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Earth: Matter does not come and go

Earth is a Closed System to Matter
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Biogeochemical Cycles

What happens to the organic matter that is produced on Earth during 
photosynthetic processes?

This material does not keep accumulating. Rather, it is consumed
and degraded, and made the balance of carbon; carbon dioxide is 
removed from the atmosphere during photosynthesis and released 
during respiration. 

This balance is a result of the biologically driven, characteristic cycling of 
carbon between biotic forms such as sugar or other cellular building blocks
and abiotic forms such as carbon dioxide.

Cycling between biotic and abiotic forms is not limited to carbon.



4

All of the major elements found in biological organisms, as well as some of the 
minor and trace elements, are similarly cycled in definable ways. 

All trace elements combined 
comprise 0.3% of dry weight of cell

Trace elements
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Minor elements
Potassium
Calcium
Magnesium
Chlorine
Iron

50
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Major elements
Carbon
Oxygen
Hydrogen
Nitrogen
Sulfur
Phosphorus

% Dry mass of an E. coli CellElement breakdown

Chemical composition of 
an E. coli Cell. 
adapted from Ages of Gaia
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Taken together, the various element cycles are called the bio-geo-
chemical cycles.

Understanding these cycles allows scientists to understand and predict the 
development of microbial communities and activities in the environment. 

There are many activities that can be harnessed تسخیرھا  in a beneficial 
way, such as for remediation of organic and metal pollutants or for 
recovery of precious  قیمة metals such as Copper or Uranium from 
ores.

There are also detrimental aspects of the cycles that can cause 
global environmental problems such as the formation of acid rain and 
acid mine drainage, metal corrosion processes, and formation of 
nitrous oxide, which can deplete Earth's ozone layer. 
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As these examples illustrate, the microbial activities that drive 
biogeochemical cycles are highly relevant to the field of 
environmental microbiology. 

The knowledge of these cycles is increasingly critical 
as the human population continues to grow and the 
impact of human activity on Earth's environment 
becomes more significant. 
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Biogeochemical Cycles: Reservoirs & Pathways

Atmosphere

Hydrosphere
Lithosphere

Biosphere
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Gaia Hypothesis

In the early 1970s, James Lovelock theorized that Earth behaves like 
a superorganism, and this concept developed into what is now 
known as the Gaia hypothesis.

"Living organisms and their material environment are 
tightly coupled. The coupled system is a superorganism, 
and as it evolves  there emerges a new property, the  تطور
ability to self-regulate climate and chemistry."

The basic tenet of this hypothesis is that Earth's physicochemical properties 
are self-regulated so that they are maintained in a favorable range for life.

As evidence for this, consider that the sun has heated up by 30%
during the past 4-5 billion years. Given Earth's original carbon 
dioxide-rich atmosphere, the average surface temperature of a 
lifeless Earth today would be approximately 290°C.
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13290 ± 50-53459Surface temperature oC

1.7 ppm0.00.00.0Methane

1%0.1%1.6%70 ppmArgon

21%0.00.13%TraceOxygen

9%1.9%2.7%3.5%Nitrogen

0.03%98%95%96.5%Carbon dioxide

Earth with lifeEarth without 
life

MarsVenusGas

Atmosphere and temperatures found on Venus, Mars, and Earth plane
Adapted from Lovelock, 1995
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when one compares Earth's present-day atmosphere with the atmospheres 
found on our nearest neighbors Venus and Mars الزھرة والمریخ , one can see 
that something has drastically affected the development of Earth's 
atmosphere.

According to the Gaia hypothesis, this is the development and continued 
presence of life.

Microbial activity, and later the appearance of plants, have changed 
the original heat-trapping carbon dioxide-rich atmosphere to the 
present oxidizing, carbon dioxide-poor atmosphere. 

This has allowed Earth to maintain an average surface temperature of 
l3oC, which is favorable to the life that exists on Earth.
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How do biogeochemical activities relate to the Gaia 
hypothesis?

These biological activities have driven the response to the slow warming 
of the sun, resulting in the major atmospheric changes that have occurred 
over the last 4-5 billion years.

When Earth was formed 4-5 billion years ago, a reducing (anaerobic) 
atmosphere existed.

The initial reactions that mediated the formation of organic carbon 
were abiotic, driven by large influxes of ultraviolet (UV) light. 

The resulting reservoir of organic matter was utilized by early 
anaerobic heterotrophic organisms.

This was followed by the development of the ability of microbes to 
fix carbon dioxide photosynthetically. 
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Evidence from stromatolite fossils suggests that the ability to 
photosynthesize was developed at least 3.5 billion years ago. Stromatolites 

are fossilized laminated structures that have been found in Africa and 
Australia.

