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Viruses act as “regulators” of the global carbon cycle because they impact the material

cycles and energy flows of food webs and the microbial loop. The average contribution

of viruses to the Earth ecosystem carbon cycle is 8.6‰, of which its contribution to

marine ecosystems (1.4‰) is less than its contribution to terrestrial (6.7‰) and freshwater

(17.8‰) ecosystems. Over the past 2,000 years, anthropogenic activities and climate

change have gradually altered the regulatory role of viruses in ecosystem carbon cycling

processes. This has been particularly conspicuous over the past 200 years due to rapid

industrialization and attendant population growth. The progressive acceleration of the

spread and reproduction of viruses may subsequently accelerate the global C cycle.

Keywords: virus, carbon cycle, regulator, anthropogenic activity, climate change

INTRODUCTION

The scale of perturbation to Earth systems caused by human activity during the Holocene,
and particularly over the last 2,000 years is now recognized as the Anthropocene epoch (1).
Changes to Earth’s ecosystems over millennia caused by human perturbation, including climate
change, accelerating population growth and the globalization of trade and travel, have overridden
biogeographic boundaries and allowed the rapid spread of viruses (2). This global phenomenon has
drawn attention to the role of viruses in wider ecosystem functioning through their interactions
with the global carbon cycle via the food web and the microbial loop in terrestrial and aquatic
environments (3) that impose an indirect influence on climate change (4).

Disease-causing viruses diminish the fitness of their hosts, hinder development and
reproduction, and may ultimately hasten their deaths (5, 6), driving the mineralization of organic
carbon to inorganic carbon and its loss from food webs before it can flow to higher trophic
levels (7). However, not all viruses are pathogens, and some are mutualistic, conferring benefits
on hosts that include bacteria and fungi, plants, wasps and aphids, mice and humans (8).

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://www.frontiersin.org/journals/public-health#editorial-board
https://doi.org/10.3389/fpubh.2022.858615
http://crossmark.crossref.org/dialog/?doi=10.3389/fpubh.2022.858615&domain=pdf&date_stamp=2022-03-29
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles
https://creativecommons.org/licenses/by/4.0/
mailto:gaoyang@igsnrr.ac.cn
mailto:yugr@igsnrr.ac.cn
https://doi.org/10.3389/fpubh.2022.858615
https://www.frontiersin.org/articles/10.3389/fpubh.2022.858615/full


Gao et al. Viruses Regulate C Cycle

Indeed, current innovation in the treatment of cancers are
developing the use of viruses to kill cancer cells selectively (9).
Thus, viruses change the function of entire ecosystems by altering
the abundances and community structures of organisms in food
webs at every trophic level, from simple microorganisms (10, 11)
to complex plants and animals (12).

Natural fluctuations in climate have given way to human-
induced global warming over the past 2,000 years, but most
particularly since the beginning of the Chinese Common Era
(CE) and European Industrial Revolution in themid-18th century
and latterly the “Great Acceleration” of the Anthropocene since
the 1950’s. Progressive increases in average global temperatures
have driven changes in rainfall patterns and caused more
frequent and intense extreme weather events that have direct
and indirect effects on viral epidemiology. Climate change affects
the frequencies and durations of viral epidemics by altering the
distribution, abundance and activity of hosts, changing resistance
to infection, the physiology of host-virus interactions, the rate of
virus evolution and host adaptation (13–16). Evidence suggests
that global warming is leading to increased epidemics and, in
turn, species extinctions. But the relationship between climate
and epidemics may be different for different regions and different
species (17). For example, recent evidence from European ice
cores showed a strong relationship between unusual weather (low
temperatures and high rainfall) and the severity of the Spanish
Flu epidemic during the First World War (18). As another
example, significant negative correlations are observed between
temperature and precipitation and China’s epidemic Outbreak
Index (i.e., caused by bacteria, viruses or parasites); epidemics
have tended to be relatively more frequent in China during colder
and drier periods and relatively rarer during warmer and humid
periods (Figure 1, Supplementary Table S1). Thus, it appears
that climate change and viral epidemics are closely intertwined
and interdependent with profound consequences for human,
animal and environmental health, calling for the development of
cross-disciplinary “One Health” strategies (19).

The current “black swan event” of COVID-19 has created an
opportunity to observe how rapidly viral disease outbreaks can
fracture ecosystem carbon flows by changing human behavior.
Vastly reduced fossil fuel use during national lockdowns
swiftly moved the global carbon balance toward a new
state via regulatory feedback mechanisms (20) which may
cause long-term and far-reaching changes to earth system
interactions (21, 22). Thus, evidence is emerging that viruses
can act as “regulators” of ecosystem carbon cycling through
their effect on host (human) fitness and behavior, and that
anthropogenic activity and climate change can alter viral
epidemiology. However, the strength of the contributing factors
to this exchange need to be identified to develop “One
Health” solutions. Therefore, the objectives of this study
were to (i) systematically clarify how viruses regulate carbon
cycling processes, and (ii) reveal how anthropogenic activity
and climate change influence the way that viruses regulate
carbon cycling processes using published relevant data and
findings. This study also proposes adaptive countermeasures
to help combat any future influences of viruses on global C
cycling processes.

METHODS

In order to systematically elucidate how virus regulate carbon
cycling processes, we adopted the most commonly used
calculation formula of contribution rate of C (CRC) in the
world and the results of two published models to decompose
the mechanism of virus in C cycle. We scraped data on virus
abundance, as well as soil, ocean, and atmospheric C pools
from different literature, and combined them into a mechanism
diagram (Figure 4) to illustrate the impact scale of virus. To
reveal the modulation of this process by anthropogenic activity
and climate change, we use a China-wide dataset containing
precipitation, dust storm index (DSI), temperature, population,
and epidemic outbreak index.

Modeling Viral Impacts on Ecosystem
Carbon Cycles
This study applied the following formulae to estimate the CRC
between viral lysing of bacteria and ecosystem DOC:

CRC =
VLBC

TCOE
(1)

VLBC = FMVL× BCP (2)

MCP = PP× 20× 10−9 (3)

FMVL =
FVIC

[γ ln2× (1− ε − FVIC)]
(4)

where TCOE is the total ecosystem DOC concentration (soil:
mg C·kg−1/water: µg C·L−1); VLBC is the carbon released by
viral lysing of bacteria (soil: mg C·kg−1/water: µg C·L−1); BCP is
bacterial carbon production (soil: mg C·kg−1/water: µg C·L−1);
BP is bacterial production (cell·L−1); FMVL is the fraction
of mortality from viral lysis; FVIC is the frequency of visibly
infected cells as seen under an electron microscope; γ is the ratio
between the latent period and generation time; ε is the fraction of
the latent period during which viral particles are not yet visible
(23, 24). If γ = 1, ε = 0.186.

A steady-state model was used (shown in Figure 4) to
determine the influence of virus under marine carbon cycling
processes (25), which is a modification of the steady-state model
developed by Jumars et al. (26) in that it allows for lysis of
marine phytoplankton and marine bacterioplankton production.
All values represent flux in photosynthetically fixed carbon
(100%) and assume that all carbon in the pelagic zone eventually
respires with negligible loss due to export. The data indicated that
between 6 and 26% of the carbon fixed by primary producers
enters the DOC pool via viral-induced lysis at different trophic
levels (25).

This study applied the modified steady-state carbon flow
model to determine a hypothetical aquatic microbial food web
(27). The model showed that compared to a system devoid of
virus, an otherwise identical food web with and without a viral
component that is responsible for 50% of bacterial mortality
and 7% of phytoplankton mortality underwent: (1) 33% more
bacterial respiration and production; (2) 33% less bacterial
grazing by protists; (3) 7% less microzooplankton production.
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FIGURE 1 | Global trends in climate change and anthropogenic activity and relationships with Chinese epidemic status over the last 2000 years. (A) The epidemic

Outbreak Index of China [the number of years epidemics (bacteria, viruses and parasites) were recorded in China], and incidence of major global viral epidemic events.

Each red vertical bar represents a viral epidemic event. See Supplementary Table S1 for detailed data information. (B) Temperature in the northern hemisphere

(Continued)
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FIGURE 1 | (Temperature-NH); (C) temperature in China (Temperature-CH); (D) precipitation in the East Asian monsoon region; (E) dust storm index of North China;

(F) population of China; (G) War Index, i.e., the total number of armed conflicts that occurred within China. Epidemic Outbreak Index values illustrating historical

outbreak events can be roughly divided into three stages: the first stage (0 CE∼1,000 CE) where values were all below 5; the second stage (1,000 CE∼1,450 CE) of

progressive increase in values from <5 toward 10; the third stage (1,450 CE∼1,949 CE) where values plateau close to 10 (wherein epidemics occurred almost every

year). CE, Chinese Common Era.

The model confirmed the existence of a mechanism that showed
that the viral lysis of phytoplankton would deprive the larger
grazers and move material to smaller lifeforms.

