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INTRODUCTION 

Ecosystems have two major processes - energy flow and mineral 

cycling. One of the most important cycles in the biosphere is the 

carbon cycle (Odum 1971). The water cycle is the other. The func- 

tioning of the entire global ecological system is vitally dependent 

on the carbon cycle. Carbon, the basic constituent of all organic 

structures is metabolized into carbon dioxide. This gas, co,, a major 

component of the carbon cycle, is dissolved in the oceans as bicarbo- 

nates and is the source of nearly all the carbon found in living 

organisms. The interest of the ecologist in the carbon cycle is thus 

centered on C05, its fixation and generation. 

The Cycle 

CO» is photosynthesized by plants, and to a lesser degree by 

microorganisms, to simple carbohydrates. These carbohydrates are later 

converted into complex carbohydrates, polysaccharides, fats, starches, 

and lignins by the plants. Animals feed upon polysaccharides and fats 

stored in plant tissues, then digest, resynthesize, and convert them 

to animal tissues. CO, is a by-product of respiration of plants and 

animals and some of the carbon is returned to the atmosphere. Eventu- 

ally plant and animal remains are deposited in the soil. The carbon 

that is locked up in the protoplasm of plants and animals and in plant 

and animal wastes (detritus) is released through organisms of decay. 

Soil organisms, the microbes (bacteria, fungi, actinomycetes), and



mico-flora and fauna, play an important role in the transformation of 

plant and animal residues. The qualitative and quantitative studies 

of the numbers of soil organisms and the measurement of the intensity 

of their various activities (e.g. decomposition of cellulose, lignin, 

pectin) are some of the most important problems in ecology (IBP 1965). 

Odum (1971:28) stated that these decomposers of detritus release large 

quantities of co. and other gases to the atmosphere and minerals to 

the soil. These decomposers are microbial populations, heterotrophic 

microorganisms or saproghages, and play a dominant role in the entire 

continuing cycle (Stevenson 1964) attacking and feeding upon plant and 

animal residues, decomposing the complex organic compounds into sim- 

plier substances - carbon, hydrogen, oxygen. These substances then 

enter other cycles. 

In the soil, the readily decomposable residues are oxidized to 

CO, and water. As the available organic material decreases, evolution 

of co. from the soil lessens until the products of microbial metabolism 

and the more resistant organic residue fractions are incorporated into 

the native soil organic fraction (Stevenson 1964). As a result of 

these microbial processes, Stevenson said, the elements which were 

originally consumed by plants for organic synthesis are retuned to 

circulation for re-utilization. With the slow transformation of organ- 

ic carbon to co, , the carbon cycle is completed. Odum (1971:33) 

emphasized the importance of the "overall balance between production 

and decomposition in regulating the conditions of existence for all 

life in the biosphere".



Sources of CO, 

The organic matter that escapes decomposition becomes incorporated 

in the earth's crust as peat, coal, oil or natural gas. Carbon is 

also removed from the cycle and locked up in the form of human products 

such as houses and paper. Such deposits remove carbon from circulation. 

Man's activities are now releasing vast amounts of carbon in brief 

periods, greatly accelerating "decomposition". From the combustion of 

fossil fuels, the co, is released into the biosphere. Agricultural 

practices also increase the release of CO. (Odum 1971:33). The 

greatest amount of COj in the biosphere is contributed by soils 

(Bolin 1970). Revelle and Suess (1957), Callender (1957), Bray (1959) 

Plass (1956), and Hutchinson (1954) considered that the most probable 

cause of increases in atmospheric CO» concentration, in addition to 

combustion, is the evolution of co, from the soil due to the extensive 

clearing of forests and cultivation of land since the middle of the 

nineteenth century. 

Excesses or Deficits 
  

At abnormally high levels, cO> can be considered a pollutant. A 

principal objective of the Report of the Study of Critical Environmental 

Problems sponsored by the Massachusetts Institute of Technology (Wilson 

1970:227) was to define key pollutants that have worldwide significance 

and have global effects. "Global effects" were defined as those having 

or causing changes in climate, ocean ecology, and large terrestrial



ecosystems. The "key pollutants" are those with important enough glo- 

bal effects to make it desirable that they be brought under satisfactory 

control. Among the number of chemical residuals that emerged as main 

subjects of attention, CO, and mercury were listed. Rating of the dan- 

gers of environmental problems according to a system of Dr. Howard 

Reiquem at Battelle Memorial Institute showed mercury and carbon dioxide 

falling second and third respectively below pesticides as dangers. 

According to the M.I.T. report (Wilson 1970:11), all fossil fuel com- 

bustion produces co, which has been steadily increasing in the atmosphere 

at 0.2% per year since 1958. Odum (1971:97) and Plass (1971:178) stated 

that "of the estimated 8 billion tons of carbon dioxide injected annual- 

ly into the air by man's agro-industrial activity in 1970, 6 billion tons 

come from the burning of fossils and 2 billion tons from cultivation of 

land for agriculture." Most all of this is quickly passed onto the 

ocean where it is stored in the form of carbonates. Half of the amount 

put into the atmosphere stays and produces increased concentrations 

(Wilson 1970:11). In the M.I.T. report (Wilson 1970:11) it was stated 

that CO» from fossil fuels is only a small portion of the natural CO5. 

Although the co, that is introduced into the atmosphere by man's 

activities is negligible as compared to the total C05 in circulation, 

the addition may have a noticeable affect on decomposition because the 

atmospheric reservoir is small, very active, and vulnerable to man-made 

disturbances. Perturbation in atmospheric CO» may alter weather, and 

properties of the biosphere. The oceanic CO reservoir may not be



able to absorb the new CO5 as fast as it is being produced by 

man, 

Revelle (1965) estimated a 25% (0.25 fold) increase in atmospheric 

CO by the year 2000 and a 1.7 fold increase when all of the readily 

accessible fossil fuels have been consumed. Bolin (1970:131) said 

that 5 to 6 billion tons of fossil carbon are currently being released 

into the atmosphere. According to Plass (1956), combustion was adding 

6x 10° tons annually. Bolin added that the acceleration in fossil 

fuel combustion implies that the amount of CO9 in the atmosphere will 

keep climbing from its present value of 320 ppm to between 375 and 

400 by the year 2000, in spite of anticipated large removals of CO» by 

land vegetation and the ocean reservoir. These data are summarized in 

Table 1. | 

Wilson (1970:11-12) projected an 18% increase in C05, which is 

less than Revelle's projection. Such an increase could increase the 

surface temperature of the earth 2 to 5°C. There are aspects of global 

CO» changes that are not understood and are therefore controversial; 

nevertheless, "climatologists are generally agreed that relatively small 

changes in atmospheric CO» can and do have major effects on climate" 

(Odum 1971:33). Carbon dioxide, acting as a filter regulating the 

earth's solar radiation, is transparent to incoming visible radiation 

but it absorbs infrared heat reradiated from the surface of the earth. 