Stromatolites: are layered 
accretionary structures تراكمي
formed in shallow water by the 
trapping, binding and 
cementation of sedimentary 
grains by biofilms of 
microorganisms, especially 
cyanobacteria (commonly known 
as blue-green algae). They 
include some of the most ancient 
records of life on Earth. 
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Although the topic is hotly debated, there is evidence that these structures 
were formed by photosynthetic microorganisms (first anaerobic, then 
cyanobacterial) that grew in mats and entrapped or precipitated inorganic 
material as they grew.

The evolution of photosynthetic organisms tapped into an unlimited 
source of energy, the sun, and provided a mechanism for carbon 
recycling, that is, the first carbon cycle.

This first carbon cycle was maintained for approximately 1.5 billion years. 
Geologic evidence then suggests that approximately 2 billion years ago, 
photosynthetic microorganisms developed the ability to produce oxygen.

This allowed oxygen to accumulate in the atmosphere, resulting, in time, 
in a change from reducing to oxidizing conditions. 

Further, oxygen accumulation in the atmosphere created an ozone 
layer, which reduced the influx of harmful UV radiation, allowing 
the development of higher forms of life to begin. 
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The carbon cycle is dependent on autotrophic organisms that fix carbon 
dioxide into organic carbon and hetrotrophic organisms that respire organic 
carbon to carbon dioxide.
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At the same time that the carbon cycle evolved, the nitrogen cycle 
emerged because nitrogen was a limiting element for microbial growth. 

Although molecular nitrogen was abundant in the atmosphere, microbial 
cells could not directly utilize nitrogen as N2 gas. 

Cells require organic nitrogen compounds or reduced inorganic forms of 
nitrogen for growth. 

Therefore, under the reducing conditions found on early Earth, some 
organisms developed a mechanism for fixing nitrogen using the 
enzyme nitrogenase. 

Nitrogen fixation remains an important microbiological process, and to this 
day, the majority of nitrogenase enzymes are totally inhibited in the 
presence of oxygen. 

When considered over this geologic time scale of several billion
years, it is apparent that biogeochemical activities have been 
unidirectional. 
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This means that the predominant microbial activities on earth have evolved 
over this long period of time to produce changes and to respond to changes 
that have occurred in the atmosphere, namely, the appearance of oxygen 
and the decrease in carbon dioxide content.

Presumably these changes will continue to occur, but they occur so slowly 
that we do not have the capacity to observe them.
One can also consider biogeochemical activities on a more contemporary  معاصر
time scale, that of tens to hundreds of years. 

On the one hand, the presumption  الفرضیة that Earth is a super-
organism and can respond to drastic environmental changes is 
heartening مشجع when one considers that human activity is effecting 
 unexpected changes in the atmosphere, such as ozone depletion إحداث
and buildup of carbon dioxide.

However, it is important to point out that the response of a 
superorganism is necessarily slow (thousands to millions of years), 
and as residents of Earth we must be sure not to overtax أرھق Earth's 
ability to respond to change by artificially changing the environment 
in a much shorter time frame.
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Carbon Reservoirs

A reservoir is a sink or source of an element such as carbon. 

There are various global reservoirs of carbon, some of which are immense 
 .in size and some of which are relatively small ھائل

The largest carbon reservoir is carbonate rock found in Earth's sediments.

This reservoir is four orders of magnitude larger than the carbonate 
reservoir found in the ocean and six orders of magnitude larger than 
the carbon reservoir found as carbon dioxide in the atmosphere.

If one considers these three reservoirs, it is obvious that the carbon 
most available for photosynthesis, which requires carbon dioxide, is 
in the smallest of the reservoirs, the atmosphere. 

CARBON CYCLE
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Therefore, it is the smallest reservoir that is most actively cycled.

In fact, since global industrialization began in the late 1800s,
humans have affected several of the smaller carbon reservoirs.

Utilization of fossil fuels (an example of a small, inactive carbon reservoir) 
and deforestation إزالة الغابات (an example of a small, active carbon 
reservoir) are two activities that have reduced the amount of fixed organic 
carbon in these reservoirs and added to the atmospheric carbon dioxide 
reservoir.

The increase in atmospheric carbon dioxide has not been as great
as expected. 

This is because the reservoir of carbonate found in the ocean acts as a 
buffer between the atmospheric and sediment carbon reservoirs through 
the equilibrium equation

H2CO3 HCO3
- CO2

Sediment                              Ocean                     Atmosphere



19

Thus, some of the excess carbon dioxide that has been released has been 
absorbed by the oceans. However, there has still been a net efflux of 
carbon dioxide into the atmosphere of approximately 7 X 109 metric 
tons/year. 

The problem with this imbalance is that because atmospheric carbon 
dioxide is a small carbon reservoir, the result of a continued net efflux over 
the past 100 years or so has been a 28% increase in atmospheric carbon 
dioxide from 0.026% to 0.033%.

A consequence of the increase in atmospheric carbon dioxide is that 
it contributes to global warming through the greenhouse effect. 