Data Sources
In this study, the data sets for precipitation, dust storm index
(DSI), temperature, population, epidemic index and epidemic
outbreak index data over the past 2,000 years were summarized
from published data as well as published research. The 20-yr
resolution precipitation data set shown in Figure 1 was based on
pollen analysis from sediment cores in a reconstruction using
the two-component weighted averaging partial least squares
regression (WA-PLS) model (28). The dust storm index data
set was reconstructed based on the coarse silt component
(CSC) percentage in the sediment cores of Lake Gonghai (29).
Northern Hemisphere temperature (Temperature-NH) data
were reconstructed using the LOCal (LOC) method (30), and
China temperature (Temperature-CH) data were reconstructed
using principal component regression (PCR) and partial least
squares (PLS) regression (31). Population, epidemic index and
epidemic Outbreak Index data were extracted from regional
publications and literature (32–34).

This study obtained total CO2 emissions (TCOE), frequency
of visible infected cells (FVIC), fraction of mortality from viral
lysis (FMVL), bacterial carbon production (BCP) and bacterial
production (BP) data through analysis of relevant literature
(Supplementary Table S2). Since bacteria comprise most soil
microorganisms and there exists an integral relationship between
soil microorganisms and viruses (35), soil BCP was substituted
for soil microbial carbon production in this study. Moreover,
Equation (2) assumes that the carbon content in each bacterial
cell is constant (20 fg C·cell−1) (36). To date, no studies have
been published on bacterial mortality caused by viral lysis in
forest and desert soil. Therefore, we only estimated the CRC
of wetland, cropland, pastureland and tundra ecosystem types.
When the original data were presented in means or medians,
the value was used directly; when the original data were a
range, we used maximum and minimum values of the range
for calculation.

Some data sets shown in Figures 3, 4 were extracted
from published references (Supplementary Tables S3, S4). If the
original data were a range, the median of the range was used.
Floodplains and river reservoirs were regarded as lakes in this
study. Data used in Supplementary Table S5were extracted from
the most recent global, regional and country-level estimates on
cause-specific disability-adjusted life year (DALYs), years of life
lost (YLL) and years lost due to disability (YLD) metrics for the
years 2000, 2010, 2015 and 2016 (37).

VIRAL REGULATION OF ECOSYSTEM
CARBON CYCLING

Viruses regulate carbon cycling via their direct and indirect
effects on the microbial loop and wider food web in terrestrial
and aquatic ecosystems in three main ways.

(i) Infection and cell lysisViruses (phages) accelerate the direct
release of carbon from the microbial pool through microbial cell
lysis (i.e., the “viral shunt”), especially bacteria in soils (35, 38–40)
and plankton in aquatic systems (41–43) (Figure 2A).

(ii) Gene transfer Viruses indirectly regulate soil carbon
cycling processes by affecting microbial host genes that encode
for key biogeochemical functions, e.g., carbon metabolism and
sporulation (44) through gene transfer (10, 11, 45), including
the reprogramming of metabolic processes (becoming a “puppet
master”) of the host cell (46), thereby regulating carbon (and
nutrient) cycling (47–49) (Figure 2B). These genes include
auxiliary metabolic genes (AMGs) that can regulate host
photosynthesis (46, 50), carbon metabolism (51) and other such
processes, which can alter the number, community structure and
function of microorganisms (52).

(iii) Altered community structure Viruses alter the abundance,
diversity and structure of microorganisms, including changing
the dominance of microbial species [e.g.; “Killing the Winner”
mechanism (53)] by modifying the magnitude of organic inputs.
Viral infections of plants and animals in the wider food web may
initially increase organic inputs due to increased mortality, but
may ultimately reduce inputs by decreasing their abundance, e.g.,
viral infections of green plants can reduce rates of photosynthesis
by up to 50% (54). Gene transfer can alter the availability
of different organic substrates by mediating carbon source
diversification processes (53, 55) which play an important role
in maintaining species richness and the amount of available
genomic information (52) (Figure 2C).

VIRUS DISTRIBUTIONS IN ECOSYSTEMS

Viruses are extremely abundant infectious agents that are
distributed throughout the biosphere (56), primarily in marine
(55%) and freshwater (40%) ecosystems and to a much lesser
extent in terrestrial ecosystems (<1%) (57).

In terrestrial systems, virions are easily adsorbed onto soil
particles, and the degree of adsorption is commonly > 90%
and reliant on soil properties including clay mineralogy,
cation exchange capacity, soil organic matter and pH,
as well as the type of virus (58). Thus, the migration
rate of viruses in soil is very slow, which may explain
why viruses have a weaker controlling effect on hosts in
terrestrial ecosystems compared to freshwater and marine
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FIGURE 2 | Three major mechanisms by which viruses affect microbial community structures and regulate carbon cycling. (A) Viruses infect microbial hosts and

invade and destroy microbial cells (lysis) leading to the direct release of carbon in dissolved organic matter (DOM). (B) After virus infection, gene transfer from the virus

(and/or previous host) previous host reprograms carbon metabolism. (C) Virus infection changes the magnitude of carbon inputs and changes microbial community

structure, e.g., “Killing the Winner” mechanism.

FIGURE 3 | Virus abundance within different ecosystems. Grayed and transparent areas represent virus abundance values in solid and liquid matrices, respectively. All

data in this figure were obtained through logarithms. CR, cropland; DE, Desert; FO, Forest; PA, Pasture; TU, Tundra; WE, Wetland; RI-S, River-Sediment; LA-S,

Lake-Sediment; MA-S, Marine-Sediment; CR-S, Cryoconite holes-Sediment; RI, River; LA, Lake; CO, Coastal; OF, Offshore; DE, Deep sea; IC, Ice; CR-W, Cryoconite

holes-Water. See Supplementary Table S3 for data sources.

ecosystems (59, 60). Water availability and temperature
control virus abundance in soils (40); desert soils have
the poorest virus abundance (4.7 × 104 gdw−1), while
forests and wetlands have the largest (4.9 × 108 gdw−1)
(Figure 3).

The abundance of phytoplankton hosts of viruses in rivers
and lakes is ∼4.8 × 107 L−1 and 3.5 × 107 L−1 (Figure 3),
respectively, which is frequently many times the magnitude of
resident bacterial abundance (42). Virus abundance in river
sediments is approximately 2.1 × 108 gdw−1, which is less than
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FIGURE 4 | Viruses are a “regulator” of the global ecosystem C cycle network. The gray arrows in the upper right corner of the diagram represent influence and the

red arrow represents regulation. The arrows show the roles that viruses play in the traditional food web, the “microbial loop” and the C cycle network of ecosystems.

Light green arrows represent the traditional food web, white arrows represent the microbial loop, white dotted arrows represent the contribution rate of C produced by

viral lysing of bacteria to the ecosystem DOC pool, and gray arrows represent the intersystem migration C process. Additionally, C reserves and the C exchange

volume are indicated in orange or yellow font. The schematic diagram of the freshwater ecosystem was similar to that of the marine ecosystem and is not shown

separately. The “microbial loop” is an important supplement to the classic food chain, wherein dissolved organic matter (DOM) is ingested by heterotrophic

“planktonic” bacteria during secondary production. These bacteria are then consumed by protozoa, copepods and other organisms, and eventually returned to the

classical food chain. DOM includes three categories according to biological availability: labile DOM (LDOM; ∼26 Gt C), semi-labile DOM (SLDOM; ∼50 Gt C) and

recalcitrant DOM (RDOM; ∼624 Gt C). All percentage values represent the flux of C fixed by primary producers (100%). See the Methods Section and

Supplementary Table S4 for data sources.

in lake sediments (4.2× 109 gdw−1) (Figure 3). Virus abundance
in rivers and lakes exhibit certain seasonal and spatial differences,
wherein the peak of abundance generally occurs in summer and
autumn (61). In wetland ecosystems, the average planktonic virus
abundance is 2.7× 1010 L−1, wherein corresponding abundances
during the rainy and dry seasons are 4.4× 1010 L−1 and 9.7× 109

L−1, respectively (62).
Virus abundance in marine ecosystems is > 1030 viruses,

accounting for 89.7% of all viruses (63) and is ∼108∼1011

L−1 in seawater. Compared to the seawater column, there are
less viruses in marine sediments (1.1 × 109 gdw−1) which
is similar to the amount in lake sediments, and both hold
more viruses than river sediments (Figure 3). There are more
than 5,000 virus species in every 100 L of seawater and up
to 1 million virus species per kilogram of marine sediment
(45); consequently, viruses contribute ∼94% of nucleic acid-
containing particles in ocean water (10). Viruses exist in all
marine environments, from shallow seas to deep oceans (64) and
from low-latitudinal eutrophic regions to polar sea ice (48, 65)

and their abundance is largest in the surface waters of tropical
and subtropical oceans and smallest in polar regions. Virus
abundance is least in the deep sea (5.2 × 108 L−1) and mid-
offshore surface waters (4.3 × 109 L−1) and greatest in coastal
waters (1.9× 1010 L−1) (Figure 3).