The increase in co. due to fossil fuel combustion adds to the filter, 

resulting in a temperature increase in all or parts vf the biosphere. 

The most significant effects resulting from a rise in temperature would



Table 1. Summary of estimated amounts of coy released from man's 
activities. 

  

  

  

Author CO, (tons) per year 

Bolin (1970) 5-6 billion 

Plass (1956) 6 billion 

Odum (1971) and Plass (1971) 8 billion 

A.A.A.S. (1965) 9 billion 

 



be the warming of the planet and a subsequent increase worldwide in, 

possibly, a tropical climate. These changes have been called the "ereen- 

house effect." The polar ice caps may consequently melt, raising the 

sea level and damaging or submerging coastal cities. 

While man is increasing atmospheric C055 he is also increasing 

particulate pollution which has the opposite effect of cooling the 

earth or its atmosphere (Odum 1971:33). Whether the earth is heated 

or cooled is a major problem. Such a threat is so serious that much 

more must be learned about future trends of atmospheric COy change and 

particulate pollution. The study directed by Wilson (1970) suggested 

that the biosphere could respond to an increase in atmospheric CO» 

by having major groups of plants increasing photosynthetic rate and 

carbohydrate production (since a 10% increase in CO» corresponds to 

an increase in the photosunthetic rate of 5 to 8%) but simultaneously, 

Man can decrease the mass of the biosphere by cutting down forests 

and removing the organic matter from the carbon cycle. Actually, it is 

not known how the biophere responds to atmospheric change in CO» resul- 

ting from the temporary removal of part of it by man. 

Mercury 

Mercury, itself a potentially hazardous element, is an increasing 

part of man's environment. One probable way that mercury and its 

associated hazards increase is through the burning of fossil fuels, 

especially coal and oil. Coal and oil are known to contain much 
° 

mercury. It was reported at a recent environmental conference on mer-



cury poisons that coal contains mercury in quantities of about 5 Ppm; 

it ranges from 0.001 to 300 ppm (Cooke and Bietal 1971). This could 

mean that from the 520-550 million tons of coal consumed annually, 0.52 

to 165,000 tons of mercury vapor may be released to the environment. 

According to the Montagues (1971:22), 275 to 1,800 may be released. 

Cooke and Bietel (1971) estimated that burning coal and oil in the U.S. 

contributes annually as much as 350 tons of mercury into the atmosphere. 

Other reported mercury concentrations in coal range from 0.012 ppm 

(Bertine and Goldberg 1971) to 3.3 ppm (Joensuu 1971) with an average 

value of 1 ppm for some U.S. coals (Joensuu 1971). Globally, 3000 

metric tons of mercury are mobilized per year from coal combustion 

(Joensuu 1971). These studies are summarized in Table 2. Mon- 

tague and Montague (1971:11-12) pointed out that more mercury is dis- 

charged into the air directly from power plants and municipal inciner- 

ators than any other sources of industrial mercury pollution. Most, 

but not all, of the mercury from fuel burning power plants and. inciner- 

ators escapes into the atmosphere with the stack gas. Where this goes, 

in what amounts, how it accumulates and what are the consequences to 

ecosystems surrounding such industries are not yet known. The distri- 

bution of atmospheric mercury, the biological consequences of its trans- 

port, and its influence on ecosystem components needs investigation 

because of potential health hazards and because of the potentials 

which mercury has for disrupting the ecosystem upon which man depends. 

°



Residence time of mercury in the, atmosphere is not known but 

Cooke and Bietel (1971) and Wallace et. al. (1971) indicate that much 

Mercury is washed from the atmosphere and deposited onto the soil. 

The mercury release from fossil fuel combustion may also produce 

marked effects on ecosystem processes such as mineral cycling. However, 

the ultimate dispersal or effects of different kinds of Mercury in 

the soil are unknown. One major environment potentially affected by 

such mercury is the forest. Airborne mercury in forest soils may be 

converted by bacteria into a variety of organic and-inorganic forms. 

Forests and Their Soils 
  

Forests cover about 1/10 of the world's surface and are among the 

most complex of terrestrial ecosystems (Woodwell 1970). Bolin (1970:51) 

stated that the forests of the world not only are the main carbon dio- 

xide consumers on the land, but they also represent the main reservoir 

of biologically fixed carbon (except for fossil fuels). He estimated 

that forests contain between 400 and 500 billion tons of carbon or; 

approximately two-thirds of the amount present as carbon dioxide in the 

atmosphere (700 billion tons). Studies of the dynamics of forest 

ecosystems as influenced by man's activities are important for inter- 

preting the global carbon cycle and man's dependence on it. The most 

dynamic phase of the forest ecosystem is the forest floor layers 

(Wooldridge 1968). According to Wooldridge, forest floors are a main- 

stay, and habitat for many micro and macro soil organisms. Forest
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Table 2. Summary of ranges and amounts of mercury contributions from 
coal. 

Hg Range 
Author In Coal (ppm) Amounts of Hg Released 

  

Cooke and Bietel (1971) 

Bertine and Goldberg 

(1971) 

Montagues (1971) 

Nelson, N. (1971) 

Schroeder (1971) 

Joensuu (1971) 

0.001-300 

0.012 

1.0 (aver.) 

1.0 (aver.) 

1.1-46 (cer- 
tain goals) 

3.3 

250 tons (U.S.) 

(350 tons from coal and 
oil) 

275 - 1,800 tons (U.S.) 

450 metric tons (U.S.) 

80,000 tons (global atm. 
Hg burden) 

3000 tons (globally) 
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floors are important to several aspects to forest land management since 

their quantity and character could influence Management decisions. 

The soil and the forest stand are not independent but are inte- 

grated parts of the same dynamic ecosystem. Plants and animals and 

their physical environment interact in response to environmental changes, 

The soil is not only a factor of the physical environment of plants and 

animals but is produced by them as well. It is the net result of cli- 

mate and the interactions of organisms (Odum 1959). Alexander (1961:3) 

said that the soil environment is one of the most dynamic sites of 

biological interactions in nature and it is the region in which many of 

the biochemical reactions occur for the destruction of organic matter. 

Activities of these organisms are very important in maintaining soil 

physical properties as well as being the active agent in litter decom- 

position and thus nutrient cycling in forest ecosystems (Wooldridge 

1968). The microorganisms and their function in degrading organic 

matter control two important processes in the ecosystem: the recycling 

of carbon and nitrogen through mineralization of the organic matter 

and production of food for the sequence of organisms in the detritus 

food chain (Odum 1971:33). Lutz and Chandlers (1946) stated that a 

soil is not a static body but a dynamic one and may be regarded a 

product of its environment. Thereby, it can be effected and expected 

to change with modifications and perturbations in its environment. 