The greenhouse effect is caused by gases in the atmosphere that trap 
heat from the sun and cause Earth to warm up. This effect is not solely due 
to carbon dioxide; other gases such as methane, Chloro-FluoroCarbons
(CFCs), and nitrous oxide contribute to the problem. 
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Yes
Yes
Yes
No

5.0 x 1011

1.2 x 1012

1.0 x 1013

1.2 x 1017

Land
Biota
Humus
Fossil fuel
Earth's crust*

No
No
Yes

4.0 x 109

3.8 x 1013

2.1 x 1012

Ocean
Biomass
Carbonates
Dissolved and 
particulate organics

Yes6.7 x 1011

Atmosphere
CO2

Actively cycledMetric tons CarbonCarbon Reservoir

Global Carbon reservoir, data from Dobrovolsky, 1994

* This reservoir includes the entire Iithosphere found in either terrestrial or ocean environments
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9 x 109Annual flux

-3 x 109Net uptake by oceans (diffusion)

-4 x 109Forest regrowth

6 x 109Forest harvest and decay

3 x 109Land cleaning

7 x 109Release by fossil fuel combustion

Flux (metric tons carbon/year)Carbon source

Net Carbon Flux between Selected Carbon Reservoirs, adapted from Atlas 
and Bartha, 1993 
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Carbon Fixation and Energy Flow

The ability to photosynthesize allows sunlight energy to be trapped and 
stored. In this process carbon dioxide is fixed into organic matter

Photosynthetic organisms, also called primary producers, include plants 
and microorganisms such as algae, cyanobacteria, some bacteria, and 
some protozoa. 

The efficiency of sunlight trapping is very low; less than 0.1 % of the 
sunlight energy that hits Earth is actually utilized.

As the fixed sunlight energy moves up each level of the food chain, up to 
90% or more of the trapped energy is lost through respiration. 

Despite this seemingly    الظاھر inefficient trapping, photoautotrophic 
primary producers support most of the considerable ecosystems 
found on Earth. Productivity varies widely among different 
ecosystems depending on the climate, the type of primary producer.
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For example, one of the most productive natural areas are the coral 
reefs  Managed agricultural systems such as corn and . الشعاب المرجانیة
sugarcane systems are also very productive, but it should be 
remembered that a significant amount of energy is put into these
systems in terms of fertilizer addition and care.

The open ocean has much lower productivity, but it covers a majority of 
Earth's surface and so is a major contributor to primary production. 

In fact, aquatic and terrestrial environments contribute almost equally to 
global primary production.

Plants predominate in terrestrial environments, but with the exception of 
immediate coastal zones, microorganisms are responsible for most
primary production in aquatic environments. 

It follows that microorganisms are responsible for approximately one-half 
of all primary production on Earth 



24up to 9400Sugarcane field

340-1200Rice paddyحقل االرز    
1000-6000Corn field
4900Coral reef
600Upwelling area
200Coastal seawater
100Open ocean
950-1500Freshwater pond

2500Cattail swamp مستنقعات 
up to 2800Tropical rain forest
1200- 1600Temperate or deciduous forest
up to 1500Temperate grassland
200desert
400Tundra

Net primary productivity (g dry organic 
matter /m2/year)

Description of ecosystem

Net primary productivity of some natural and managed ecosystems
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Carbon Respiration

Carbon dioxide that is fixed into organic compounds as a result of 
photoautotrophic activity is available for consumption or respiration by 
animals and heterotrophic microorganisms. 

The end products of respiration are carbon dioxide and new cell 
mass. An interesting question to consider is the following: 

if respiration were to stop, how long would it take for 
photosynthesis to use up all of the carbon dioxide reservoir in the 
atmosphere? Based on estimates of global photosynthesis, it has 
been estimated that it would take 30 to 300 years. 
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The carbon cycle, showing both aerobic and anaerobic contributions
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Carbon Cycle

Atmosphere

Hydrosphere
Lithosphere

Biosphere

Photosynthesis

Respiration& Decay

Burial &
Lithification

Weathering
& Volcanism

Dissolution

Photosynthesis
Burial &
Lithification

Exsolution
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Carbon Cycle

Atmosphere

Hydrosphere
Lithosphere

Biosphere

Human
Impacts

Burning fossil fuels:
Increased combustion

Deforestation:
Decrease Photosynthesis

Increase Respiration

Net Effect:
Increase in Carbon
in Atmosphere
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Under anaerobic conditions, which predominated for the first several 
billion years on Earth, some cellular components were less degradable 
than others. 

2- 15Protein and 
nucleic acids

5- 30Lignin

10- 30Hemicellulose

15- 60Cellulose

% Dry mass of plantPlant component

Major types of organic components of plants

Examples of petroleum constituents 

a) an alkane, b) an alicyclic compound, 
and c) an aromatic compound. 
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The Role of Soil Microbes in Carbon Sequestration

Currently there is debate about how soil microbial activity may influence 
global warming (Knorr et ai, 2005; Rice, 2006).