VIRAL IMPACTS ON ECOSYSTEM
CARBON CYCLES

By infecting and lysing microorganisms, viruses remove biomass
from the main food chain and convert particulate organic carbon
(POC) to dissolved organic carbon (DOC), forming a “viral
shunt” pathway (Figure 4) which accelerates the flow of energy
and carbon in the microbial loops of ecosystems (66–68). Most
DOC circulates several times within the bacteria-virus-DOC
cycle before being mineralized by the bacterial community,
reducing the potential for transfer to higher trophic levels (69).
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On land, DOC produced by viral lysis of bacteria contributes
∼2.6–12.6‰ to the soil DOC pool (excluding forest and desert;
to date, no studies have been published on bacterial mortality
caused by viral lysis in forest and desert soils) (Figure 4,
Supplementary Table S2). The scale at which viruses contribute
a regulatory carbon cycle function differs between terrestrial
ecosystems but is always important. Even in glacial ecosystems
where temperature maxima are < 0.1◦C, but that cover 15% of
the landmass of the planet, viral activity persists and is relatively
large in conditions that otherwise suppress most biological
activity (70). In the four terrestrial ecosystems of Wetland,
Cropland, Pasture and Tundra, viral lysis in tundra ecosystems
contributed the most to soil DOC, producing carbon emissions
of 927.1–4202.3mg C·kg−1 and accounting for 2.9–22.2‰ of
the total DOC pool, and least in wetland ecosystems, causing
carbon emissions of 273.5–968.4mg C·kg−1 and contributing
0.8–4.4‰ to the DOC pool (Supplementary Table S2). The
reasons for the difference between terrestrial ecosystems are
related to the potential for survival of viruses, and depends on
the availability of appropriate hosts and, therefore, the factors
controlling their community dynamics, e.g., water, temperature,
carbon and nutrient availability (71), and management.

Viruses play an important role in the ecological regulation
of lake carbon cycling processes, particularly in the flow and
re-assimilation of organic carbon produced by bacterial lysis.
In lake ecosystems, the mortality rate of bacteria caused by
viral lysis ranges from 2.5 to 74.0%, which is larger than
that caused by grazing by flagellates in certain lakes (72). The
carbon emissions caused by this process range from 6.7 to 196.8
µg C·L−1, which account for 0.7–61.5‰ of the total DOC
pool (Supplementary Table S2). In eutrophic lakes,∼29–79% of
organic carbon may be reused and recycled within the bacterial-
bacteriophage-DOC cycle (73). However, host mortality caused
by viral lysis is larger in oligotrophic freshwater ecosystems and
carbon release and recycling plays a critical role in microbial
survival (74). Thus, in regions where the proportion of bacteria
infected by virus is significantly larger, virusesmay be the primary
ecosystem regulators. In low-productivity freshwater ecosystems
dominated by microorganisms (such as lakes in polar and high
latitudinal regions), the microbial loop is the main flow pathway
of energy and carbon (75, 76). For example, the carbon released
by viral lysis is themainDOC source (60%) for lakes in Antarctica
(77). Furthermore, the relative contribution of viral lysis to the
DOC pool varies seasonally in polar and alpine regions where the
rates in winter may be far greater (60%) compared to summer
rates (<20%) (67). By comparison, in fluvial systems around one-
third (33.6%, corresponding to 0.6 Pg C yr−1) of globally-respired
carbon may pass through a viral loop (78). The proportion of
bacterial mortality caused by viral lysis in rivers is 0.8–17.9%,
emitting 2.1–47.6 µg C·L−1 and accounting for 0.4–8.4‰ of the
total DOC pool.

In marine ecosystems, ∼25% of ocean surface primary
productivity passes through the “viral shunt” pathway (Figure 4),
which results in the rapid circulation of DOC via an increase in
community respiration and a 33% decrease in carbon transfer
into higher trophic levels (79, 80). This mechanism promotes
carbon use efficiency and maintains sufficient carbon in surface

seawater and thus allows for greater oxidation (Figure 4), thereby
regulating marine carbon cycles (81) within the largest C
pool (82, 83). Here, phytoplankton, bacteria and other ocean
microorganisms are the main contributors to DOC (84, 85) and
between 6 and 26% of primary production enters the DOC pool
via viral-induced lysis (Figure 4).

Viral lysis of bacteria has obvious spatial characteristics
within different ocean environments. In offshore waters, viral
lysis causes the release of 0.2–3.2 µg C·L−1, which accounts
for 0.3–4.0‰ of the total organic carbon pool, while the
release of carbon in coastal waters is 0.5–3.4 µg C·L−1

(Supplementary Table S2). Most DOC produced by viral-
induced marine lysis is reincorporated by heterotrophic bacteria
as POC via the microbial loop, with the remainder as DOC (8–
42% in coastal waters and 6.8–25.0% in offshore waters). In deep
sea sediments, both viral infections and lysis can lead to the death
of> 80% of prokaryotes (or even 100%whenwater depth exceeds
1,000m) (84), releasing a large amount of DOC into the deep sea,
which significantly narrows the food chain and hastens organic
carbon recycling. Overall, viruses boost primary production and
sequestration in the deep ocean by helping to maintain nutrients
in surface waters that are accessible to sunlight.

INTERACTIONS BETWEEN VIRUSES,
ANTHROPOGENIC ACTIVITY AND
CLIMATE CHANGE

The changing relationships between humans and their
environment due to population increase and consumption
of natural resources tend to closer proximity between humans,
between humans and other species, and between humans and
environmental virus pools, intensifying the potential for the
spread of viral infection (Figure 5). From 2000 to 2016, the
average human death rate caused by viruses was ∼2.6 × 108

people per year, accounting for 12.9% of the total global annual
death rate (Supplementary Table S5).

Human activity, including urban expansion, biological
resource utilization and viral disease control measures, changes
the distribution and activity of viruses (14). Fluctuations or
changes in the regulatory state of viruses may subsequently
impact human welfare. For example, human viral disease,
including HIV/AIDS, measles, encephalitis, hepatitis and lower
and upper respiratory infections (37), are more frequent during
periods of social unrest and armed conflict (Figure 1). Indirect
effects of human activity on viruses include environmental
pollutants, such as chemical fertilizers (86), pesticides (87) and
heavy metals (88), that have diverse effects on virus dynamics
(89). The expansion of crop irrigation and the international trade
in plant products promote favorable conditions for widespread
outbreaks and destructive viral epidemics (6).

Shifting global weather patterns caused by climate change
affect the spread of viruses among people and vary between
ecosystems and geographical regions (6), altering the frequency
of severe epidemics (90). Increasing temperature, extreme
precipitation events and droughts caused by climate change may
facilitate the spread of viruses (91–94), including the release
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FIGURE 5 | The outbreak time, location and death toll of all viral epidemics on record. See Supplementary Table S1 for detailed information.

of viruses that have been stored for many millennia into the
meltwaters of retreating glaciers (95). However, climate change
may also reduce the incidence of viral disease; for example,
an increase in temperature can enhance enzyme activities,
promoting the degradation of viral capsid proteins (96).

The direct effects of the increasing incidence of human
viral disease on the carbon cycle is becoming clear through
our collective experience during the current global COVID-
19 pandemic. Alteration of human behavior enforced by
policy to reduce the risk of viral infection, such as self-
isolation, reduced travel and employment deferment, have
caused decreased global C emissions by −17 (ranging from
−11 to −25) Mt CO2 d−1, a reduction of 27 to 14%
compared to the 2019 mean emission level (20, 97–99).
This immediate pandemic-driven response has unintentionally
proven the potential of national policy to make a significant
impact on the global carbon cycle. A managed reduction of
greenhouse gas emissions to avoid global warming of 0.3◦C
by reducing 30–40 Gt fossil fuel CO2 emissions (22) appears
to be achievable if long-term national socioeconomic polices
are implemented.

Human well-being is threatened by insidious changes
in viral epidemiology and climate change caused by
anthropogenic activity. The global relationships between
virus pandemics, global warming and human behavior
is complex, but the overriding trend is toward the
acceleration of the spread and reproduction of viruses,
which may in turn accelerate the global carbon cycle.
Overall, the prediction of virus regulation feedbacks in the
Anthropocene must improve to provide theoretical and
practical support that promotes the harmonious coexistence
of humans and viruses as well as the stability and health of
ecosystems globally.

UNSEEN IMPACTS OF COVID-19 ON
GLOBAL CO2 EMISSIONS

Historically, climate change and large-scale and sudden
disasters have affected the survival and development of human
societies, even triggering the rapid demise of great dynasties
(100). Progressive growth of the global population enabled
by technological progress has deepened the penetration of
human activities into “ecosystem Earth” (101). Emerging
interrelationships between climate change, anthropogenic
activity and material cycles have been established. The
intensification of globalization and global climate change since
the beginning of the 20th century have co-occurred with the
increased frequency of ecological catastrophes including human-
and animal-borne diseases, biosecurity threats and super pests,
and “natural disasters” such as extreme temperatures, large-
scale forest fires, floods and droughts (Figure 6). Pressure on
natural systems to meet increasing human demand for food and
other animal products is driving increased emissions of CO2

[currently 26% (102)]. Observed changes in the relationship
between people and the wider food web during the COVID-19
pandemic presents opportunities to alter future trajectories of
CO2 emission from this source.