Thus, the properties and productivity of a forest soil are affected by 

environmental influences which could result directly or indirectly
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from man's activities; logging or thinning of stands, planting of trees, 

burning slash, removing litter, pasturing, disposing of animal and human 

solid waste, applying pesticides, or receiving increased amounts of 

carbon dioxide and mercury. Some recent field and lab studies of forest, 

grassland and agronomic soils have actually shown marked changes in 

soil characteristics, dynamics and metabolism due to silvicultural 

cuttings (Wilde 1958, Goodall 1970), fumigation, (Aldrich and Martin 

1952), inorganic chemicals (Elkan and Moore 1960), grazing (Vickery 

1972) pesticides (Bartha and Pramer 1965), (Edwards -1966), (Shure 1971), 

radiation (Clark and Colemen 1970), and burning (Ahlgren and Ahlgren 

1965). For instance, although, "the significance of soil reaction in 

thinnings and selective logging has been generally overlooked in both 

forest writings and practice, this factor in many cases determines the 

success or the failure of silvicultural cuttings" (Wilde 1946:79). 

Wilde (1946) also stated that the reaction of the soil influences not 

only the distribution of trees but the distribution of the woody and 

herbaceous plants of the ground cover which often vigorously and suc- 

cessfully competes with natural tree reproduction. 

The Measurement of Soil Activity 

One way to acquire knowledge about environmental changes is to 

learn about the mechanisms influencing interrelationships in terres- 

trial ecosystems (IBP 1968). The IBP national committee emphasized 

that studies should be undertaken leading to clear definition of 
. 

existing conditions and to understand the mechanisms and processes
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that control the various components of an ecosystem and its natural 

fluctuations. 

Study emphasis should be placed first on attributes that interact 

to regulate and control the structure and function of communities 

(IBP 1967). But to know more about these mechanisms, and to recognize 

and evaluate man-made changes in various environments, it is important 

to monitor the same one response of the ecosystem. "Even to develop 

a comparative science of world ecosystems, measurements of holistic 

Properties are needed for all the important types of communities" 

(Golley et al. 1962:9). It has been indicated thus far that probably 

the most important holistic property which could be monitored is carbon 

dioxide (Wilson 1970, Johnson and Kelley 1971). According to the IBP 

News (1965), whenever possible, measurements should be made to provide 

evidence which will help in understanding the quantitative changes 

associated with the general cycling of carbon, including the proportions 

of carbon incorporated in humus and in carbon dioxide loss from the soil. 

The author of the article recommended that the soil ecologist should 

make three basic measurements, one of which was an estimation of micro- 

bial activity as measured by oxygen uptake or carbon dioxide output. 

Woodwell (1970) stated that measurements of metabolism or dynamics 

integrate complex processes in organisms found in such diverse areas as 

forest, city, lakes or ocean. Man's activities influence these diverse 

areas. He firmly believed that "the most conspicuous objective in the 

study of metabolism is measurement of total respiration because it is 

a measure of the total amount of life".
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An index that will integrate the,effects of activities is needed 

to help explain and predict environmental changes in ecosystems. co, 

evolution can show the dynamics of the parts of forests and how these 

parts are associated with one another (DeSelm 1952). The structure 

and function of forest ecosystems can be described by parameters such 

as chlorophyll content or the amount of litter or organic matter, 

numbers, types or growth of soil microbiota, primary and net production, 

species diversity, complexity, stability and efficiency and rate of 

heterotroph metabolism (Reiners 1968). Forest soils can be studied or 

described by variables like percentage of organic matter or carbon 

content present, pH, soil texture and type, and organisms per unit 

soil volume (Elkan and Moore 1962). Forest soil communities can be 

described primarily by parameters such as percentage of organic matter, 

numbers, types or growth of soil microorganisms (Stotsky 1965). Organ- 

isms are numerous in terrestrial ecosystems or communities; the rate 

of plant and animal material decomposition can also be measured by a 

number of different methods. However, this variable and the others 

mentioned may not reflect and give a direct relative measure of forest 

soil activity or community dynamics. A measure of CO, does. 

Soil CO, 

Soil C02, a product of both aerobic and anaerobic metabolism, 

is physiologically important because it is essential for growth 

(Wadleigh 1957, cited by Alexander 1961); it influences growth directly 

Alexander 1961); it serves as an effective soil buffer to aid in pre-
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vention of excessive acidity or alkanity; it dissolves in soil water 

forming carbonic acid which is an effective solvent for soil nutrients 

and minerals (Stocklasa and Ernest 1909, cited by Waksman 1952, Bear 

1927, Millar et al. 1958); it can be used to give direct information on 

mineralization processes (Drobnik 1958); it serves as an index to the 

rate of organic matter decomposition (Starkey 1924, Waksman 1932, Doug~ 

las and Tedrow (1959). According to Waksman (1932), Kissling and 

Fleischer, as far back as 1891, used CO» production of peat soils as 

an index of the rapidity of decomposition going on in soil. Soil CO 

is also especially significant because it can be used to evaluate 

fruitfulness or productivity of soils (Waksman and Starkey 1924, 

Stocklassa 1926, cited by Waksman 1952, Bear 1927, Weir 1949), and to 

help describe soil structure, biological activity and fertility (Waks- 

man and Starkey 1924, Waksman 1952, Alexander 1961, Elkan and Moore 

1962). 

It is a major functional element in soil biochemical changes 

(Russell and Appleyard 1915). Measurement of the CO» rate of produc- 

tion and/or liberation is one of the most frequently used indices of 

soil bacterial, biological, microbial and metabolic processes (Hutch- 

inson 1912, Russell and Appleyard 1915, Potter and Snyder 1916, Turpin 

2920, Waksman and Starkey 1924, Emerson 1925, Corbet 1934, Waksman 

1932, Waksman 1932 and 1952, Stocklasa and Ernest, Van Suchtelen and 

Neller cited by Waksman 1952, Katnelson and Stevenson 1956, Smirnov 

1956, Wilde 1958, Elkan and Moore 1960, Alexander 1961, Stotsky 1960, and
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1965, Florence 1965, Skujins 1967, Witkamp 1966a, 1966b, and 1969, 

Kucera and Kirkham 1971). Nommick (1971) stated that microbial respir-~ 

ation in soil and COy production from soil incubated in a water bath 

were two of the earliest and still are the most frequently used indices 

of soil microbiological activity. In general, Woodwell and Dykemann 

(1966) believed CO measurement to be an index of metabolic activity 

of an entire forest, and according to Woodwell and Whittaker (1968: 25) 

"The use of CO> as an expression of overall metabolism is attractive 

because it offers a rapid, short term direct measure of ecosystem 

function." 