Depending on the relative rates of microbial respiration versus 
photosynthetic activity, soils could be either a source or sink for CO2, The 
estimated amount of carbon sequestered or stored in world soil organic 
matter ranges from 1.1 to 1.6 X 1012 metric tons

This is more than twice the carbon in living vegetation (5.6 X 1011 metric 
tons) or in the atmosphere (6.7 X 1011 metric tons) (Sundquist, 1993).

Hence, even relatively small changes in soil carbon storage could have a 
significant impact on the global carbon balance In the last 7,800 years, the 
net carbon reservoir in the soil has decreased by 5.0 X 1010 metric tons 
largely due to conversion of land to agriculture (Lai, 2004).
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It is estimated that some of this lost carbon could be recovered through 
strategic management practices For example, agricultural practices 
that enhance crop productivity (CO2 uptake) while decreasing microbial 
decomposition rates (CO2 release) could be optimized to maximize the 
sequestration of carbon in the soil reservoir.

Such practices, which include conservation set-aside, reduced tillage, 
and increased crop productivity have been estimated to account for the 
sequestration of 1.1 to 2.1 X 107 metric tons carbon annually (Lokupitiva
and Paustian, 2006). 

However, global warming could also result in enhanced rates of 
microbial decomposition of the carbon stored in the soil. 
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5.37
0.76
2.91
2.54
0.29
2.87
2.59
3.76
2.46
1.92
2.10
1.69
2.52
1.02

1446777
917997
431090      
318686
272212
235050
152015
111723      
111370
110052
108431
98750
97375
95007

UNITED STATES OF AMERICA
CHINA (MAINLAND)
RUSSIAN FEDERATION
JAPAN
INDIA
GERMANY
UNITED KINGDOM
CANADA
REPUBLIC OF KOREA
ITALY (INCLUDING SAN MARINO)
UKRAINE
FRANCE (INCLUDING MONACO)
POLAND
MEXICO

CO2/ Capita**CO2 Total *RANK   NATION

CO2 from fossil fuels, cement production, gas flaring

Total* = 1,000 metric tons of carbon, metric tons per capita**
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• Urea à CO(NH2)2

• Ammonia à NH3 (gaseous)
• Ammonium à NH4

• Nitrate à NO3

• Nitrite à NO2

• Atmospheric DinitrogenàN2

• Organic N

NITROGEN CYCLE
Forms of Nitrogen

Nitrogen Cycles

• Ammonification/mineralization
• Immobilization
• Nitrogen Fixation 
• Nitrification
• Denitrification
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In contrast to carbon, elements such as nitrogen, sulfur, and iron are 
taken up in the form of mineral salts and cycle oxidoreductively. 

For example, nitrogen can exist in numerous oxidation states, from - 3 in 
ammonium (NH4

+ ) to + 5 in nitrate (N03
-). 

These element cycles are referred to as the mineral cycles. 

The best studied and most complex of the mineral cycles is the nitrogen 
cycle 

There is great interest in the nitrogen cycle because nitrogen is the 
mineral nutrient most in demand by microorganisms and plants.

It is the fourth most common element found in cells, making up 
approximately 12% of cell dry weight.

The nitrogen cycle includes the microbially catalyzed processes of 
nitrogen fixation, ammonium oxidation, assimilatory and dissimilatory
nitrate reduction, ammonification, and ammonium assimilation.  
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Mineralization or Ammonification

• Decomposers: earthworms, termites, slugs, snails, bacteria, and 
fungi

• Uses extracellular enzymes à initiate degradation of plant polymers
• Microorganisms uses:
• Proteases, lysozymes, nucleases to degrade nitrogen containing 

molecules

R-NH2

NH4 NO2

NO3
NO2

NO

N2O

N2
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Ammonia Assimilation (Immobilization) 
and Ammonification (Mineralization)

The end product of N2 fixation is ammonia. 

In the environment, there exists an 
equilibrium between ammonia (NH3) and 
ammonium (NH4

+) that is driven by pH. 

This equilibrium favors ammonium 
formation at acid or near-neutral pH. 

Thus, it is generally the ammonium form 
that is assimilated by cells into amino acids 
to form proteins, cell wall components such 
as N-acetylmuramic acid and purines and 
pyrimidines to form nucleic acids. 

DNRA= Dissimilatory Nitrate Reduction to Ammonium
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• Plants die or bacterial cells lyseà release of organic nitrogen 
• Organic nitrogen is converted to inorganic nitrogen (NH3)

• When pH<7.5, converted rapidly to NH4

• Example:

Urea             NH3 + 2 CO2

Immobilization

• The opposite of mineralization
• Happens when nitrogen is limiting in the environment
• Nitrogen limitation is governed by C/N ratio
• C/N typical for soil microbial biomass is 20
• C/N < 20àMineralization
• C/N > 20àImmobilization
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This process is known as ammonium assimilation or immobilization. 

