing countries (Huang et al., 2017a). Because most dryland 
vegetation cover is sparse, which is associated with the weakening of 
plant productivity, soil fertility and water storage capacity, dryland 
ecosystems are substantially more fragile (Reynolds et al., 2007). 

However, many studies found that drylands were greening (revealed 
a close connection between oxygen activity and vegetation primary 
production) during recent years (Fensholt et al., 2012; Piao et al., 2015; 

Chen et al., 2019). Using normalized difference vegetation index data 
from 1981 to 2007, Fensholt et al. (2012) reported an increasing trend in 
vegetation greenness over global drylands. Using different leaf area 
index data and ecosystem models over the last 30 years, Piao et al. 
(2015) further analyzed key drivers of greening trends and concluded 
that CO2 fertilization is an important factor driving vegetation green-
ness. Subsequent studies based on medium-resolution and fine- 
resolution satellite data (Chen et al., 2019) have shown the key role of 
land use/cover history, including agricultural intensification and affor-
estation (the conversion of a place where there are no or few trees to 
forests through planting trees), in enhancing vegetation greenness. 

The greening indicator, together with aridity and warming, repre-
sents credible evidence of the eco-environmental effect of anthropogenic 
climate change (Piao et al., 2020). Carbon emissions have long been 
considered to play a crucial role in the drivers or mechanisms of 
anthropogenic climate change. For example, as economic development 
has progressed rapidly, more fossil fuel has been consumed, producing 
substantial amount of CO2. The excessive emission of CO2 plays an 
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important driving role in warming in drylands, particularly in high 
greenhouse gas emission scenarios (Huang et al., 2017a; Huang et al., 
2017b). The fluctuations in CO2 are closely negatively correlated with 
changes in O2, and the ratio in the amplitude of the changes in CO2 and 
O2 mole fractions are in line with the ratio from fossil fuel burning 
(Keeling, 1988). 

Unlike CO2, O2 is not considered a key factor in climate forcing due 
to its ignorable contribution to the radiative forcing of the atmosphere 
(Poulsen et al., 2015). However, through its impact on atmospheric 
density, O2 directly impacts solar optical depth, and thus enhances 
greenhouse forcing and raises land surface temperature (Poulsen et al., 
2015). Drylands ecosystem may be much more sensitive to O2 than for 
CO2. On the one hand, solar radiative forcing provides a larger land 
surface forcing than greenhouse forcing; on the other hand, because CO2 
decreases radiative cooling, it is fewer effective than solar forcing in 
driving changes in the amount, variability and intensity of PRE (Poulsen 
et al., 2015). Therefore, a decrease in O2 may have amplified CO2-driven 
anthropogenic climate change. 

A better understanding of the responses of dryland ecosystems to the 
changing oxygen under future climate scenarios is urgently needed. In 
the Anthropocene (Crutzen, 2002), the variation of atmospheric O2 
concentration is dominated by vegetation primary production and 
anthropogenic activities, which are closely related to dryland ecosys-
tems (Table 1). Here, we propose a new concept of the ‘oxygen foot-
print’, which is defined as statistically significant increase or decrease in 
oxygen at the corresponding timescales. The oxygen footprint (OF) not 
only results from natural and anthropogenic variability but also re-
sponds to the climate through biogeophysical and biogeochemical pro-
cesses. For instance, given that decrease carbon storage in soil, such as 
through tillage and irrigation, could promote CO2 emissions and accel-
erate soil water loss (Zhang et al., 2015; Yu et al., 2017), ultimately 
affecting soil fertility and vegetation oxygen production capacity. 

In this study, we first analyze and discuss the variations in OF using 
observational data combined with model simulations. Subsequently, we 
explore what are the responses of dryland ecosystems to the changing 
OF, according to the identifies phases characterized by climate change 
and dryland expansion. Finally, the paper is concluded by identifying 
important challenges for future work. 