So, CO» evolution from forest soils is particularly valuable as 

an index to forest ecosystem processes or properties (soil metabolisn, 

organic matter decompostion, microbial activities, energy flow) because 

they are centralized in the forest floor. Although other methods may 

be used to quantify ecosystem processes and properties, CO measurement 

is generally well adapted for conveniently and rapidly obtaining useful 

measure of overall ecosystem change. 

The Use of C0, Measurements 

For nearly a century the evolution of microbially evolved co, has 

served as a measurable manifestation of the life processes which take 

place in the body of the forest soil (Wallis and Wilde 1957). 

The change in rate of CO5 evolved may be a diagnostic parameter 

of forest ecosystem types (Reiners 1968), gross primary ecosystem pro- 

ductivity (Waksman and Starkey 1924, Odum and Odum 1959), and rate
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of nutrient cycling (Wollum and Gomez 1971). Reiners (1968) said that 

comparative co, values, indications of the biological activities under 

different conditions in contrasting ecosystems, could aid in describing 

patterns of energy flow or factors controlling rates of decay and 

nutrient release. 

Carbon dioxide analysis can reveal the alteration in the microbiol- 

ogical activity of soils resulting from different methods. Application 

of fertilizers or biocidic compounds, preparation of composts, the 

deleterious effect of burning, and appraisal of forest humus are among 

other phases of forestry practice in which respiration analysis by the 

determination of CO» may prove of value (Wallace and Wilde 1957). The 

process of organic matter decomposition in soil has been shown to be 

influenced by the effect of environment upon the organisms decomposing 

organic matter (Elkan and Moore 1960, 1960b). They stated that while 

much general information is available concerning the influence of 

various environmental factors upon decomposition rates, little. work has 

been reported correlating the influence of individual environmental 

factors upon respiration rates. Decomposition leads to a transfer 

of some of the carbonaceous materials but at the same time new organic 

substances are generated and synthesized by microorganisms. So, the rate 

of carbon loss transfer through CO. evolution soil structure and fertil- 

ity and the level of biological activity can be related. 

The importance, though, of the CO» which escapes to the atmosphere 

from organic matter decomposition and thus becomes available for photo-
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synthesis mush also not be underestimated, for this represents a main 

source of this gas for all higher plants (Teuscher and Adler 1960). 

Wadleigh as Waksman (1932) said that there is evidence that soil co. 

is an important factor in the supply of carbon to photosynthesizing 

plants. 

Furthermore, forests fix mearly half of the total energy of the 

biosphere (Woodwell 1970). Of that total amount of energy that is fixed 

in forest ecosystems, the greatest fraction or proportion of it flows 

through the decomposers (Phillipson 1971:29), also called the detritus 

food chain pathway (Qdum and De LaCruz 1963), or the food chain of 

decay (Woodwell 1970). According to Phillipson (1971:30) it is currently 

thought that "microorganisms can account for as much as 90% of the energy 

flow through an ecosystem." In a forest ecosystem, energy is liberated 

during the soil organic matter decomposition process by microorganisms, 

since the main source of energy for soil microorganisms is organic 

Matter (Buckman and Brady 1969:11). Thus, in terms of energy flow this 

seems to make the detritus chain of greater relatively significance 

that the grazing chain in ecosystems. According to Macfadyen (1970: 

167) it is important to study the organic matter decomposition process 

because much of the energy originating from primary production is 

released in soil and litter, and it is only during this release that 

plant nutrients are made available for recycling to the system as whole. 

Odum (1971:28) said that "decomposition occurs through energy transfor- 

mation within and between organisms. It is an absolutely vital func-
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tion because, if it did not occur all the nutrients would soon be tied 

up in dead bodies and no new life could be produced". The forest floor 

is the major arena of heterotroph activity and may be considered a 

heterotrophic subsystem of the forest as a whole (Reiners 1968). He 

said that in as much as heterotroph metabolism is centralized in the 

forest floor, the sum of energy release by all populations may be 

measured by monitoring some by product from forest floor itself. In 

evaluating the ability of the soil microorganisms to decompose organic 

Matter the terms "oxidative capacity", “carbon dioxide producing 

capacity", and "respiratory capacity" of soils have often been used 

(Waksman 1932). If an energy value can be set for soil organic matter 

and the organic matter decomposition of that organic matter, then the 

energy trapped by primary producers plus that which is lost from the 

ecosystem by soil respiration can be measured (Turner and Pengra 1971). 

Southwood (1966:365-367) gave a discussion, table and an equation 

(RQ=CO., produced/09 utilized) relating respiration and energy transfer 

in forest communities or ecosystems. "During metabolic processes in 

which energy is liberated, Oo (oxygen) is utilized and COy produced; 

the proportion of C04 evolved, to 05 (oxygen) used, depends on the 

actual metabolic process and is referred to as the respiratory quotient 

(RQ) ." 

Objectives of Study 

The functional characteristics of ecosystems are important topics 

of research because they provide criteria for evaluating the potential
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of environments to support life and for understanding the fundamental 

meaning and consequences of man's alteration, exploitation and 

pollution of ecosystems (Woodwell and Whittaker 1968). Shure (1971 ;278) 

stated that additional integrated studies are needed for a "more 

complete assessment of pollution effects on ecosystem diversity as 

well as functional ecosystem processes." 

It is now obvious that "the carbon cycle is all inclusive since 

it involves not only the soil and its teeming flora and fauna and 

higher plants of every description but also all animal life including 

man himself. Its failure to function properly would mean disaster 

to all. It is an energy cycle of such vital importance that with its 

many ramifications, it might properly be designated the Cycle of Life" 

(Buckman and Brady 1969:140). Carbon dioxide in the ecosystem seems 

worthy of study. 

Stotsky (1965) noted that the conductimetric measurement of co, 

absorbed in alkali offered a rapid, convenient, sensitive, and. efficient 

procedure which could be utilized on a routine basis for large numbers 

of samples in laboratory studies of soil microbial respiration and litter 

decomposition. Bear (1927) showed that the rate of evolution of CO 

from soils, when incubated under certain standard conditions, is a fair 

index of their productivities. Thus, it would seem that this monitoring 

procedure can be used as a measure of the effictiveness of any comtem- 

plated condition or treatment to which a soil may be subjected (Bear 

1927).
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The objectives of this study were: 

1. To test the utility and application of the conductimetric 

method of co, measurement as a tool for monitoring metabolic 

activity in the A soil horizon of forest soil communities under 

select treatments and conditions. 