Nitrogen can also be immobilized by the uptake and incorporation of 
nitrate into organic matter, a process known as assimilatory nitrate 
reduction.

Because nitrate must be reduced to ammonium before it is incorporated 
into organic molecules, most organisms prefer to take up nitrogen as 
ammonium if it is available. 

The process that reverses immobilization, the release of ammonia from 
dead and decaying cells, is called ammonification or ammonium 
mineralization. 

Both immobilization and mineralization of nitrogen occur under aerobic 
and anaerobic conditions. 
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Nitrogen Fixation
• Energy intensive process :
• N2 + 8H+ + 8e- + 16 ATP = 2NH3 + H2 + 16ADP + 16 Pi
Performed only by selected bacteria and actinomycetes
• Performed in nitrogen fixing crops
(ex: soybeans)

R-NH2

NH4 NO2

NO3
NO2

NO

N2O

N2
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Microorganisms fixing

• Azobacter
• Beijerinckia
• Azospirillum
• Clostridium
• Cyanobacteria

• Require the enzyme 
• nitrogenase
• Inhibited by oxygen
• Inhibited by ammonia
• (end product)

Bacterial Fixation

• Occurs mostly in salt marshes
• Is absent from low pH peat of northern bogs
• Cyanobacteria found in waterlogged soils
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Nitrogen Fixation

Ultimately, all fixed forms of nitrogen, NH4
+ , NO3

- , and organic N, come 
from atmospheric N2. 

Approximately 65% of the N2 fixed annually is from terrestrial 
environments, including both natural systems and managed agricultural 
systems. 

Marine ecosystems account for a smaller proportion, 20%, of N2 fixation. 

Nitrogen fixation is an energy-intensive process and until recently was 
performed only by selected bacteria and cyanobacteria. 

However, a substantial amount of nitrogen fixation, 15% of the total N2
fixed, now occur through the manufacture of fertilizers. Because this is an 
energy-driven process, fertilizer prices are tied to the price of fossil fuels. 

As fertilizers are expensive, management alternatives to fertilizer addition 
have become attractive.  
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3.0 x 107Fertilizer manufacture

4.0 x 107Aquatic

1.35 x 108Terrestrial

Nitrogen fixation (meteric tons/year)Source

Relative Inputs of Nitrogen Fixation from Biological Sources

2-25Rhizosphere
associations

30-40Cyanobacteria-moss

1-2Free-living

100- 120Anabaena-Azolla

200- 300Rizobium-legume

Nitrogen Fixation (kg N/hectare/year)N2- fixing system

Rates of Nitrogen Fixation
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Nitrogen-Fixing Bacteria in Root Nodules
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These include rotation between nitrogen-fixing crops such as soybeans 
and nonfixing crops such as corn. 

Nitrogen is fixed into ammonia (NH3) by over 100 different free-living 
bacteria, both aerobic and anaerobic, as well as some actinomycetes and 
cyanobacteria. 

For example, Azotobacter (aerobic), Beijerinckia (aerobic), Azospirillum
(facultative), and Clostridium (anaerobic) can all fix N2. 

Because fixed nitrogen is required by all biological organisms, nitrogen-
fixing organisms occur in most environmental niches. 

The amount of N2 fixed in each niche depends on the environment. 

Free-living bacterial cells that are not in the vicinity of a plant root fix small 
amounts of nitrogen (1 to 2 kg N/hectare/year).  
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Bacterial cells associated with the nutrient-rich rhizosphere environment 
can fix larger amounts of N2 (2 to 25 kg N/hectare/year). 

Cyanobacteria are the predominant N2- fixing organisms in aquatic 
environments, and because they are photosynthetic, N2- fixation rates are 
one to two orders of magnitude higher than for free-living 
nonphotosynthetic bacteria. 

An evolutionary strategy developed collaboratively by plants and microbes 
to increase N2 fixation efficiency was to enter into a symbiotic or mutualistic
relationship to maximize N2 fixation. 

The best studied of these symbioses is the Rhizobium-legume relationship, 
which can increase N2 fixation to 200 to 300 kg N/hectare/year. 