2. Methods 

Globally, drylands refer to the areas where the ratio of total annual 
PRE to PET (aridity index, AI) is below 0.65, and regions where the 
annual averaged PRE-is below 600 mm (Hulme, 1996; Feng and Fu, 
2013; Huang et al., 2016b). According to the values of AI, drylands can 
be further classified as dry sub-humid (0.5 ≤ AI < 0.65), semi-arid (0.2 
≤ AI < 0.5), arid (0.05 ≤ AI < 0.2) and extremely arid (AI < 0.05) areas. 
The extremely arid areas are the driest, and followed by arid, semi-arid 
and dry sub-humid areas in four types of drylands. For observation, the 
temperature, PRE and PET data set from 1948 to 2005 developed by the 
Climatic Prediction Center (Chen et al., 2002; Fan and Dool, 2008). For 
simulations, the simulation data (2006–2099) under the representative 
concentration pathway (RCP)4.5 and RCP8.5 scenarios from 20 global 
climate models of Coupled Model Intercomparison Project, Phase 5 
(CMIP5) are shown in Taylor et al., 2012. More details are available 
from previous publication (Huang et al., 2020). 

2.1. Method of estimating the oxygen production 

In the drylands, based on the terrestrial net primary productivity 
(NPP), net ecosystem productivity (NEP) and soil heterotrophic respi-
ration (Rh), the oxygen production is derived from the CMIP5 models 
results. The ensemble means of the CMIP5 models address the uncer-
tainty in inter-model variability and provide better predictions than any 
individual model (Huang et al., 2016a). Thus, the ensemble means of 
CMIP5 models (Huang et al., 2018a) were selected based on the criterion 
that they provide terrestrial NPP, NEP and Rh. Because the CMIP5 his-
torical simulations end in 2005, we extended them to ~2100 by splicing 
them with the corresponding RCP4.5 and RCP8.5 scenarios (Marvel 
et al., 2019). As a result, oxygen respiration can be expressed as: 

6H2O+ 6CO2→C6H12O6 + 6O2 (1)  

where C6H12O6 is the approximate composition of terrestrial organic 
matter; NEP refers to the amount of NPP remaining after including the 
consumption of Rh. Subsequently, the NEP was calculated as follows: 

NEP = NPP − Rh (2) 

because the molar mass of oxygen is 32 g per mole and that of carbon 

Table 1 
. The relationship of oxygen and dryland ecosystems.  

Indicators Description 

Climate Climate change has been linked to the rapid increase of CO2 content but has not been extensively considered to the changes in O2 content. In fact, the O2 content, because 
of its contribution to atmospheric density and mass, affects the optical depth of the atmosphere, is considered a key factor in climate forcing (Poulsen et al., 2015). Under 
low O2 content and a reduced-density atmosphere, shortwave scattering by clouds and air molecules is less frequent, resulting in a substantial increase in surface 
shortwave forcing (Poulsen et al., 2015). Through feedbacks involving latent heat fluxes to the marine stratus clouds and atmosphere, surface shortwave forcing drives 
raises land surface temperature and enhances greenhouse forcing (Poulsen et al., 2015).  

Vegetation Vegetation greening (Zhu et al., 2016), which is defined as a statistically significant increase in seasonal or annual vegetation greenness at a location resulting, including 
increases in species composition, plant density, etc., as compelling evidence for anthropogenic climate change (Piao et al., 2020). For instance, the greening in China is 
from croplands (32%) and forests (42%), but in India is minor contribution from forests (4.4%) with mostly from croplands (82%) (Chen et al., 2019). In comparison 
with forest, the large contribution of agricultural activities may be correlated more strongly with a higher leaf-level maximum carboxylation rate, the maximum monthly 
gross primary productivity and maximum photosynthetic capacity (Huang et al., 2018b). However, the greening phenomenon, could leading to destroy the natural 
structure of soil and water loss due to evapotranspiration (Huang et al., 2017a).  