During 2020, restrictive policies on human activity imposed
in response to the spread of COVID-19 in many countries and
states across the world have seriously impacted the performance
of global markets, leading to building pressure within national
governments to release restrictions on human activity to support
economic recovery. However, a beneficial by-product of the
restrictive policies is a significant reduction in short-term carbon
emissions caused by the change in human behavior (20, 22, 98),
leading to calls for governments to use this opportunity to
formulate and implement Green Economic Recovery policies
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FIGURE 6 | Global reported natural disasters by type for 1970–2019 (https://ourworldindata.org/natural-disasters) (A) and the impact of the COVID-19 pandemic on

carbon emissions (B). Proposed omissions in carbon emissions related to the food web are described within the area of gray shading. The red roman numerals I-IV

correspond to estimation omissions described in the text. The red arrows outside the gray shaded area represent feedbacks and interactions within the virus-climate

change-anthropogenic activity-carbon cycle continuum. “+” indicates that the component is promoted and “-” indicates that the component is weakened. The values

in brackets are range in daily fossil CO2 emission on 7 April 2020 compared to mean daily 2019 levels 5, unit: MtCO2 day−1.

with the potential to reduce global warming to rates within
planetary boundaries (22). Climate-related disasters this year

(such as storms in Fiji, flooding in the middle and lower reaches
of the Yangtze River in China, droughts in southern African, and
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bushfires in Australia and California in the United States) and
the epidemic are intertwined (99). Poor human health, caused
by exposure to the consequences of climate-driven disasters
and other human-driven stressors of ecosystems, promotes
susceptibility to COVID-19 infection; for example, lung disease
due to increases in PM2.5 caused by industrial air pollution
(103) and wildfires. Balancing appropriate responses to these
interdependent phenomena poses a tremendous policy challenge
because of the growing recognition of feedbacks and interactions
between the spread and severity of the virus, anthropogenic
activity, the carbon cycle and climate change.

Global “black swan” events such as infectious disease
outbreaks can alter carbon emissions over the short-term
and may potentially affect the carbon balance of the Earth’s
ecosystems over the long-term. Viruses play key roles in
regulating ecosystem carbon cycling processes by impacting
material cycles and energy flows in the food web and the
microbial loop that regulates CO2 emissions from organic matter
decomposition, under the influence of anthropogenic activity
and climate change. Thus, sudden and large-scale viral outbreaks
function as “regulators” of the global carbon cycle with the
potential to rapidly sever the world’s ecosystem carbon balance
over a short timeframe (104). We are actively witnessing the
importance of the COVID-19 pandemic as a factor in the
reduction of anthropogenic-driven short-term carbon emissions,
but are unable to yet comprehend the potentially far-reaching and
longer-term impacts on carbon emissions from the entire food
web, a factor which has not been taken into account in recent
carbon emission estimation studies. Therefore, we propose that
major estimation omissions have been made to actual carbon
emission changes and the climate effects that these changes
engender, that are created by human responses to the COVID-
19 pandemic.

We propose that the reduction in emissions could be
moderated via direct and indirect impacts on the economic
activities of human society, particularly the consumption of
animals as food or for leisure activity (Figure 1B). Potential
unaccounted estimation omissions during the COVID-19
pandemic include:

(I) A halt in tourism and the withdrawal of labor from nature
reserves have led to an increase in wildlife poaching [for example,
recent rhino horn poaching incidents in India (105) and raptors
and fish in Europe (106)] and financial crises in zoos and wildlife
rehabilitation centers threaten the survival of species important
for ecotourism, including orangutans in Borneo (107).

(II) Shrinking fresh food markets selling farmed and wild
animal products in some regions including China and Africa
(108), have led to a decrease in the legal capture of wild
aquatic and terrestrial animals, with the fishing industry most
affected (109); whilst direct sales of fresh produce from farms
has increased as western consumers seek local and traceable
food options (110). Globally, the pandemic has disrupted the
food supply chain system. Disruptions in food markets and
workforces are causing a doubling of people facing severe hunger
and huge amounts of land, fertilizer, energy and water being
wasted. Among them, food waste has increased from about 8%
of global anthropogenic greenhouse gas emissions to a larger

proportion. In India, migrant workers are confined to their home
villages, leaving fresh fruit unpicked and rotting in the fields. In
the United States, the embodied carbon footprint of livestock
and dairy losses have reached at least 7.1 MtCO2e. In the EU,
the carbon footprint of potato waste (one of the lowest carbon
footprint foods) comes to 0.5 MtCO2e (111).

(III) The global economic slowdown has decreased demand
for industrially-produced commodities, thereby reducing direct
environmental pressure (112); however, the decline in centralized
management of protected areas may lead to higher rates of
unlawful resource exploitation, such as illegal logging that causes
the emission of previously sequestered carbon from standing
biomass and degraded soils (113).

(IV) In economically deprived regions, spikes in
unemployment and the loss of family income have increased the
dependency on local natural resources for wild sources of food
and fuel, and the increased exploitation of marginal lands for
agriculture, increasing risks to ecosystem integrity associated
with habitat and biodiversity loss (112, 114).

The prolonged economic downturn caused by the COVID-
19 pandemic and resulting series of policy decisions during
recovery may have a more profound and lasting impact on
carbon emissions (21). We identified two dominant factors
linked to changes in global carbon emissions caused by the
COVID-19 pandemic, (1) the widely acknowledged reduction
in carbon emissions through the sudden decline in fossil
fuel use caused by a decrease in anthropogenic activity,
and (2) the less well-documented change in carbon emission
rates caused by the cumulative impact of altered human
behavior propagating through the food web. We hypothesize
that the net effect of these two factors on the environment
is comparable to the effect of human population decrease
because the degree of human intervention in the ecological
environment during the viral outbreak is reduced, which is
similar to the impact of population decline. In other words, a
proportion of the reduction in overall carbon emissions is due
to Earth ecosystem compensation and feedback mechanisms,
resulting in a longer-term slowdown in carbon emissions than
estimated through traditional methods. However, as we have
described, the balance between promoting or reducing CO2

emissions for the long term depends on the policy-driven
encouragement of altered patterns of human consumption
that reduce pressure on the natural environment via the
food web.

CONCLUSION

Human well-being is threatened by insidious changes in viral
epidemiology and climate change caused by anthropogenic
activity. The global relationships between virus pandemics, global
warming and human behavior is complex, but the overriding
trend is toward the acceleration of the spread and reproduction
of viruses, which may in turn accelerate the global carbon
cycle. Overall, the prediction of virus regulation feedbacks in
the Anthropocene must improve to provide theoretical and
practical support that promotes the harmonious coexistence
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of humans and viruses as well as the stability and health of
ecosystems globally.

The maintenance of Earth ecosystem integrity is crucial
for the future sustainability of human society. COVID-19
has provided us with insight into the capability of people
to effect change collaboratively in the face of a common
threat. Post-pandemic, due to lags in feedback systems, the
indirect effects of a short-term reduction in anthropogenic
activities will gradually and distinctly manifest after lockdown
restrictions are lifted, potentially altering the status of the
carbon cycle balance of Earth’s ecosystems for the long-
term. Therefore, it is essential to secure a full comprehension
of the role that virus plays in global carbon cycling to
aid efforts to obtain more accurate measurements of actual
carbon emissions.

During the formulation of COVID-19 economic recovery
policies, policymakers must look beyond direct changes to
carbon emissions to the role and contribution of indirect
changes in carbon emissions. Critically, there is an urgent
need for research to establish how changes in anthropogenic
activities resonate through the food web and their consequent
expression as indirect contributions to carbon emissions. This
will allow for a more comprehensive and accurate platform
from which to judge overall ecosystem carbon emissions.
Globalization, urbanization and climate change are driving
increases in human connectivity making future global viral
epidemics inevitable. In response, we must attend to issues
related to maintaining ecosystem integrity to inform appropriate
policy responses through a detailed understanding of impacts
and feedbacks within the climate change-anthropogenic activity-
carbon cycle continuum.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

YG and GY: conceptualization. JJ, SL, and JL: resource and data
curation. YL, JD, and YL: writing-original draft. YG and JD:
writing-review and editing. All authors contributed to the article
and approved the submitted version.

FUNDING

This study was financially supported by the National Nature
Science Foundation of China (No. 31988102, 41922003,
and 42141015).

ACKNOWLEDGMENTS

The authors of this study would like to thank all reviewers
for their helpful remarks. We thank Brian Doonan (McGill
University, Canada) for his help in writing this paper and provide
useful suggestions.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.
2022.858615/full#supplementary-material

REFERENCES

1. SteffenW, Persson Å, Deutsch L, Zalasiewicz J, WilliamsM, Richardson K, et
al. The anthropocene: from global change to planetary stewardship. Ambio.