2. To determine the effects of four types of mercury compounds 

on C02 evolution from select forest soils. 

Specifying desired precision and the types of inferences to be 

made from observations is an activity laden with value judgments. All 

of the bases for such judgements or the smaller decisions made leading 

to final decisions are rarely stated. Perhaps they cannot be entirely 

presented. Nevertheless, statements about the goals of a research 

effort provide insight into the technical decisions made, the precision 

employed in observations, the accuracy seen as needed, and the levels 

of confidence found acceptable for satisfactory conclusion. 

The goal is to achieve a first-stage diagnostic tool for ecosystems, 

a "stethoscope" in the concept of "land health" (Leopold 1966:258-261). 

A means is needed for making a rapid, inexpensive, first-approximation 

of ecosystem vitality. Vitality, like health, is relative. The goal 

was not to achieve long-term monitoring capability or precise discrim- 

inatory ability between different temperatures, moisture levels, or 

treatments, but gross comparisons at some point in time along ecologi- 

cal continua.
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The uses for such a method are best seen as: providing land 

Managers and natural resource decision makers with additional 

information about differences in their areas; allowing managers to 

make additional comparisons between forest ages and stands, between 

land use treatments, and between an area under the influence of a 

potential biocide and similar adjacent uninfluenced area. The method 

could give a land manager an indicator of forest soil fertility; and 

it could be utilized as a relative expression of community stability 

and dynamics.



LITERATURE REVIEW 

The Organomineral Soil Surface Subsystem 

Studies of forest soil communities have been concentrated on 

surface soil horizons where soil organisms are most dense, metabolic 

activity greatest, and physical and chemical composition most variable. 

The structure of the soil environment has been described and dis- 

cussed in depth by several authors. Buckman and Brady (1969:1-265), 

whose work is probably the most recent and widely used, said the soil 

consisted of four major components in an intimately mixed condition: 

mineral materials, organic matter, water, and air. Alexander (1961:3) 

and Stevenson (1964) added a living population as another major 

component. Buckman and Brady as others before them described the 

surface soil subsystem as having organic and inorganic layers, the 

so-called horizons (0,A,B,C). Rice and Alexander (1938:889) and 

Alexander (1961:307) subdivided the A horizon (Ago; Ao> Al; Ads A3); 

the Ag designating the organic soil layer. The A group, as described 

by Buckman and Brady (1969:299) and Alexander (1961:7), is comprised 

of mineral horizons characterized by marked leaching or outwashing. 

Alexander further stated that it is the layer of greatest biological 

interest for it is where roots, small animals and microorganisms are 

most dense and where the concentration of organic matter is highest, 

and hence, it is the dominant reservoir of microbial food. Cloudsley- 

Thompson (1967:3-4) also described the A layers. At the surface, 

23
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though, he said there is frequently a layer of undecomposed material, 

the litter or L layer. (cf. 0 or organic horizon of Buckman and 

Brady). Beneath this lies the Ao or humus layer consisting of 

amorphous organic matter which has lost its original organic structure, 

and then the A layers of true soil. 

Rice and Alexander (1938:891-892) described the soil horizons as 

if they were composed of three different states. The first, a solid 

state or portion composed of several kinds of matter that can be 

divided into inorganic and organic portions; the second, a liquid 

state or portion called the soil solution, consisting of water and 

containing varying quantities of dissolved mineral matter, CO), and 

oxygen; and the third, the gaseous state. This part varies with the 

amount of water present, since they replace one another. Alexander 

(1961:7) believed that "no single description adequately characterized 

' and that "individual profiles and hori- the nature of soil profiles,' 

zons differ from one another in their thickness, chemical constitution, 

aeration, color, texture and water relations." Alexander's account of 

these constituents will be used to describe the soil in general. 

According to Alexander (1961:3), the quantity of these constituents is 

not the same in all soils but varies with the locality. The pore 

spaces in average soils are about half the volume. The proportion of 

air and water in these spaces varies widely with environmental change. 

The mineral fraction, contributing generally slightly less than half 

the volume, originates from and is modified during.the disintegration
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and decomposition of rocks. Organic matter usually contributes some 

3 to 6% of the total. The living portion of the soil body - 

including various small animals and microorganisms - makes up 

appreciably less than 1% of the total volume. 

A review of the nature and properties of four or five major soil 

components as presented by several authors could help characterize the 

structure and dynamics of the surface soil subsystem. 

Inorganic 

Buckman and Brady (1969) said primary minerals such as quartz and 

secondary minerals such as silicate clays and iron oxides are present. 

Quartz dominates the sand and coarse-silt fractions. Other primary 

minerals such as fellspars, hornblende and mica (primary silicates) 

are present in sands but tend to disappear as the silt fraction increases. 

Secondary silicates dominate the fine clays. The other secondary 

minerals such as iron and aluminum oxides are prominent in fine silt 

and course clay fractions. The group called loam contains an 

agronomically "ideal" mixture of sand, silt and clay particles. 

Generally, they stated, primary minerals dominate coarser fractions of 

soil, whereas secondary minerals are very prominent in the fine 

materials and especially clays. Obviously, mineral particle size has 

much to do with soil nutrients presence and availability for plants 

in the field.
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Carbon, nitrogen, sulphur, phosphorus, sodium potassium, are the 

major mineral elements, (Waksman 1952, Buckman and Brady 1959). Odum 

and De LaCruz (1963) designated and described the different materials 

found in aquatic as well as terrestrial surface soils with specific 

" "seston," "litter" or "duff"; phytodetritus terms (i.e. "tripton, 

and zoodetritus for denoting the biological origin or biogenic nature 

of organic detritus; autochthonous and allochthonous for denoting the 

point of origin of organic detritus). They called the particulate 

organic material originating from disintegrating or decomposing bio- 

mass (i.e. from dead vegetative tissue and bodies of organisms or 

from nonliving organisms and excretions shed by living organisms in an 

ecosystem) organic detritus, but emphasized that since the term is also 

used for inorganic fragments, the ecologist should specify "organic 

detritus" or "biodetritus." 

Organic 

There is major confusion in the literature on the meaning of 

organic matter and humus. Buckman and Brady (1969:11-12) see them as 

two distinct structural entities of the surface layer. Others (e.g. 

Nikiforoff 1938:929-931, Stevenson 1964) emphasize differing pro- 

cesses. It is likely that final definitions are not useful and that 

the A horizon should be seen as a system with carbon inputs from 

various plants, animals and other sources; processes that are both 

mechanical (breakage, fragmentation, etc.) and chemical (protein to 

.
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amino acid conversion; one process of the gross expression "decomposi- 

tion" and another process called "mineralization"); outputs such as 

root exudates, leachates, free nitrogen, CH, , NH3, H,0 and CO, 3 and 

feedback such as biochemical process points, buffering, toxic or 

beneficial substances, and spatial relations of organism to dissolved 

nutrients. The organic layer as a system is dynamic, thus the raw 

products of that system - those that are operated upon - are changing 

along a continuum from complex biological structure, to abiological- 

elemental particles, to energy. 