Soil Soil organic carbon (SOC), as a key determinant of soil fertility, plays an important role for climate regulation and food production (Jansson and Homfmockel, 2020), is 
determined by the balance between C outputs through microbial decomposition and C inputs from plants, with these processes occurring interactively in nature (Chen 
et al., 2019). However, these key processes in the soil that are associated with CO2, O2 and water balance may have been broken, owing to their high sensitivity to 
anthropogenic activities (e.g., tillage). Tillage could destroy the soil mineral-organic associations and aggregate occlusion, i.e., SOC stability (Lehmann and Kleber, 
2015), and enhance the capacity of microbial decomposition of SOC and soil heterotrophic respiration activity (Yan et al., 2018), and thus reduce the SOC content in 
cropland (Yu et al., 2017).  

Water Water deficiency is characterized by its spatial distribution that the global endorheic system experienced a widespread water loss of ~106.3 Gt yr− 1 during 2002–2016, 
attributed to comparable losses in groundwater, soil moisture and surface water (Wang et al., 2018). Decreasing soil fertility linked to water deficiency is resulting in an 
expanse of soil degradation and desertification, and drylands are projected to increase by 11–23% over the next century (Huang et al., 2016a). The changes in water 
availability can have profound and lasting effects on C turnover, plant activity and microbial metabolic, ultimately affecting plant photosynthetic capacity. Because 
dryland ecosystems are globally distributed, it is difficult to generalize oxygen responses to dryland degradation across regions.  
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is 12 g per mole. The ratio is 2.667. Finally, we further calculated the net 
amount of oxygen based on the following linear regression: 

O2 = NEP × 2.667 (3) 

Further details of these methods for oxygen production analyses have 
previously been published (Huang et al., 2018a). 

2.2. Method of estimating oxygen consumption 

In this study, oxygen consumption is mainly driven by fossil fuel 
combustion, human respiration, livestock respiration, and wildfires. 

Fossil fuel combustion. We obtained data of CO2 emissions 
(1751–2013) from the carbon dioxide information analysis center 
(CDIAC data on ESS-DIVE, available at http://cdiac.ess-dive.lbl.gov/). 

The estimation of O2 content by fossil fuel combustion was converted 
according to the methods and criteria in Steinbach et al. (2011). Owing 
to the different fuel mix in each country, the oxidative ratio can vary 
over temporal and spatial characteristics of scale. Therefore, the con-
sumption of oxygen by fossil fuel combustion as follows: 

CFF = Moxygen ×
∑

4
i=1

EFFi

MC
× ratioi (4)  

where CFF, Moxygen, and MC are the annual oxygen consume content (Gt 
oxygen per yr), the relative molecular mass of oxygen (32 g per mol), 
and carbon (12 g per mol), respectively. EFFi is the i-th species carbon 
emissions from fossil fuel combustion (Gt carbon per yr). The ratioi is the 
molar ratio of O2:C when the i-th fuel is completely burned. 

Human respiration. To estimate the oxygen content of human 

Fig. 1. CMIP5-based investigate of the oxygen production (kg m− 2) over drylands. (a) The mean historical distribution of oxygen production in 1975–2005 (30 
years). (b) and (c) represent the mean oxygen production from 2069 to 2099 (30 years) relative to the historical under the RCP4.5 and RCP8.5 scenario, respectively. 
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Fig. 2. The distribution of the mean oxygen consumption (kg m− 2) from 2000 to 2013 over drylands. (a), (b), (c) and (d) show fossil fuel combustion, human 
respiration, livestock respiration and wildfires, respectively. 
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Fig. 3. The trend of oxygen footprint. (a) and (b) represent the changes in oxygen production and oxygen consumption under historical (black, 1948–2005), RCP4.5 
(blue, 2006–2099) and RCP8.5 scenarios (red, 2006–2099), respectively. (c) and (d) represent the changes in the oxygen footprint under the RCP4.5 (blue) and 
RCP8.5 (red) scenarios over drylands from 2006 to 2099, respectively. 
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respiration by the end of the twenty-first century, all datasets were 
downloaded and analyzed from the population of the word version 4 
(http://sedac.ciesin.columbia.edu/). If a man works 8 h with an oxygen 
consumption rate of 1.0 L oxygen per min and rests for the remaining 16 
h with an oxygen consumption rate of 21.0 L oxygen per h in a day (the 
consumption of oxygen is approximately 1.17 kg, that is, 816 L per day 
for an adult). Thus, we calculated the total consumption of oxygen by 
human respiration as follows: 

CHR = TOP × Cd × 365 (5)  

where CHR is the annual oxygen consumption through human respira-
tion (Gt oxygen per yr), TOP is the total population, and Cd is the per 
capita oxygen consumption content in a day (kg oxygen per day). 