This symbiosis irrevocably changes both the plant and the microbe 
involved but is beneficial to both organisms. 
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Nitrification

Two step reactions that occur together :
1rst step catalyzed by Nitrosomonas

2 NH4
+ + 3 O2à 2 NO2

- +2 H2O+ 4 H+ 

• 2nd step catalyzed by Nitrobacter
• 2 NO2

- + O2à 2 NO3
-

R-NH2

NH4 NO2

NO3NO2

NO

N2O

N2
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• Optimal pH is between 6.6-8.0

• If pH < 6.0 à rate is slowed

• If pH < 4.5 à reaction is inhibited
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Denitrification
• Removes a limiting nutrient from the environment
• 4NO3

- + C6H12O6à 2N2 + 6 H20
• Inhibited by O2

• Not inhibited by ammonia
• Microbial reaction
• Nitrate is the terminal electron acceptor

R-NH2

NH4 NO2

NO3
NO2

NO

N2O

N2
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The Nitrogen Cycle
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Nitrogen Cycle

Atmosphere

Hydrosphere
Lithosphere

Biosphere
Nitrogen fixation:

• bacteria
• lightning

Waste &
Decomposition

Denitification:
bacteria

Erosion

Absorption
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Nitrogen Cycle

Atmosphere

Hydrosphere
Lithosphere

Biosphere

Nitrogen fixation:
• industrial (fertilizer)

• combustion

Increased Erosion

Human
Impacts

Net Effect:
Increase in Nitrogen
in water & soil
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Nitrogen Reservoirs

Nitrogen in the form of the inert gas, dinitrogen (N2), has accumulated in 
Earth's atmosphere since the planet was formed. 

Nitrogen gas is continually released into the atmosphere from volcanic 
and hydrothermal eruptions, and is one of the major global reservoirs of 
nitrogen. 

A second major reservoir is the nitrogen that is found in Earth's crust as 
bound, nonexchangeable ammonium. 

Neither of these reservoirs is actively cycled; the nitrogen in Earth's crust 
is unavailable and the N2 in the atmosphere must be fixed before it is 
available for biological use. 

Because nitrogen fixation is an energy-intensive process and is carried 
out by a limited number of microorganisms, it is a relatively slow process. 
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Smaller reservoirs of nitrogen include the organic nitrogen found in living 
biomass and in dead organic matter and soluble inorganic nitrogen salts. 

These small reservoirs tend to be actively cycled, particularly because 
nitrogen is often a limiting nutrient in the environment. 

For example, soluble inorganic nitrogen salts in terrestrial environments 
can have turnover rates greater than once per day. 

Nitrogen in plant biomass turns over approximately once a year, and 
nitrogen in organic matter turns over once in several decades. 
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Yes
Slow
No

2.5 x 1010

1.1 x 1011

7.7 x 1014

Land
Biota
Organic matter
Earth's crust*

No

Yes
Yes
Yes
No

3.9 x 1015

5.2 x 108

3.0 x 1011

6.9 x 1011

2.0 x 1013

Atmosphere
N2

Ocean
Biomass
Dissolved and particulate organic 
Soluble salts (NO3

-, NO2
-, NH4

+)
Dissolved N2

Actively 
cycled

Metric ton nitrogenNitrogen reservoir

Global Nitrogen Reservoirs, adapted from Dobrovoldky, 1994

* This  reservoir include the entire lithosphere found in either terrestrial or ocean environments.
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SULFUR CYCLE

Sulfur is the tenth most abundant element in Earth's crust. 

It is an essential element for biological organisms, making up 
approximately 1 % of the dry weight of a bacterial cell. 

Sulfur is not generally considered a limiting nutrient in the environment 
except in some intensive agricultural systems with high crop yields. 

Sulfur is cycled between oxidation states of +6 for sulfate (S04
2-) and -2 for 

sulfide (S2-).

In cells, sulfur is required for synthesis of the amino acids cysteine and 
methionine and is also required for some vitamins, hormones, and 
coenzymes. 
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In proteins, the sulfur-containing amino acid cysteine is especially 
important because the formation of disulfide bridge between cysteine
residues helps govern protein folding and hence activity. 

All of these compounds contain sulfur in the reduced or sulfide form. 

Cells also contain organic sulfur compounds in which the sulfur is in the 
oxidized state. 

Examples of such compounds are glucose sulfate, choline sulfate, 
phenolic sulfate, and two ATP-sulfate compounds that are required in 
sulfate assimilation and can also serve to store sulfur for the cell. 

Although the sulfur cycle is not as complex as the nitrogen cycle, the 
global impacts of the sulfur cycle are extremely important, including the 
formation of acid rain, acid mine drainage, and corrosion of concrete and 
metal.  
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Sulfur Cycle

Atmosphere

Hydrosphere Lithosphere

Biosphere

Volcanoes
& Weathering

Waste &
Decomposition

Deep Sea Vents

Absorption

Sedimentation

Absorption

Precipitation

“Evaporation” Weathering

Bacteria
Release

Bacteria
Absorption
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Sulfur Cycle

Atmosphere

Hydrosphere Lithosphere

Biosphere

Burning
Fossil Fuels

Precipitation”
Acid Rain

Human
Impacts

Net Effect:
Increase in 
atmosphere 
(health 
effects) and 
acid rain
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Sulfur Reservoirs

Sulfur is outgassed from Earth's core through volcanic activity. 