(2011) 40:739. doi: 10.1007/s13280-011-0185-x
2. Kilpatrick AM. Globalization, land use, and the invasion of west nile virus.

Science. (2011) 334:323–7. doi: 10.1126/science.1201010
3. Roux S, Brum JR, Dutilh BE, Sunagawa S, Duhaime MB, Loy A, et al.

Ecogenomics and potential biogeochemical impacts of globally abundant
ocean viruses. Nature. (2016) 537:689–93. doi: 10.1038/nature19366

4. Ellis EC, Ramankutty N. Putting people in the map: anthropogenic biomes
of the world. Front Ecol Environ. (2008) 6:439–47. doi: 10.1890/070062

5. Islam W, Zhang J, Adnan M, Noman A, Zainab M, Jian W. Plant virus
ecology: a glimpse of recent accomplishments. Appl Ecol Environ Res. (2017)
15:691–705. doi: 10.15666/aeer/1501_691705

6. Jones RA. Plant virus emergence and evolution: origins, new
encounter scenarios, factors driving emergence, effects of changing
world conditions, and prospects for control. Virus Res. (2009)
141:113–30. doi: 10.1016/j.virusres.2008.07.028

7. Kranzler CF, Krause JW, Brzezinski MA, Edwards BR, Biggs WP,
Maniscalco M, et al. Silicon limitation facilitates virus infection
and mortality of marine diatoms. Nature Microbiology. (2019)
4:1790–7. doi: 10.1038/s41564-019-0502-x

8. Roossinck MJ. The good viruses: viral mutualistic symbioses. Nat Rev

Microbiol. (2011) 9:99–108. doi: 10.1038/nrmicro2491
9. Mietzsch M, Agbandje-McKenna M. The good that viruses do. Annu Rev.

(2017) 4:iii–v. doi: 10.1146/annurev-vi-04-071217-100011

10. Suttle CA. Marine viruses—major players in the global ecosystem. Nat Rev
Microbiol. (2007) 5:801–12. doi: 10.1038/nrmicro1750

11. Thomas R, Berdjeb L, Sime-Ngando T, Jacquet S. Viral abundance,
production, decay rates and life strategies (lysogeny versus
lysis) in Lake Bourget (France). Environ Microbiol. (2011)
13:616–30. doi: 10.1111/j.1462-2920.2010.02364.x

12. Duhaime MB, Deng L, Poulos BT, Sullivan MB. Towards quantitative
metagenomics of wild viruses and other ultra-low concentration
DNA samples: a rigorous assessment and optimization of the
linker amplification method. Environ Microbiol. (2012) 14:2526–37.
doi: 10.1111/j.1462-2920.2012.02791.x

13. Danovaro R, Corinaldesi C, Dell’Anno A. Marine viruses and
global climate change. FEMS Microbiol Rev. (2011) 35:993–
1034. doi: 10.1111/j.1574-6976.2010.00258.x

14. Mojica KD, Brussaard CP. Factors affecting virus dynamics
and microbial host–virus interactions in marine environments.
FEMS Microbiol Ecol. (2014) 89:495–515. doi: 10.1111/1574-6941.
12343

15. Trisos CH, Merow C, Pigot AL. The projected timing of abrupt
ecological disruption from climate change. Nature. (2020) 580:496–
501. doi: 10.1038/s41586-020-2189-9

16. Worden AZ, Follows MJ, Giovannoni SJ, Wilken S, Zimmerman
AE, Keeling PJ. Rethinking the marine carbon cycle: factoring
in the multifarious lifestyles of microbes. Science. (2015)
347:1257594. doi: 10.1126/science.1257594

17. Alan Pounds J, Bustamante MR, Coloma LA, Consuegra JA,
Fogden MP, Foster PN, et al. Widespread amphibian extinctions

Frontiers in Public Health | www.frontiersin.org 11 March 2022 | Volume 10 | Article 858615

https://www.frontiersin.org/articles/10.3389/fpubh.2022.858615/full#supplementary-material
https://doi.org/10.1007/s13280-011-0185-x
https://doi.org/10.1126/science.1201010
https://doi.org/10.1038/nature19366
https://doi.org/10.1890/070062
https://doi.org/10.15666/aeer/1501_691705
https://doi.org/10.1016/j.virusres.2008.07.028
https://doi.org/10.1038/s41564-019-0502-x
https://doi.org/10.1038/nrmicro2491
https://doi.org/10.1146/annurev-vi-04-071217-100011
https://doi.org/10.1038/nrmicro1750
https://doi.org/10.1111/j.1462-2920.2010.02364.x
https://doi.org/10.1111/j.1462-2920.2012.02791.x
https://doi.org/10.1111/j.1574-6976.2010.00258.x
https://doi.org/10.1111/1574-6941.12343
https://doi.org/10.1038/s41586-020-2189-9
https://doi.org/10.1126/science.1257594
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Gao et al. Viruses Regulate C Cycle

from epidemic disease driven by global warming. Nature. (2006)
439:161–7. doi: 10.1038/nature04246

18. More AF, Loveluck CP, Clifford H, Handley MJ, Korotkikh EV,
Kurbatov AV, et al. The impact of a six-year climate anomaly
on the “Spanish Flu” pandemic and WWI. Geohealth. (2020)
4:e2020GH000277. doi: 10.1029/2020GH000277

19. Mwangi W, de Figueiredo P, Criscitiello MF. One health: addressing global
challenges at the nexus of human, animal, environmental health. PLoS
Pathog. (2016) 12:e1005731. doi: 10.1371/journal.ppat.1005731

20. Le Quéré C, Jackson RB, Jones MW, Smith AJ, Abernethy S, Andrew
RM, et al. (2020) Temporary reduction in daily global CO2 emissions
during the COVID-19 forced confinement. Nat Clim Chang. 10:647–
53. doi: 10.1038/s41558-020-0797-x

21. Diffenbaugh NS, Field CB, Appel EA, Azevedo IL, Baldocchi DD,
Burke M, et al. The COVID-19 lockdowns: a window into the Earth
System. Nat Rev Earth Environ. (2020) 1–12. doi: 10.1038/s43017-020-
0079-1

22. Forster PM, Forster HI, Evans MJ, Gidden MJ, Jones CD, Keller CA, et al.
Current and future global climate impacts resulting from COVID-19. Nat
Clim Chang. (2020) 10:1–7. doi: 10.1038/s41558-020-0883-0

23. Binder B. Reconsidering the relationship between virally induced bacterial
mortality and frequency of infected cells. Aquatic Microbial Ecology. (1999)
18:207–15. doi: 10.3354/ame018207

24. Li XL. Bacteriophage diversity, abundence and its role in the production of

disolved organic carbon in Napahai plateau wetland. Kunming University Of
Science And Technology, Kunming (2015).

25. Wilhelm SW, Suttle CA. Viruses and Nutrient Cycles in the Sea. Bioscience.
(1999) 49:781–8. doi: 10.2307/1313569

26. Jumars PA, Penry DL, Baross JA, Perry MJ, Frost BW. Closing the
microbial loop: dissolved carbon pathway to heterotrophic bacteria
from incomplete ingestion, digestion and absorption in animals. Deep

Sea Research Part A Oceanographic Research Papers. (1989) 36:483–
95. doi: 10.1016/0198-0149(89)90001-0

27. Fuhrman JA. Marine viruses and their biogeochemical and ecological effects.
Nature. (1999) 399:541–8. doi: 10.1038/21119

28. Chen F, Xu Q, Chen J, Birks HJB, Liu J, Zhang S, et al. East Asian summer
monsoon precipitation variability since the last deglaciation. Sci Rep. (2015)
5:11186. doi: 10.1038/srep11186

29. Chen F, Chen S, Zhang X, Chen J, Wang X, Gowan EJ, et al. Asian dust-storm
activity dominated by Chinese dynasty changes since 2000 BP.Nat Commun.

(2020) 11:1–7. doi: 10.1038/s41467-020-14765-4
30. Christiansen B, Charpentier Ljungqvist F. The extra-tropical

Northern Hemisphere temperature in the last two millennia:
reconstructions of low-frequency variability. Clim Past. (2012)
8:765–86. doi: 10.5194/cp-8-765-2012

31. Ge Q, Hao Z, Zheng J, Shao X. Temperature changes over the past 2000 yr
in China and comparison with the Northern Hemisphere. Clim Past. (2013)
9:1153. doi: 10.5194/cp-9-1153-2013

32. Gong S. Changes of the temporal-spatial distribution of epidemic disasters
in 770BC-AD1911 China. Acta Geographica Sinica. (2003) 58:870–8.
doi: 10.11821/xb200306010

33. Group CMHC. Chronology of Chinese Wars. Beijing: People’s Liberation
Army Press (2003).

34. ZhaoW, Xie S.Chinese PopulationHistory. People’s PublishingHouse (1988).
35. Kuzyakov Y, Mason-Jones K. Viruses in soil: Nano-scale undead drivers of

microbial life, biogeochemical turnover and ecosystem functions. Soil Biol.
(2018) 127:305–17. doi: 10.1016/j.soilbio.2018.09.032

36. Lee S, Fuhrman JA. Relationships between biovolume and biomass of
naturally derived marine bacterioplankton. Appl Environ Microbiol. (1987)
53:1298–303. doi: 10.1128/aem.53.6.1298-1303.1987

37. World Health Organization (WHO). Global Health Estimates 2016: Disease

burden by Cause, Age, Sex, by country and by region, Geneva (2018).
38. Emerson JB, Roux S, Brum JR, Bolduc B, Woodcroft BJ, Jang HB, et al. Host-

linked soil viral ecology along a permafrost thaw gradient. Nat Microbiol.