Livestock respiration. We used the livestock of the world version 2.09 
to analyses the consumption of oxygen from major livestock, including 
cattle, chickens, ducks, goats, pigs, and sheep. Previous studies (Huang 
et al., 2018a; Liu et al., 2020), applying the basal metabolism rate 
(BMR), have estimated that the annual oxygen consumption of livestock 
using the following equation: 

BMR = 3.43M0.75 (6)  

where BMR (ml oxygen per h) is the rate of energy expenditure per unit 
time by endothermic animals at rest and can be reported in ml oxygen 
per min, M is the animal’s mass (g). We then determined the total 
consumed oxygen content for each mammal using the cumulative 
approach as follows: 

CLR =
∑

6
i=1Pi × BMRdi × 365 (7)  

where CLR is the annual oxygen consumption of livestock (Gt oxygen per 
yr), Pi is the total number of i-type livestock, and BMRdi is the mean daily 
oxygen consumption of the i-type livestock (kg oxygen per day). 

Wildfires. Wildfires generally include natural and human-induced 
fires. We calculated the consumption of oxygen from fire by the global 
fire emissions database (GFED), version 4, and ranges from 1997 to 2016 
(van der Werf et al., 2017). The six fire types (savanna fires, tropical 
forest fires, temperate forest fires, peatland fires, boreal forest fires, and 
agricultural waste burning) that were used in this study are available 
from satellite information on fire activity and vegetation productivity at 
http://www.globalfiredata.org. The molar ratio of O2:CO2 is 1.1 ± 0.1, 
owing to the combustion products are all organic (Liu et al., 2020). We 
calculated the consumption of oxygen by fire as follows: 

Cwildfires = Moxygen ×
∑

6
i=1

DMi × CCi × EFi

MC
× 1.1 (8)  

where Cwildfires is the oxygen consumed (Gt oxygen per yr), i indicates 
the type of fire, DMi is the mass of the i-th fire type emitted (kg dry 
matter per yr), CCi is the percentage of carbon in the i-type fire dry 
matter, and EFi is the emissions factor of the i-th fire type C. Moxygen and 
MC is the relative molecular mass of oxygen (32 g per mol) and carbon 
(12 g per mol), respectively. 

Further details of these methods for oxygen consumption analyses 
have previously been published (Liu et al., 2020). 

2.3. Oxygen footprint calculations from simulations 

The OF as an indicator of dryland degradation that integrates 
changes in oxygen production and oxygen consumption. The CMIP5 was 
used to analyze the OF based on oxygen production and oxygen con-
sumption for 2006–2099 under the RCP4.5 and RCP8.5 scenarios. The 
OF results were standardized by calculating the difference of individual 
simulates from the mean of all simulates and divided by the range of all 
simulations (ai-ā)/(maximum(a)-minimum(a)). We calculated the OF as 
follows: 

OF = Oc/Op (9)  

where OF is the oxygen footprint, Oc and Op is oxygen consumption and 
oxygen production yearly from 2006 to 2099, respectively. All statistical 
analyses and charting work were performed using SPSS statistics 17.0, 
SigmaPlot 10.0, and Edraw Mind Map 7.9. 

3. Results and discussion 

3.1. Oxygen footprint 

Oxygen footprint refers to a state in which anthropogenic ecosystem 
changes can indicate eco-environmental stability, associated with the 
terrestrial oxygen production and consumption drivers. However, 
continuing global warming and enhanced human activities pose a threat 
to oxygen footprint. Thus, knowledge of how climate change and human 
disturbances will affect changes in oxygen footprint in the future is 
essential for adaptation and protection strategies. 