The sulfur gases released, primarily sulfur dioxide (S02) and hydrogen 
sulfide (H2S), become dissolved in the ocean and aquifers. 

Here the hydrogen sulfide forms sparingly soluble metal sulfides, mainly 
iron disulfide (pyrite), and sulfur dioxide forms metal sulfates with calcium, 
barium, and strontium

Pyrite

gypsum

This results in a substantial portion of the outgassed sulfur being 
converted to rock. 

Some of the gaseous sulfur compounds find their way into the upper 
reaches of the ocean and the soil. 

2S2- + Fe2+ FeS2

SO2
2- + Ca2+ CaSO4
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In these environments, microbes take up and cycle the sulfur. 

Finally, the small portions of these gases that r310emain after 
precipitating and cycling find their way into the atmosphere. 

Here, they are oxidized to the water-soluble sulfate form, which is washed 
out of the atmosphere by rain. 

Thus, the atmosphere is a relatively small reservoir of sulfur.

Of the sulfur found in the atmosphere, the majority is found as sulfur 
dioxide. 

Currently, one-third to one-half of the sulfur dioxide emitted to the 
atmosphere is from industrial and automobile emissions as a result of the 
burning of fossil fuels. 

A smaller portion of the sulfur in the atmosphere is present as hydrogen 
sulfide and is biological in origin. 
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The largest reservoir of sulfur is found in Earth's crust and is composed of 
inert elemental sulfur deposits, sulfur-metal precipitates such as pyrite 
(FeS2) and gypsum (CaSO4), and sulfur associated with buried fossil 
fuels. 

A second large reservoir that is slowly cycled is the sulfate found in the 
ocean, where it is the second most common anion. 

Smaller and more actively cycled reservoirs of sulfur include sulfur found 
in biomass and organic matter in the terrestrial and ocean environments. 

Two recent practices have caused a disturbance in the global sulfur 
reservoirs. The first is strip mining, which has exposed large areas of 
metal sulfide ores to the atmosphere, resulting in the formation of acid 
mine drainage. 

The second is the burning of fossil fuels, a sulfur reservoir that was quite 
inert until recently. This has resulted in sulfur dioxide emissions into the 
atmosphere with the resultant of acid rain. 
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Sulfur Oxidation:

In the presence of oxygen, reduced sulfur compounds can support the 
growth of chemoautotrophic bacteria under strictly aerobic conditions and 
a group of photoautrophic bacteria under strictly anaerobic. 

In addition, a number of aerobic heterotrophic microbes, including both 
bacteria and fungi, oxidize sulfur to thiosulfate or to sulfate. 

The heterotrophic sulfur oxidation pathway is still unclear, but apparently 
no energy is obtained in this process. 

Chemoautotrophs are considered the predominant sulfur oxidizers in 
most environments. 

However, because many chemoautotrophic sulfur oxidizers require a low 
pH for optimal activity, heterotrophs may be more important in some 
aerobic, neutral to alkaline soils. 

Further, heterotrophs may initiate sulfur oxidation, resulting in a lowered 
pH that is more amenable for chemoautotrophic activity. 
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Chemoautotrophic Sulfur Oxidation

Of the chemoautotrophs, most oxidize sulfide to elemental sulfur, which is 
then deposited inside the cell as characteristic granules. 

H2S + 1/2 O2 S0 + H2O         ΔG = -218 kJ/mol           (1)  

The energy provided by this oxidation is used to fix CO2 for cell growth. 

In examining Eq.1, it is apparent that these organisms require both 
oxygen and sulfide. 

However, reduced compounds are generally abundant in areas that 
contain little or no oxygen. 

So these microbes are microaerophilic; they grow best under conditions of 
low oxygen tension. Characteristics of marsh sediments that contain these 
organisms are their black color due to sulfur deposits and their "rotten 
egg" smell due to the presence of H2S. 
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Most of these organisms are filamentous and can easily be observed by 
examining a marsh sediment under the microscope and looking for small 
white filaments. 

Some chemoautotrophs, most notably Acidithiobacillus thiooxidans, can 
oxidize elemental sulfur as shown in Eq. 2. 

S0 + 1.5O2 + H2O                  SO4
2- + 2H+ ΔG = - 532 kJ/mol     (2)

This reaction produces acid, and as a result, A. thiooxidans is extremely 
acid tolerant with an optimal growth pH of 2. 

It should be noted that there are various Acidithiobacillus species, and 
these vary widely in their acid tolerance. 