(2018) 3:870–80. doi: 10.1038/s41564-018-0190-y
39. Reavy B, Swanson MM, Taliansky M. Viruses in Soil. Springer Netherlands,

Germany (2014). doi: 10.1007/978-94-017-8890-8_8

40. Williamson KE, Fuhrmann JJ, Wommack KE, Radosevich M. Viruses in soil
ecosystems: an unknown quantity within an unexplored territory. Annu Rev

Virol. (2017) 4:201–19. doi: 10.1146/annurev-virology-101416-041639
41. de Cárcer DA, Lopez-Bueno A, Pearce DA, Alcamí A. Biodiversity

and distribution of polar freshwater DNA viruses. Sci Adv. (2015)
1:e1400127. doi: 10.1126/sciadv.1400127

42. Filippini M, Buesing N, Gessner MO. Temporal dynamics of freshwater
bacterio- and virioplankton along a littoral–pelagic gradient. Freshw Biol.

(2008) 53:1114–25. doi: 10.1111/j.1365-2427.2007.01886.x
43. Wommack K, Colwell R. Virioplankton: Viruses in aquatic ecosystems.

Microbiol Mol Biol Rev. (2000) 64:69. doi: 10.1128/MMBR.64.1.69-114.2000
44. Record NR, Talmy D, Våge S. Quantifying tradeoffs for marine viruses. Front

Mar Sci. (2016) 3:251. doi: 10.3389/fmars.2016.00251
45. Rohwer F, Thurber RV. Viruses manipulate the marine environment.Nature.

(2009) 459:207–12. doi: 10.1038/nature08060
46. Mann NH, Cook A, Millard A, Bailey S, Clokie M. Bacterial photosynthesis

genes in a virus. Nature. (2003) 424:741–741. doi: 10.1038/424741a
47. López-Bueno A, Tamames J, Velazquez D, Moya A, Quesada A, Alcami

A. High diversity of the viral community from an Antarctic Lake. Science.
(2009) 326:858–61. doi: 10.1126/science.1179287

48. Suttle CA. Viruses in the sea. Nature. (2005) 437:356–
61. doi: 10.1038/nature04160

49. Meunier A, Jacquet S. Do phages impact microbial dynamics, prokaryotic
community structure and nutrient dynamics in Lake Bourget? Biology Open.
(2015) 4:bio.013003. doi: 10.1242/bio.013003

50. Itai S, Ariella A, Forest R, Matthew H, Fabian G, Atamna-Ismaeel N, et al.
Photosystem I gene cassettes are present in marine virus genomes. Nature.
(2009) 461:258–62. doi: 10.1038/nature08284

51. Thompson LR, Zeng Q, Kelly L, Huang KH, Singer AU, Stubbe
J, et al. Phage auxiliary metabolic genes and the redirection of
cyanobacterial host carbon metabolism. Proc Nat Acad Sci. (2011)
108:E757–64. doi: 10.1073/pnas.1102164108

52. Weinbauer MG, Rassoulzadegan F. Are viruses driving
microbial diversification and diversity? Environ Microbiol. (2004)
6:1–11. doi: 10.1046/j.1462-2920.2003.00539.x

53. Thingstad TF, Lignell R. Theoretical models for the control of bacterial
growth rate, abundance, diversity and carbon demand. Aquatic Microbial

Ecology. (1997) 13:19–27. doi: 10.3354/ame013019
54. Swiech R, Browning S, Molsen D, Stenger DC, Holbrook GP. Photosynthetic

responses of sugar beet and Nicotiana benthamiana Domin. infected
with beet curly top virus. Physiol Mol Plant Pathol. (2001) 58:43–
52. doi: 10.1006/pmpp.2000.0310

55. Kolbasov D, Titov I, Tsybanov S, Gogin A, Malogolovkin A. African
swine fever virus, Siberia, Russia, 2017. Emerg Infect Dis. (2018)
24:796. doi: 10.3201/eid2404.171238

56. Handley SA, Virgin HW. Drowning in viruses. Cell. (2019) 177:1084–
5. doi: 10.1016/j.cell.2019.04.045

57. Schulz F, Roux S, Paez-Espino D, Jungbluth S, Walsh DA, Denef VJ, et al.
Giant virus diversity and host interactions through global metagenomics.
Nature. (2020) 578:432–6. doi: 10.1038/s41586-020-1957-x

58. Kimura M, Jia Z-J, Nakayama N, Asakawa S. Ecology of viruses in soils:
Past, present and future perspectives. Soil Science and Plant Nutrition. (2008)
54:1–32. doi: 10.1111/j.1747-0765.2007.00197.x

59. Wang GH. Lift Mysterious Veil of Soil Virus: ‘Dark Matter’ of
Soil Biota. Bulletin of Chinese Academy of Sciences. (2017) 32:575–84.
doi: 10.16418/j.issn.1000-3045.2017.06.004

60. Ballantyne AP, Alden CB, Miller JB, Tans PP, White JWC. Increase in
observed net carbon dioxide uptake by land and oceans during the last 50
years. Nature. (2012) 488:70–2. doi: 10.1038/nature11299

61. Pei D. Temporal and spatial distribution of virioplankton in Donghu lake and

preliminary study on its genetic diversity. Central China Normal University,
Wuhan (2007).

62. Roux S, Hallam SJ, Woyke T, Sullivan MB. Viral dark matter and virus
host interactions resolved from publicly available microbial genomes. eLife.
(2015) 4:e08490. doi: 10.7554/eLife.08490

63. Cobián Güemes AG, Youle M, Cantú VA, Felts B, Nulton J,
Rohwer F. Viruses as winners in the game of life. Annu Rev

Frontiers in Public Health | www.frontiersin.org 12 March 2022 | Volume 10 | Article 858615

https://doi.org/10.1038/nature04246
https://doi.org/10.1029/2020GH000277
https://doi.org/10.1371/journal.ppat.1005731
https://doi.org/10.1038/s41558-020-0797-x
https://doi.org/10.1038/s43017-020-0079-1
https://doi.org/10.1038/s41558-020-0883-0
https://doi.org/10.3354/ame018207
https://doi.org/10.2307/1313569
https://doi.org/10.1016/0198-0149(89)90001-0
https://doi.org/10.1038/21119
https://doi.org/10.1038/srep11186
https://doi.org/10.1038/s41467-020-14765-4
https://doi.org/10.5194/cp-8-765-2012
https://doi.org/10.5194/cp-9-1153-2013
https://doi.org/10.11821/xb200306010
https://doi.org/10.1016/j.soilbio.2018.09.032
https://doi.org/10.1128/aem.53.6.1298-1303.1987
https://doi.org/10.1038/s41564-018-0190-y
https://doi.org/10.1007/978-94-017-8890-8_8
https://doi.org/10.1146/annurev-virology-101416-041639
https://doi.org/10.1126/sciadv.1400127
https://doi.org/10.1111/j.1365-2427.2007.01886.x
https://doi.org/10.1128/MMBR.64.1.69-114.2000
https://doi.org/10.3389/fmars.2016.00251
https://doi.org/10.1038/nature08060
https://doi.org/10.1038/424741a
https://doi.org/10.1126/science.1179287
https://doi.org/10.1038/nature04160
https://doi.org/10.1242/bio.013003
https://doi.org/10.1038/nature08284
https://doi.org/10.1073/pnas.1102164108
https://doi.org/10.1046/j.1462-2920.2003.00539.x
https://doi.org/10.3354/ame013019
https://doi.org/10.1006/pmpp.2000.0310
https://doi.org/10.3201/eid2404.171238
https://doi.org/10.1016/j.cell.2019.04.045
https://doi.org/10.1038/s41586-020-1957-x
https://doi.org/10.1111/j.1747-0765.2007.00197.x
https://doi.org/10.16418/j.issn.1000-3045.2017.06.004
https://doi.org/10.1038/nature11299
https://doi.org/10.7554/eLife.08490
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Gao et al. Viruses Regulate C Cycle

Virol. (2016) 3:197–214. doi: 10.1146/annurev-virology-100114-0
54952

64. Thurber RV, Payet JP, Thurber AR, Correa AM. Virus–host interactions
and their roles in coral reef health and disease. Nat Rev Microbiol. (2017)
15:205–16. doi: 10.1038/nrmicro.2016.176

65. Weynberg KD. Viruses in Marine Ecosystems: From Open Waters to Coral

Reefs, Advances in Virus Research. Amsterdam: Elsevier (2018). p. 1–38.
p. 1–38. doi: 10.1016/bs.aivir.2018.02.001

66. Middelboe M, Kroer N. Effects of viruses on nutrient turnover and growth
efficiency of noninfected marine bacterioplankton. Appl Environ Microbiol.