3.1.1. Changes in the oxygen production 
The state-of-the-art climate process model-derived historical 

(1975–2005) oxygen production over the global drylands is shown in 
Fig. 1a. For comparison, we also show the trends in oxygen production 
of the RCP4.5 (Fig. 1b) and RCP8.5 (Fig. 1c) scenarios for the future 
period of 2069–2099. Notably, the oxygen production content for the 
two scenarios in all drylands indicates an increase at the end of the 
twenty-first century, particularly in the greenhouse-gas-dominated 
RCP8.5 scenario (Fig. 3a). The oxygen production content is higher for 
RCP8.5 than for RCP4.5 for four reasons in response to climate change. 

First, rising CO2 fertilization. The content of CO2 is the substrate for 
photosynthesis, plays a significant role in oxygen production, increased 
CO2 content can stimulate photosynthetic pathway (Farquhar and 
Sharkey, 1982) by accelerating the rate of carboxylation reaction of 
Rubisco (ribulose-1,5-bisphosphate carboxylase oxygenase); this oxygen 
production process is well known as the ‘CO2 fertilization effect’. 
Additionally, increases in atmospheric CO2 contents can also enhance 
vegetation productivity by partially reducing stomatal conductance, 
resulting in enhanced water use efficiency while increased canopy 
temperatures (Keenan et al., 2013). Rising atmospheric CO2 is the major 
driver of vegetation greening linked to stimulating oxygen production, 
accounting for approximately 70% of the global leaf area index trend 
(Piao et al., 2020). Regrettably, the strength of the CO2 fertilization 
increases oxygen production linked to vegetation productivity can be 
limited by nutrient (Reich and Hobbie, 2013), extreme weather events 
(Gray et al., 2016) and water availability (Reich et al., 2014), particu-
larly in dryland areas. 

Second, increasing temperature and precipitation. Although rising 
atmospheric CO2 content plays the dominant driver of oxygen produc-
tion, anthropogenic warming (e.g., fossil fuel burning) and partial trends 
in PRE-are also the important factors of oxygen production. Using the 
dynamic global vegetation models, Piao et al. (2020) indicated that the 
positive impacts of warming, primarily from a warmer temperature, 
which is supported by the evidence of the greening (enhance photo-
synthesis) trend over more than 55% of the northern high latitudes. 
Additionally, in water-limited dryland ecosystems, changes in PRE, 
reflecting trends from anthropogenic warming, are suggested as the 
important driving factor of oxygen production. For instance, the 
‘greening Sahel’ (Herrmann et al., 2005), one of the early examples of 
vegetation greening promotes oxygen production, is major driven by 
increases in atmospheric PRE-after a severe drought. PRE-plays a sig-
nificant role in vegetation greenness is further supported through ana-
lyses of long-term field surveys and recent satellite measurements 
(Dardel et al., 2014; Brandt et al., 2019). 

Third, expanding land use. Human land use in shaping the oxygen 
production exerts a considerable. In drylands, areas where intensive 
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afforestation is linked to a pronounced local increasing in oxygen pro-
duction. However, planting trees in drylands increased the potential risk 
of soil water deficiency, owing to the trees deplete the soil water to 
compensate for the inadequate atmospheric PRE, and the effects of 
increasing depletion of soil water often become apparent many years 
later (Cao, 2008). In addition, agricultural intensification with a higher 
photosynthetic capacity than other biomes (Huang et al., 2018b), owing 
to multiple fertilizers, irrigation, and cropping contributes considerably 
to oxygen production. Unfortunately, this phenomenon is likely to 
disappear soon since the cropland associated with oxygen production in 
drylands could destroy the protection of soil aggregates to soil organic 
carbon such as tillage, and decrease the groundwater such as irrigation, 
and subsequently accelerate the land degradation and desertification. 

Fourth, enhancing nitrogen deposition. Anthropogenic changes in 
the rate, amount, and distribution of nitrogen deposition can influence 
oxygen production. Nitrogen fertilization is extensively used to improve 
soil nitrogen availability and increase plant photosynthesis and vege-
tation primary production (Xia and Wan, 2008). Nitrogen addition on 
leaf number, size, and density was significant in almost all vegetation 
functional types (Huang et al., 2018b) and subsequently plays an 
indiscernible driving role in oxygen production at the global scales. 
However, nitrogen deposition processes linked to climate warming are 
highly managed by humans, so the difference in eco-environmental 
contributions in croplands is uncertain (Huang et al., 2018b). Based 
on this, future research priorities, including better representation and 
measurement of processes such as plant whole, root, stem, and leaf ni-
trogen uptake and allocation (Zaehle et al., 2014). 