The biochemical nature and importance of the decomposition pro- 

cess is discussed by Waksman (1932), Albrecht (1938), Alexander (1961: 

142), Stevenson (1964), and McLaren and Peterson (1967). Stevenson 

(1964) stated that a vast array of biochemical compounds was present 

as components of organic residues. These residues undergo decomposi- 

tion as the metabolic byproducts of microorganisms utilize the com- 

pounds as a source of energy. The ambiguity of literature being what 

it is, two sections of study based on the established categories may 

be useful. 

Total Soil Organic Matter 
  

Surface Organic Matter 

Initially, organic matter can be seen as a heterogenous, discrete 

mixture of plants and animals or their part. This mixture is rela- 

tively discernable, dark colored, and loose. The plant portion may
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consist of dry leaves, stems and fruits, while the animal portion may 

consist of dead macro and microfaunal bodies and their excreta or 

parts. Many diverse chemical structures and complexes constitute the 

surface material. When the surface organic matter is incorporated into 

the soil, it is subject to physico-mechanical, chemical, and macro- 

faunal forces. Compaction and action by wind, rain, snow or other 

weathering agents and animals also occurs. The breakdown into forms 

readily decomposed by microbes is one of the primary functions per- 

formed by the soil animals. The chemical processes occur simultane- 

ously but are secondary (Fig. 1). 

The original matter is decomposed to form a variety of residues. 

With further decomposition, parts are changed to less discrete brown 

or black organic units. The mechanical stage continues until the 

organic units are relatively indiscernable and become more or less 

homogenous. At this point physical activities of macrofauna contri- 

bute only slightly to the rate of change in organic matter decom- 

position. Microflora and fauna begin to participate more actively. 

The chemical process begins to increasingly take part in decomposing 

carbonaceous materials. The changes in total organic matter that 

take place here are affected by diurnal, nocturnal, seasonal, and 

moisture conditions, air diffusion, dissolved 05, different soil, and 

other chemical reactions. Biological changes in the soil surface
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subsystem resulting from the enzymatic processes of microorganisms 

and vegetation also may accompany this stage. Finally, little remains 

of the original material. 

Soil Humus 

Humus is a homogenous mixture of myriad complex organic products 

developed as a result of destructive mechanical, chemical, and micro- 

floral and faunal activities. Humus appears to have a clearly defined 

chemical composition but physically it is amorphous, moist, dark- 

colored, and practically odorless. 

The mineralization process proceeds gradually until all of the 

original dead organic parts, bodies, or residues undergo complete 

chemical mineralization. Organic residues do not decompose uniformly. 

Some substances decompose rapidly while others are more resistant. 

Nutrients are released to plants via the mineralization process. The 

inherent capacity of a soil to supply adequate amounts of nutrients to 

plants and subsequently indirectly to animals in suitable proportions 

is referred to as soil fertility by Buckman and Brady (1969:7). The 

major simplified end products of mineralization are CO, and HO. 

Emerson (1925) Nikiforoff£ (1938:929-939), Alexander (1961:15), 

Stevenson (1964), Burges and Raw (1967), Campbell and Lees (1967), 

Buckman and Brady (1969), either define or describe humus and its 

formation. Buckman and Brady (1969:12) referred to it as a black or 

brown collective association of the gelatinous, more resistant products 
.
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of decomposition, both those synthesized by microorganisms and those 

modified from the original plant tissue. Stevenson (1964:258) stated 

that ''the presence of humus in soil exerts a pronounced influence on 

the physical, chemical and biological activities taking place. Humus 

improves soil structure, drainage and aeration, increases the water 

holding, buffer and exchange capacity, influences the solubility of 

soil minerals and serves as a source of energy for the development of 

microorganisms" (Stevenson 1964:258). 

The carbohydrates and related compounds -- monosaccharides, 

polysaccharides, organic acids, pectins, celluloses, aromatic and 

aliphatic hydrocarbons, alcohols; proteins and their derivatives -- 

amino acids and sugars, purines, pyrmidines, mucleoproteins, nucleic 

acids; waxes, starches, lignins, lipids and their decomposition 

products undergo attack by one or more microorganisms. "Any compound 

that is synthesized biologically is subject to destruction by the soil 

inhabitants" (Alexander 1961:142). The proteins in the residues are 

broken down either into their constituent amino acids or into small 

polypeptides by various hydrolytic enzymes excreted by microorganisms. 

The amino acids or polypeptides may sometimes be taken up directly by 

plant roots in small quantities, but generally, they are metabolized 

by the soil microflora to form CO, and NH... 

Plant residues falling on the soil are usually predominantly 

cellulose byproducts, carbohydrates or substances derived from carbo- 

hydrates. In soil under aerobic conditions, these-materials are
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primarily decomposed by saprophytic fungi, aerobic bacteria, and 

actinomycetes. The microorganisms themselves also die and disintegrate 

into amino acid mixtures which are then reattacked. Campbell and Lees 

(1967:208) believed that continued transformations of soil biological 

material should, theoretically, lead to an asymptotic release of amino 

acid carbon as CQ). In forest soils, not all the plant and animal 

residues are transformed as carbon into the cells of microorganisms. 

Some of the residues are involved in inorganic chemical reactions. 

Clay and humus, existing in the so-called colloidal state, control the 

chemical and physical properties of soils and act as centers of 

activity around which chemical reactions and nutrient changes occur 

(Buckman and Brady 1969:16). Alexander (1967:16) concluded that such 

environmental characteristics in turn affect the qualitative and 

quantitative composition of the soil populations. 

In summary organic matter can be seen as one soil horizon com- 

posed of many different stages undergoing various rates of change 

via combinations of biological, mechanical and chemical forces. 