(1996) 62:1991–7. doi: 10.1128/aem.62.6.1991-1997.1996
67. Säwström C, Anesio MA, Granéli W, Laybourn-Parry J. Seasonal viral loop

dynamics in two large ultraoligotrophic Antarctic freshwater lakes. Microb

Ecol. (2007) 53:1–11. doi: 10.1007/s00248-006-9146-5
68. Thingstad TF. Elements of a theory for the mechanisms

controlling abundance, diversity, and biogeochemical role of lytic
bacterial viruses in aquatic systems. Limnol Oceanogr. (2000)
45:1320–8. doi: 10.4319/lo.2000.45.6.1320

69. Murray AG, Eldridge PM. Marine viral ecology: incorporation of
bacteriophage into the microbial planktonic food web paradigm. J Plankton
Res. (1994) 16:627–41. doi: 10.1093/plankt/16.6.627

70. Anesio AM, Hodson AJ, Fritz A, Psenner R, Sattler B. High microbial activity
on glaciers: importance to the global carbon cycle. Glob Chang Biol. (2009)
15:955–60. doi: 10.1111/j.1365-2486.2008.01758.x

71. Bonetti G, Trevathan-Tackett SM, Carnell PE, Macreadie PI. Implication
of viral infections for greenhouse gas dynamics in freshwater
wetlands: challenges and perspectives. Front Microbiol. (2019)
10:1962. doi: 10.3389/fmicb.2019.01962

72. Lymer D, Lindström ES, Vrede K. Variable importance of viral-induced
bacterial mortality along gradients of trophic status and humic content in
lakes. Freshw Biol. (2008) 53:1101–13. doi: 10.1111/j.1365-2427.2008.02015.x

73. Fischer U, Velimirov B. High control of bacterial production by
viruses in a eutrophic oxbow lake. Aquat Microb Ecol. (2002) 27:1–
12. doi: 10.3354/ame027001

74. Hurwitz BL, Deng L, Poulos BT, Sullivan MB. Evaluation of methods to
concentrate and purify ocean virus communities through comparative,
replicated metagenomics. Environ Microbiol. (2013) 15:1428–40.
doi: 10.1111/j.1462-2920.2012.02836.x

75. Madan NJ, Marshall WA, Laybourn-Parry J. Virus and microbial loop
dynamics over an annual cycle in three contrasting Antarctic lakes. Freshw
Biol. (2005) 50:1291–300. doi: 10.1111/j.1365-2427.2005.01399.x

76. Yau S, Lauro FM, DeMaere MZ, Brown MV, Thomas T, Raftery MJ, et al.
Virophage control of antarctic algal host-virus dynamics. Proc Natl Acad Sci

U S A. (2011) 108:6163–8. doi: 10.1073/pnas.1018221108
77. Säwström C, Pearce I, Davidson AT, Rosén P, Laybourn Parry J. Influence

of environmental conditions, bacterial activity and viability on the viral
component in 10 Antarctic lakes. Fems Microbiology Ecology. (2008) 63:12–
22. doi: 10.1111/j.1574-6941.2007.00407.x

78. Peduzzi P. Virus ecology of fluvial systems: a blank spot on the map?
Biological reviews. (2015) 91:937–49. doi: 10.1111/brv.12202

79. Breitbart M, Chelsea B, Kema M, Natalie A S. Phage puppet
masters of the marine microbial realm. Nat Microbiol. (2018)
3:754–66. doi: 10.1038/s41564-018-0166-y

80. Finke JF. Environmental and genomic insights into marine virus populations

and communities. University of British Columbia, Britain (2017).
81. Wigington CH, Sonderegger D, Brussaard CP, Buchan A, Finke JF,

Fuhrman JA, et al. Re-examination of the relationship between
marine virus and microbial cell abundances. Nat Microbiol. (2016)
1:15024. doi: 10.1038/nmicrobiol.2015.24

82. Martinez-Hernandez F, Fornas O, Gomez ML, Bolduc B, de La Cruz Peña
MJ, Martínez JM, et al. Single-virus genomics reveals hidden cosmopolitan
and abundant viruses. Nat Commun. (2017) 8:1–13. doi: 10.1038/ncomms
15892

83. Chen Y, Li XK, Si J, Wu GJ, Tian LD, Xiang SR. Changes of the
bacterial abundance and communities in shallow ice cores from Dunde
and Muztagata glaciers, western China. Front Microbiol. (2016) 7:1716.
doi: 10.3389/fmicb.2016.01716.

84. Jiao N, Herndl GJ, Hansell DA, Benner R, Kattner G, Wilhelm
SW, et al. Microbial production of recalcitrant dissolved
organic matter: long-term carbon storage in the global ocean.
Nat Rev Microbiol. (2010) 8:593–9. doi: 10.1038/nrmicro
2386

85. Jiao NZ, Zhang CL, Chen F, Kan JJ, Zhang F. Frontiers and technological
advances in microbial processes and carbon cycling in the ocean. In: Mertens
LP. Biological Oceanography Research Trends. New York: NOVA Science
Publishers Inc (2008). p. 217–67.

86. Sseruwagi P, Otim-Nape G, Osiru DS, Thresh Jm. Influence of NPK fertiliser
on populations of the whitefly vector and incidence of cassava mosaic
virus disease. Afr Crop Sci J. (2003) 11:171–9. doi: 10.4314/acsj.v11i3.
27568

87. Waziry PAF, Raja A, Salmon C, Aldana N, Damodar S, Fukushima AR,
et al. Impact of pyriproxyfen on virus behavior: implications for pesticide-
induced virulence and mechanism of transmission. Virol J. (2020) 17:1–
8. doi: 10.1186/s12985-020-01378-y

88. Morrison J. Copper’s Virus-Killing Powers Were Known Even to the

Ancients. Smithsonian Magazine (2020). Available online at: https://www.
smithsonianmag.com/science-nature/copper-virus-kill-180974655/

89. Tsatsakis A, Petrakis D, Nikolouzakis TK, Docea AO, Calina D, Vinceti
M, et al. COVID-19, an opportunity to reevaluate the correlation
between long-term effects of anthropogenic pollutants on viral
epidemic/pandemic events and prevalence. Food Chem Toxicol. (2020)
141:111418. doi: 10.1016/j.fct.2020.111418

90. Gong SS, Xie HC, Chen FH. Spatiotemporal change of epidemics and its
relationship with human living environments in China over the past 2200
years. Sci China Earth Sci. (2020) 63:1223–6. doi: 10.1007/s11430-020-9608-x

91. Bayard V, Kitsutani PT, Barria EO, Ruedas LA, Tinnin DS, Muñoz C,
et al. Outbreak of hantavirus pulmonary syndrome, Los Santos, Panama,
1999–2000. Emerg Infect Dis. (2004) 10:1635. doi: 10.3201/eid1009.040143

92. Diaz HF, McCabe GJ. A possible connection between the 1878 yellow fever
epidemic in the southern United States and the 1877–78 El Niño episode.
Bull Am Meteorol Soc. (1999) 80:21–28.

93. Jones R. Future scenarios for plant virus pathogens as climate
change progresses, advances in virus research. Elsevier (2016). p.
87–147. doi: 10.1016/bs.aivir.2016.02.004

94. Mirsaeidi M, Motahari H, Taghizadeh Khamesi M, Sharifi A, Campos M,
Schraufnagel DE. Climate change and respiratory infections.Ann AmThorac

Soc. (2016) 13:1223–30. doi: 10.1513/AnnalsATS.201511-729PS
95. Zhong ZP, Tian F, Roux S, Gazitúa MC, Solonenko NE, Li YF, et al. Glacier

ice archives nearly 15,000-year-oldmicrobes and phages. Microbiome (2021)
9:160. doi: 10.1186/s40168-021-01106-w

96. Yao TD, Liu YQ, Kang SC, Jiao NZ, Zeng YH, Liu XB, Zhang YJ.
Bacteria variabilities in a Tibetan ice core and their relations with climate
change. Global Biogeochem Cy. (2008) 22:GB4017. doi: 10.1029/2007GB0
03140

97. International Energy Agency (IEA). Global Energy Review 2020: the impacts

of the Covid-19 crisis on global energy demand and CO2 emissions. Paris:
IEA (2020).

98. Liu Z, Ciais P, Deng Z, Lei R, Davis SJ, Feng S, et al. Near-real-time
monitoring of global CO2 emissions reveals the effects of the COVID-
19 pandemic. Nat Commun. (2020) 11:1–12. doi: 10.1038/s41467-020-
18922-7

99. Phillips CA, Caldas A, Cleetus R, Dahl KA, Declet-Barreto J, Licker R, et
al. Compound climate risks in the COVID-19 pandemic. Nat Clim Change.