3.1.2. Changes in the oxygen consumption 
Anthropogenic changes have contributed the most to oxygen con-

sumption with fossil fuel combustion accounting for 70.68% of oxygen 
consumption, followed by wildfires (11.78%), livestock respiration 
(9.97%), and human respiration (7.57%) from 2000 to 2013 over dry-
lands as shown in Fig. 2 (s). Oxygen consumption is extremely sensitive 
to rapid economic and societal development, especially in developing 
countries. Developing countries linked to global dryland ecosystems 
play a vital role in oxygen consumption, owing to continuing oil de-
velopments and a rapidly growing population in both rural and urban 
(Huang et al., 2017a). The oxygen consumption content is much stron-
ger for RCP8.5 than for RCP4.5 (Fig. 3b) for three reasons in response to 
climate change. 

Firstly, rapid population growth. Rapidly growing population will 
exacerbate the risk of greenhouse gas (GHG) emissions soon in devel-
oping countries (Huang et al., 2017a). This is because, increasing pop-
ulation is often associated with human activities (e.g., agricultural waste 
burning) and plays a key role in dryland oxygen and climate change 
(Table 1). Using CMIP5 transient CO2 concentration increase to 2 × CO2 
concentration simulations that respond to GHG forcing, Fu and Feng 
(2014) found that the increase in the PET averaged over land is about 
5.3% per degree of the ocean-mean surface air temperature (AT) in-
creases, whereas PRE-increased at a rate of 1.7% per degree. Therefore, 
the ratio of PRE/PET (i.e., AI) decreases by about 3.4% per degree, 
resulting in a drier climate. The increased GHG emissions that have 
occurred in drylands is closely related to the rapid oxygen consumption. 
Additionally, Poulsen et al. (2015) showed that low oxygen 
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consumption influences on atmospheric density, leading to a substantial 
increase in solar forcing, enhances GHG forcing, and raises the global 
surface temperature. Thus, oxygen consumption is closely correlated 
with GHG forcing and solar forcing. 

Secondly, accelerate economic development. As economic develop-
ment has progressed rapidly (e.g., industry), more fossil fuels have been 
consumed as a source of energy for mining and transportation (Barnett 
and O’Neill, 2010; Mackey et al., 2013), driving oxygen consumption 
and producing substantial anthropogenic aerosols (Huang et al., 2017a; 
Huang et al., 2018a). Aerosol emissions are an anthropogenic radiative 
forcing (Lin et al., 2018). For example, black carbon is emitted in a 
variety of combustion processes, rapidly removed from the atmosphere 
by deposition, and alters the melting of snow and ice cover (Bond et al., 
2013). This is because, light-absorbing particles in snow can signifi-
cantly increase the amount of absorbed solar radiation and reduce snow 
albedo and produce warming (Bond et al., 2013). However, using model 
outs from CMIP5, Li et al. (2015) found that anthropogenic aerosols 
influenced on the temperature and exhibited greater contributions over 
the semi-humid/humid regions than over the arid-semiarid regions. 
Using three sets of ensemble simulations from the Community Earth 
System Model, Lin et al. (2018) showed that aerosol changes exert a 
small effect on global AI due to the offsetting impact of PRE and PET. 