However, the activity of A. thiooxidans in conjunction with the iron-
oxidizing, acid-tolerant, chemoautotroph Acidithiobacillus ferrooxidans is 
responsible for the formation of acid mine drainage, an undesirable 
consequence of sulfur cycle activity 

It should be noted that the same organisms can be harnessed for the acid 
leaching and recovery of precious metals from low-grade ore, also known 
as biometallurgy
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Thus, depending on one's perspective, these organisms can be very 
harmful or very helpful. Although most of the sulfur-oxidizing 
chemoautotrophs are obligate aerobes, there is one exception, 
Thiobacillus denitrificans, a facultative anaerobic organism that can 
substitute nitrate as a terminal electron acceptor for oxygen

In this equation, the sulfate formed is shown as precipitating with calcium 
to form gypsum. A.denitrificans is not acid tolerant but has an optimal pH 
for growth of 7.0. 

Photoautotroplic Sulfur Oxidation
Photoautotrophic oxidation of sulfur is limited to green and purple sulfur bacteria 

This group of bacteria evolved on early Earth when the atmosphere contained no 
oxygen. 

These microbes fix carbon using light energy, but instead of oxidizing water to 
oxygen, they use an analogous oxidation of sulfide to sulfur 

S0 + NO3
- + CaCO3 CaSO4 + N2

CO2 + H2S                      S0 + fixed carbon
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These organisms are found in mud and stagnant water, sulfur springs, 
and saline lakes. 

In each of these environments, both sulfide and light must be present. 

Although the contribution to primary productivity is small in comparison 
with aerobic photosynthesis, these organisms are important in the sulfur 
cycle. 

They serve to remove sulfide from the surrounding environment, 
effectively preventing its movement into the atmosphere and its 
precipitation as metal sulfide. 

Sulfur Reduction

There are three types of sulfur reduction. 

The first, is performed to assimilate sulfur into cell components.

Assimilatory sulfate reduction occurs under either aerobic or anaerobic 
conditions. 
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In contrast, there are two dissimilatory pathways, both of which use an 
inorganic form of sulfur as a terminal electron acceptor.

In this case sulfur reduction occurs only under anaerobic conditions. 

The two types of sulfur that can be used as terminal electron acceptors 
are elemental sulfur and sulfate. 

These two types of metabolism are differentiated as sulfur respiration and 
dissimilatory sulfate reduction. 

Desulfuromonas acetooxidans is an example of a bacterium that grows on 
small carbon compounds such as acetate, ethanol, and propanol using 
elemental sulfur as the terminal electron acceptor: 

CH3COOH + 2H2O + 4So 2CO2 + 4S2- + 8H+

acetate 
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However, the use of sulfate as a terminal electron acceptor seems to be 
the more important environmental process. 

The following genera, all of which utilize sulfate as a terminal electron 
acceptor, are found widely distributed in the environment, especially in 
anaerobic sediments of aquatic environments, water-saturated soils, and 
animal intestines: Desulfobacter, Desulfobulbus, Desulfococcus, 
Desulfonema, Desulfosarcina, Desulfotomaculum, and Desulfovibrio. 

Together these organisms are known as the sulfate-reducing bacteria 
(SRB). These organisms can utilize H2 as an electron donor to drive the 
reduction of sulfate

4H2 + SO4
2- S2- + 4H2O
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Thus, SRB compete for available H2 in the environment, as H2 is also the 
electron donor required by methanogens. 

It should be noted that this is not usually a chemoautotrophic process 
because most SRB cannot fix carbon dioxide. Instead they obtain carbon 
from low molecular weight compounds such as acetate or methanol.

The overall reaction for utilization of methanol is:

4CH3OH + 3SO4
2- 4CO2 + 3S2- + 8H2O 

methanol 

Both sulfur and sulfate reducers are strict anaerobic chemoheterotrophic
organisms that prefer small carbon substrates such as acetate, lactate, 
pyruvate, and low molecular weight alcohols. 

Where do these small carbon compounds come from in the environment? 
They are by-products of the fermentation of plant and microbial biomass 
that occurs in anaerobic regions. Thus, the sulfate reducers are part of an 
anaerobic consortium of bacteria including fermenters, sulfate-reducers, 
and methanogens that act together to completely mineralize organic 
compounds to carbon dioxide and methane.
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More recently, it has been found that some SRB can also metabolize 
more complex carbon compounds including some aromatic compounds 
and some longer chain fatty acids. 

These organisms are being looked at closely to determine whether they 
can be used in remediation of contaminated sites that are highly
anaerobic and that would be difficult to oxygenate. 

The end product of sulfate reduction is hydrogen sulfide. What are the 
fates of this compound? 

It can be taken up by chemoautotrophs or photoautotrophs and 
reoxidized, it can be volatilized into the atmosphere, or it can react with 
metals to form metal sulfides. 

In fact, the activity of suIfatereducers and the production of hydrogen 
sulfide are responsible for the corrosion of underground metal pipes. In 
this process, the hydrogen sulfide produced reacts with ferrous iron 
metal to make more iron sulfide.
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Phosphorous Cycle
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