Biological Populations 
  

The organomineral soil surface subsystem of the soil environment 

harbors a vast and varied population of living organisms. Phillipson 

(1971), Stevenson (1964), Frank (1957), Volobuev (1964), Alexander 

(1961), Odum (1959), Vilenskii (1957), Clark (1956), Birch and Clark 

(1953), Thom and Smith (1938:940-947), and Waksman and Starkey (1923:
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351-353) gave their account of and expounded on the types and functions 

of soil organisms. Soil organisms causing decomposition of carbonaceous 

material are called heterotrophs. They are more diverse organisms and 

more numerous than those of the grazing chain called autotrophs 

(Phillipson 1971). The nature of the heterotrophs is largely deter- 

mined by the amount, type and availability of the decomposing detritus 

(Stevenson 1964). Among the organisms are the relatively large forms 

(macrobiota) -~- such as large insects and the essential Oligochaeta 

(earthworms); smaller forms (mesobiota) -~- such as Nematoda (round- 

worms), Isopoda (pillbugs, sowbugs), Thysanura (bristletails), 

Dermaptera (earwigs), Myriapoda-Deplopods (millipedes) and Chilopods 

(centipedes), Amphipoda or Syphanoptera (sandfleas), Coleoptera- 

Blattidae (roaches), Orthoptera-Gryllidae (crickets), Hymenoptera- 

Formicidae (ants), Isoptera (termites), Collembola (springtails), 

Thysanoptera (thrips), and Acarina-Oribatidae (mites). The mites, 

collembolans, thrips are the most abundant in that order (Odum 1959: 

376). Among the microbiota are the forms most important in the 

production of CO», most significant and vital to the carbon cycle, 

and most responsible for passing organic matter through this cycle. 

In order of diversification, dominance and abundance, these are: 

bacteria, actinomycetes, fungi, algae, protozoa (Alexander 1961:3, 

Stevenson 1964, Volobuev 1964:34-35). 

The activities of soil organisms can vary from mechanical dis- 

integration of plant residues by macroorganisms such as insects and
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earthworms to the eventual complete decomposition of these residues 

by microorganisms such as bacteria, actinomycetes and gungi (Buckman 

and Brady 1969:15, Odum 1959:380). According to Phillipson (1971) 

the larger heterotrophs, by mechanically destroying litter, provide 

food remains and feces as a substrate of small particles and large 

surfaces which can be readily attached by microorganisms. 

Birch and Clark (1953) believed that it was not realistic to 

consider all the organisms as a group, because each form is linked in 

an ecological food web and can be studied most effectively as a com- 

munity of organisms. The macro and mesobiota, it appears, would 

somehow facilitate the activity of the microbiota. The microorganisms 

play the greatest role in converting plant litter to mineral matter, 

and disintegrating carbonaceous materials (Volobuev 1964, Waksman and 

Starkey 1923, Stevenson 1964). To reemphasize, the release of C, N, 

P, and S from organic combination via mineralization accompanies these 

processes. 

The Soil Solution 

One more major component of the organomineral subsystem is the 

soil solution. The solution is dynamic. The soil water relation- 

ships and the biological and biochemical effects of moisture have 

been studied by Byers et al. (1938) and Buckman and Brady (1969:13). 

Buckman and Brady stated two significant concepts of soil water: 

"(1) water is held within the soil pores with varying degrees of 

tenacity depending on the amount of water present; and (2) together
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with its dissolved salts, soil water makes up the so-called soil 

solution which is important as a medium for supplying nutrients to 

growing plants."' Alexander (1961:10-11) reported that in certain 

areas and during certain parts of the year, the soil is quite wet and 

too much water is present for optimum biological action. During 

other times when the moisture level is low, microorganisms suffer. 

The supply of A horizon soil water is quite variable because it is 

derived from atmospheric precipitation, and thus, marked fluctuations 

in soil water content are natural. Alexander said that part of the 

water which moves with the pull of gravity is called free or gravita- 

tional water. Such water, he stated is situated within the larger 

soil pores that are often filled with air, and consequently, gravita- 

tional water directly affects aeration. Hall (1947 :20) discussed the 

relation of rainwater with the soil gases. Moisture and aeration are 

directly related because that portion of the pores space not containing 

water is filled with air. Pore space in soils is discussed by Russel 

and Appleyard as early as 1915 and Bear in 1927. Russell and Apple- 

yard said that the soil mass is porous; the pores appear to be 

continuous. Bear noted that pore space amounts to from 30 to 50% 

of the total volume. They stated that part of this space is taken up 

by water and the remainder by air. Buckman and Brady (1969:14) and 

Alexander (1961) asserted that the soil air content and composition 

are determined to a large degree by the soil-water relationships. 

According to them, air moves into those pores which are not occupied
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by water, and water in turn displaces the air. The gas found in the 

soil profile may be said to constitute the soil atmosphere (Alexander 

1961). 

The Soil Atmosphere 

The soil atmosphere is the fourth major component of the 

organomineral soil surface subsystem. It consists of the air or gases 

present in the soil pores. Alexander (1961:11) held that this atmos- 

phere is neither identical with that in the air above the earth nor 

at a point several inches from the soil surface. Analyses and dis- 

cussions of the soil air and atmospheric air are given by Russell and 

Appleyard (1915), Bear (1927:102-106), Lundegardh (1927), Waksman 

(1932 :561-563), Hall (1947:56), Miller et al. (1951), Hutchinson 

(1954), Vilenskii (1947:155-159), Comber (1960:86-88), Russell (1961), 

Alexander (1961:11), Epperson (1962:21), Voigt (1962:206-207), 

Monteith (1962), Glinka (1963:282), Van Bavel (1965:315-318), and 

Buckman and Brady (1969:14,242-247). 

Russell and Appleyard indicated that the biological significance 

of soil air is that it surrounds the soil organisms. Waksman stated 

that the soil atmosphere is a mixture of gases changing constantly 

mainly because of biological activities and also to some extent 

because of chemical processes. Van Bavel pointed out that the 

principal components of the gaseous phase of the soil atmosphere are 

nitrogen, oxygen, carbon dioxide, and argon. Hall, Voigt, Comber, 

and Buckman and Brady discussed several ways the soil air differed
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from that of the atmosphere. First, Buckman and Brady stated, "the 

soil air is not continuous, being located in the maze of soil pores 

separated by soil solids." Second, "the soil air generally has a 

higher moisture content than the atmosphere, the relative humidity 

approaching 100 percent when soil moisture is optimum." Hall and 

Comber reiterated this observation as did Voigt who added the 

exception that the first few centimeters of the surface horizon did 

not have these characteristics. The third way soil and atmospheric 

air differed was that the soil CO, content of soil is usually 

considerably higher and oxygen lower than that found in the atmosphere. 

Russell and Appleyard, Russell, Bear, Hall, Hutchinson, Volenskii, 

Alexander, Epperson, and Buckman and Brady were supportive. Russell 

and Appleyard studied the causes and significance of the fluctuations 

in the soil air due to time of day, seasons, temperature, moisture, 

barometric pressure, diffussion, bacterial numbers, nitrate formation, 

cultivation. Their findings will be reported in a later section. 