Thirdly, urbanization. Human activities have a prominent influence 
on regional environment and climate by altering temperature, moisture 
and energy exchange between land surface and atmosphere, for 
example, cities (Huang et al., 2017a). Cities are places where substantial 
consumption of various resources such as oxygen as well as where an 
increased course of urbanization such as automobile use, industrial 
operations or space heating have led to the development of ‘urban heat 

island’ (Oke, 1987), affecting the land surface properties. Smaller leaf 
areas would reduce transpiration by plant stomata and increase the 
surface albedo, further intensify drought (Taylor et al., 2002). The 
changes in land surface properties constitute important factors 
contributing to the observed reduction of PRE (Junkermann et al., 
2009). Also, using a climate model (CSIRO Mk3L) coupled with a land 
surface scheme (Community Atmosphere Biosphere Land Exchange 
model), Avila et al. (2012) showed that human-induced changes in 
temperature extremes are not merely influenced by increasing CO2 (or 
decreasing O2); by contrast, land surface property changes may amplify 
the effect of GHG forcing (or solar forcing). 

3.1.3. Changes in the oxygen footprint 
According to the above results, OF is driven by oxygen production 

and oxygen consumption under RCP4.5 and RCP8.5 scenarios (Fig. 3c- 
d), represents extremely credible evidence of anthropogenic climate 
change. The results highlight that when oxygen production (e.g., plant, 
soil, and water) would become unsustainable, and then would be com-
bined with oxygen consumption (e.g., population growth, economic 
development, and urbanization), this scenario would accelerate the 
degradation of dryland ecosystem (Table 1 and Figs. 1–3). Therefore, OF 
can not only alert us to climate crises (e.g., GHG forcing or solar forcing) 
but can also warn us about disasters (e.g., desertification) to take pro-
active action and mitigate their impacts. Our results suggest that the 
response of dryland ecosystem degradation to OF can be organized into 
two phases, including climate change phase (Figs. 4–6) and dryland 
expansion phase (Fig. 7s). 
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Fig. 5. Global distribution of the trend of precipitation (mm day− 1 30 yr− 1) under the historical (a, 1948–2005), RCP4.5 (b, 2006–2099) and RCP8.5 (c, 2006–2099). 
Temporal variation of mean precipitation is shown for RCP4.5 (blue) and RCP8.5 (red) in the Fig. d, respectively. 
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3.2. Oxygen footprint linked to the dryland degradation 

Many studies have shown that global drylands as defined by the 
aridity index have degraded over the last sixty years and will continue to 
degrade in this century (Feng and Fu, 2013; Huang et al., 2016a, 2017b). 
The rising temperature and expanding drylands along with land use/ 
cover change and other human activities may result in land desertifi-
cation, which will pose a threat to global dryland ecological sustain-
ability (Huang et al., 2017a, 2020). Because of oxygen cycle is closely 
related to thermal cycle, hydrological cycle, biological cycle and 
biogeochemical cycle (Huang et al., 2021) and plays an important 
indicate role in climate change and human activities, especially in 
fragile dryland regions (Huang et al., 2018a). Therefore, in this study, 
we combined the natural oxygen production and human-induced oxy-
gen consumption to construct an oxygen footprint and make future es-
timates. Based on the oxygen footprint, it is important to identify these 
phase changes of the climate and dryland expansion for maintaining 
dryland ecological sustainability. 

3.2.1. Climate change phase 
Our study finds that dryland ecosystem changes with increases in OF 

start with an anthropogenic ‘climate change phase’ characterized by AT, 
PRE, and PET. Under the RCP8.5 scenario, this increases in OF is 
consistent with increases in AT, PRE, and PET, respectively (Figs. 4–6 
and Fig. 8a-c). The OF is associated with increase in human activities and 

disturbances, plays an important driver role in anthropogenic climate 
change. Over drylands, PRE-is highly variable and scarce (Ryan and 
Elsner, 2016), whereas PET, which represents the evaporative demand 
of the atmosphere (Huang et al., 2017a), stays relatively high due to the 
high AT, low soil water content or moisture condition, and abundant 
solar radiation over arid and arid-semiarid areas (Ji et al., 2014). 

Meanwhile, previous studies also showed that the aridity has 
increased globally since approximately 1950 and that this drying trend 
may continue over the next century, owing to global warming, partic-
ularly in drylands, where enhanced warming is projected (Huang et al., 
2016a; Huang et al., 2017a). These finds are consistent with that of our 
studies associated with OF, the dryland ecosystems may have been 
altered by AT, PRE, and PET due to the drastic climate change and 
fragile ecosystems of drylands. 