(2020)10:1–3. doi: 10.1038/s41558-020-0804-2
100. Zhang P, Cheng H, Edwards RL, Chen F, Wang Y, Yang X, et al. A test

of climate, sun, and culture relationships from an 1810-year Chinese cave
record. Science. (2008) 322:940–2. doi: 10.1126/science.1163965

101. Vignieri S, Fahrenkamp-Uppenbrink J. Ecosystem earth. Science. (2017)
356:258–9. doi: 10.1126/science.356.6335.258

102. Poore J, Nemecek T. Reducing food’s environmental impacts
through producers and consumers. Science. (2018) 360:987–
92. doi: 10.1126/science.aaq0216

103. Wu X, Nethery RC, Sabath BM, Braun D, Dominici F. Wu X, Nethery
RC, Sabath BM, Braun D, Dominici F. Exposure to air pollution and

Frontiers in Public Health | www.frontiersin.org 13 March 2022 | Volume 10 | Article 858615

https://doi.org/10.1146/annurev-virology-100114-054952
https://doi.org/10.1038/nrmicro.2016.176
https://doi.org/10.1016/bs.aivir.2018.02.001
https://doi.org/10.1128/aem.62.6.1991-1997.1996
https://doi.org/10.1007/s00248-006-9146-5
https://doi.org/10.4319/lo.2000.45.6.1320
https://doi.org/10.1093/plankt/16.6.627
https://doi.org/10.1111/j.1365-2486.2008.01758.x
https://doi.org/10.3389/fmicb.2019.01962
https://doi.org/10.1111/j.1365-2427.2008.02015.x
https://doi.org/10.3354/ame027001
https://doi.org/10.1111/j.1462-2920.2012.02836.x
https://doi.org/10.1111/j.1365-2427.2005.01399.x
https://doi.org/10.1073/pnas.1018221108
https://doi.org/10.1111/j.1574-6941.2007.00407.x
https://doi.org/10.1111/brv.12202
https://doi.org/10.1038/s41564-018-0166-y
https://doi.org/10.1038/nmicrobiol.2015.24
https://doi.org/10.1038/ncomms15892
https://doi.org/10.3389/fmicb.2016.01716
https://doi.org/10.1038/nrmicro2386
https://doi.org/10.4314/acsj.v11i3.27568
https://doi.org/10.1186/s12985-020-01378-y
https://www.smithsonianmag.com/science-nature/copper-virus-kill-180974655/
https://www.smithsonianmag.com/science-nature/copper-virus-kill-180974655/
https://doi.org/10.1016/j.fct.2020.111418
https://doi.org/10.1007/s11430-020-9608-x
https://doi.org/10.3201/eid1009.040143
https://doi.org/10.1016/bs.aivir.2016.02.004
https://doi.org/10.1513/AnnalsATS.201511-729PS
https://doi.org/10.1186/s40168-021-01106-w
https://doi.org/10.1029/2007GB003140
https://doi.org/10.1038/s41467-020-18922-7
https://doi.org/10.1038/s41558-020-0804-2
https://doi.org/10.1126/science.1163965
https://doi.org/10.1126/science.356.6335.258
https://doi.org/10.1126/science.aaq0216
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Gao et al. Viruses Regulate C Cycle

COVID-19 mortality in the United States. Sci Adv. (2020) 6:eabd4049.
doi: 10.1126/sciadv.abd4049

104. Legendre M, Bartoli J, Shmakova L, Jeudy S, Labadie K, Adrait A, et al.
Thirty-thousand-year-old distant relative of giant icosahedral DNA viruses
with a pandoravirus morphology. Proc Natl Acad Sci USA. (2014) 111:4274–
9. doi: 10.1073/pnas.1320670111

105. van Dorn A, Cooney RE. Sabin ML. COVID-19 exacerbating inequalities
in the US. Lancet. (2020) 395:1243–4. doi: 10.1016/S0140-6736(20)
30893-X

106. Wordley C. Europe’s raptors and fish hit by poaching under lockdown (2020).
Available online at: https://www.dw.com/en/europes-raptors-and-fish-hit-
by-poaching-under-lockdown/a-53913328

107. Gokkon B. (2020) For indonesia’s captive wildlife, lockdown measures may
prove deadly. May 19. https://news.mongabay.com/2020/05/for-indonesias-
captive-wildlife-lockdown-measures-may-prove-deadly/

108. McNamara J, Robinson EJ, Abernethy K, Iponga DM, Sackey HN, Wright
JH, et al. COVID-19, systemic crisis, and possible implications for the
wild meat trade in Sub-Saharan Africa. Environ Resource Econ. (2020)
1–22. doi: 10.1007/s10640-020-00474-5

109. Arony E. How is covid-19 affecting the fisheries and aquaculture food
systems. Global Fishing Watch (2020). Available online at: https://
globalfishingwatch.org/news-views/peruvian-fisheries-covid-19/

110. Jagt R. COVID-19 has broken the global food supply chain. So now
what? (2020). Available online at: https://www2.deloitte.com/nl/nl/pages/
consumer/articles/food-covid-19-reshaping-supply-chains.html#

111. Bajzelj B. As the coronavirus pandemic disrupts supply chains around
the world, it is likely that more food is being wasted than ever before
at a time when more people are also going hungry (2020). Available
online at: https://www.carbonbrief.org/guest-post-coronavirus-food-waste-

comes-with-huge-carbon-footprint?utm_campaign=Carbon%20Brief
%20Daily%20Briefingandutm_medium=emailandutm_source=Revue
%20newsletter

112. Rondeau D, Perry B, Grimard F. The Consequences of COVID-19 and
Other Disasters for Wildlife and Biodiversity. Environ Resource Econ. (2020)
1–17. doi: 10.1007/s10640-020-00480-7

113. Foroudi L. Under the cover of lockdown, illegal logging surges in tunisia
(2020). Available online at: https://news.trust.org/item/20200501041915-
qph07

114. Taylor M. Wildlife populations in free fall as forests cut to grow food (2020).
Available online at: https://news.trust.org/item/20200909221039-mowst/

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Gao, Lu, Dungait, Liu, Lin, Jia and Yu. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Public Health | www.frontiersin.org 14 March 2022 | Volume 10 | Article 858615

https://doi.org/10.1126/sciadv.abd4049
https://doi.org/10.1073/pnas.1320670111
https://doi.org/10.1016/S0140-6736(20)30893-X
https://www.dw.com/en/europes-raptors-and-fish-hit-by-poaching-under-lockdown/a-53913328
https://www.dw.com/en/europes-raptors-and-fish-hit-by-poaching-under-lockdown/a-53913328
https://news.mongabay.com/2020/05/for-indonesias-captive-wildlife-lockdown-measures-may-prove-deadly/
https://news.mongabay.com/2020/05/for-indonesias-captive-wildlife-lockdown-measures-may-prove-deadly/
https://doi.org/10.1007/s10640-020-00474-5
https://globalfishingwatch.org/news-views/peruvian-fisheries-covid-19/
https://globalfishingwatch.org/news-views/peruvian-fisheries-covid-19/
https://www2.deloitte.com/nl/nl/pages/consumer/articles/food-covid-19-reshaping-supply-chains.html#
https://www2.deloitte.com/nl/nl/pages/consumer/articles/food-covid-19-reshaping-supply-chains.html#
https://www.carbonbrief.org/guest-post-coronavirus-food-waste-comes-with-huge-carbon-footprint?utm_campaign=Carbon%20Brief%20Daily%20Briefingandutm_medium=emailandutm_source=Revue%20newsletter
https://www.carbonbrief.org/guest-post-coronavirus-food-waste-comes-with-huge-carbon-footprint?utm_campaign=Carbon%20Brief%20Daily%20Briefingandutm_medium=emailandutm_source=Revue%20newsletter
https://www.carbonbrief.org/guest-post-coronavirus-food-waste-comes-with-huge-carbon-footprint?utm_campaign=Carbon%20Brief%20Daily%20Briefingandutm_medium=emailandutm_source=Revue%20newsletter
https://www.carbonbrief.org/guest-post-coronavirus-food-waste-comes-with-huge-carbon-footprint?utm_campaign=Carbon%20Brief%20Daily%20Briefingandutm_medium=emailandutm_source=Revue%20newsletter
https://doi.org/10.1007/s10640-020-00480-7
https://news.trust.org/item/20200501041915-qph07
https://news.trust.org/item/20200501041915-qph07
https://news.trust.org/item/20200909221039-mowst/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

	The ``Regulator'' Function of Viruses on Ecosystem Carbon Cycling in the Anthropocene
	Introduction
	Methods
	Modeling Viral Impacts on Ecosystem Carbon Cycles
	Data Sources

	Viral Regulation of Ecosystem Carbon Cycling
	Virus Distributions in Ecosystems
	Viral Impacts on Ecosystem Carbon Cycles
	Interactions Between Viruses, Anthropogenic Activity and Climate Change
	Unseen Impacts of COVID-19 on Global CO2 Emissions
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