3.2.2. Dryland expansion phase 
As OF continues to increase, we identified a ‘dryland expansion 

phase’ characterized by changes in AI and the areal coverage of dryland 
(Fig. 7s and Fig. 8d). Our models project that PRE-will generally increase 
in dryland areas by ~2100, but PET, which plays a crucial role in the AI, 
is also projected to increase greatly (Fig. 5 and Fig. 6). Therefore, the 
large PET increase linked to rising AT (Fig. 4), and dryland expansion in 
the 21st century is projected (Fig. 7d). 

Enhanced drought and decreased AI may aggravate the expansion of 
drylands by causing a greater evaporative demand and vapor pressure 
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Fig. 6. Global distribution of the trend of potential evapotranspiration (mm day− 1 30 yr− 1) under the historical (a, 1948–2005), RCP4.5 (b, 2006–2099) and RCP8.5 
(c, 2006–2099). Temporal variation of mean potential evapotranspiration is shown for RCP4.5 (blue) and RCP8.5 (red) in the Fig. d, respectively. 
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deficit. Additionally, the decreased soil water content and moisture 
condition may lead more energy to sensible heat flux than to latent heat 
flux (Seneviratne et al., 2010; Sherwood and Fu, 2014), resulting in an 
even stronger influence on temperature extremes (Seneviratne et al., 
2014; Vogel et al., 2017). Changes in AT, PRE, and PET from anthro-
pogenic climate change are likely to affect strongly the SOC sequestra-
tion capacity in dryland areas. Thus, against the background of global- 
scale warming, the dryland expansion will reduce the SOC content/ 
storage and emit CO2 into the atmosphere (Table 1). Because of 
groundwater, soil moisture, and surface water deficits, dryland degra-
dation is becoming a serious threat to terrestrial ecosystems. Thus, over 
drylands, OF is important for providing useful scientific knowledge for 
policymakers in these areas and can serve as an indicator of anthropo-
genic ecosystem changes (Fig. 9). 

Obviously, geoscientists can apply the oxygen footprint to investi-
gate and reanalyze the dryland distribution, especially in dryland 
expansion, desertification and adaptation aspects. Because of these re-
gions are extremely sensitive and vulnerable to climatic variability and 
human disturbances along with the urgent demand for regional devel-
opment. Additionally, based on natural oxygen production and human- 
induced oxygen consumption, oxygen footprint can effectively reflect 
the local cool/warm conditions (Fig. 9) and therefore can act as a 
measure of aridity and drought changes and plays a crucial role in the 

evaluation and projection of global dryland ecological sustainability. 

4. Conclusions 

In summary, we conclude that anthropogenic ecosystem changes 
have significantly enhanced the oxygen footprint dynamics, affecting 
the land surface properties at the global scale. When production O2 
drivers are unsustainable combined with consumption O2 drivers, this 
scenario will exacerbate the risk of the degradation of dryland 
ecosystem. Thus, we need urgent action to promote terrestrial O2 pro-
duction, including expanded the coverage of initiatives to turn marginal 
farmland into grassland or forest, thereby alleviating the expansion of 
drylands and deserts to stop dust from spreading. 

In addition, improved knowledge of oxygen changes (modeling ca-
pacity and observing technology) has led to major advances in under-
standing global oxygen dynamics. However, we still face many 
challenges ahead. One key challenge is to validate model-based oxygen 
changes with ground observations. Currently, the lack of systematic 
long-term ground observation of climate and land use/cover gradients 
have resulted in few available ground truths to directly confirm oxygen 
changes detected through model products. Thus, expanding existing 
oxygen observational networks is a high priority. 

Years

2000 2020 2040 2060 2080 2100

A
re

a 
(%

)

42

43

44

45

46

47
(d) 

y=-463.08+0.4836x-0.0001x2

R=0.77
P<0.01

y=-21.877+0.0325x

R=0.96
P<0.01
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Fig. d shows that temporal variation in the areal coverage of drylands (percentage of global land area) is shown for RCP4.5 (blue) and RCP8.5 (red), respectively. 
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