They and Comber (1960) concluded that much more variation and fluctua- 

tions in soil air composition and gaseous exchange were mainly due to 

fluctuations in rate of biochemical processes. The difference in the 

above-ground and below-ground atmospheric composition arises from the 

respiration, living organisms consuming O04 and producing and releasing 

CO> (Alexander 1961:11) and, of course, daily variations in atmos- 

pheric CO, and 5.
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Russell (1961) and Voigt (1962) thought the composition of the 

soil air was determined by the rate of CO production in the soil 

resulting from actions of the microorganisms and plant roots and the 

rate of its removal from this zone either into the deeper subsoil or 

into the atmosphere. But, since the co, concentration is higher in 

the soil than in the atmosphere, most of it will diffuse into the 

atmosphere. Vilenskii (1967) noted that the soil air composition 

was not constant; it changed according to soil chemical processes, 

gas exchange with the atmosphere, and external factors. 

The composition or content of the soil and atmosphere has been 

detailed by many of the above authors. The earliest information on 

the composition of soil air, as reported by Glinka, are from 

Boussingault in 1924 and Boussingault and Levy in 1853. The following 

variation in soil air components was determined in percentage by 

volume: 78.8 - 80.24% N, 10.35 - 20.03% Oo, 0.74 - 9.74% co... 

Bear (1927:106) reported that normal concentration of atmospheric co, 

is 0.03% by volume but in soil, its concentration often exceeds 1% 

and in unusual cases it is found as high as 15%. Voigt estimated 

concentrations to vary from 0.03% to 13% in free, above-ground 

atmosphere. Vilenskii (1957) observed that atmospheric air contained 

79.01% N, 20.96% Oo, 0.03% co, while soil air on the average contained 

79% N, 20.3% O55 0.15-0.65% co,. According to Comber (1960), the 

atmospheric air contained 78.95% N, 20.992 O55 0.3% CO. , and the soil 

air consisted of 79.2% N, 20.3% O55 0.5% co. . Miller et al. (1951)
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stated that soil air contained approximately ten times as much CO» 

as atmospheric air. In 1961, Alexander pointed out that the CO» con- 

centration exceeds the atmospheric level by a factor of ten-fold to 

one-hundred fold, but 09 was less plentiful. 

Buckman and Brady (1969:246) compared the composition of soil air 

at various locations to that of the atmospheric air. They stated that 

CO, is frequently several hundred times more concentrated than the 

0.03% commonly found in the atmosphere. Oxygen decreases corres~ 

pondingly, and in extreme cases may be no more than 10 to 12% as 

compared to 20% for normal atmosphere. In addition there is generally 

an inverse relationship between CO, and 05 contents, i.e., as C09 

increases, 0» decreases. They concluded, "when the soil air contains 

only 0.25 per cent CO, this gas is more than 8 times as concentrated 

as it is in the atmosphere. In cases where the CO, content becomes 

as high as 10 percent, there is more than 300 times as much present 

as is found in the air above." 

Lundegardh (1927) acknowledged that same idea and held that the 

CO, concentration in the soil atmosphere is essentially dependent 
2 

upon two factors: (1) the rate of absolute CO, produced chiefly by 

soil microflora in enzymatic chemical processes or reactions, and the 

roots; and (2) the rate of diffusion through the soil volume to the 

outer atmosphere from regions of high to low concentrations. He 

called this upward diffusion of CO, and downward diffusion of 05 

“soil aeration." Voigt (1962) and Wiant (1967) recognized and
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reiterated these factors. According to Monteith (1962) the relatively 

high CO, concentrations found in soil atmospheres (103 to 10* ppm) imply 

that the main resistance to upward diffusion is met within the soil 

pores and that the resistance of the atmospheric air layer directly 

above the soil is negligible. 

So, it is from the soil that inorganic and organic nutrients, 

water, and air are made available within the forest by various inter- 

acting processes. Alexander (1961:17) stated that the soil is a vast, 

dynamic medium for subterranean inhabitants as well as a site in 

which substances become available to higher plants. Acknowledging 

this, Stevenson (1964) asserted that the microbiological balance in 

' Under aerobic soil is referred to as a "dynamic equilibrium.' 

conditions, the carbon is liberated as Coy, and under anaerobic 

conditions as organic acids, alcohols, methane, and co, (Waksman 1952). 

According to him, even under the most favorable conditions of decom- 

position, the carbon in the organic matter is not all transformed to 

CO, at once. 

For bacteria, Vilenskii (1957:62) reported, "the only source for 

' This is due, he said, to the the assimilation of carbon is CO, .' 

heteretrophs assimilating a great deal of the carbon for the synthesis 

of this cell material. The majority of the dynamic associative and 

antagonistic phenomena of the soil are localized to the extent that 

only the organisms proximal to each other are affected (Stevenson
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1964). In light of this, it was then asserted that soil is an 

intricate, interwoven system consisting of microenvironments. 

The metabolism of living organisms, regardless of their natural 

habitat, is accompanied by many integrated enzymatic reactions. The 

role of these reactions and the relation between C and N were discussed 

by Broadbent (1957:153) and Russell (1913:78). Some of the carbon and 

nitrogen from the residues are incorporated into the microbial cells. 

Broadbent (1957:153) said that "as decomposition proceeds, much of the 

carbon is lost as carbon dioxide and very little is used for building 

microbial cells" (cf. Waksman 1952), whereas essentially all the 

available N is conserved by incorporation into new protein molecules. 

Consequently the C/N ratio is narrowed. It does not -follow that 

lowering the ratio (as by adding fertilizer N) will stop or greatly 

decrease the amount of carbon lost. Broadbent (1957:153) stated two 

reasons for this: "(1) most of the energy needed to keep the soil 

population functioning and to drive the myriad soil processes comes 

from the conversion of organic carbon to carbon dioxide, (2) soil 

microorganisms are inefficient in their ability to use the energy so 

' 
released to build new cells." Delwiche (1967) expounded on the redox 

process and reactions. The soil, he said, may be looked upon as 

continually receiving "reduced" compounds of carbon and continually 

"oxidizing" them to carbon dioxide and water. Solar energy drives 

the processes that yields these reduced compounds, and the lowest 

ultimate energy state is one of complete oxidation to the initial raw
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materials of CO, and H,0. Russell (1961) defined microbial decomposer 

respiration as the chemical reaction which liberates energy part of 

which is transferred into available energy for the vital needs of an 

organism. Alexander (1961:42) said that organisms obtain energy for 

growth from inorganic oxidations. Birch and Clark (1953) observed 

that the respiration of these organisms produces heat as a form of 

energy. By his evaluation, respiration represented energy transferred 

as heat from the metabolic activity of all decomposers. He stated 

that respiratory losses of organisms which have been eaten by 

predators cannot be ignored because of their supposed contribution to 

soil CO» production. This energy drain due to respiration loss was 

acknowledged by Moulder (1970) who studied the significance of spider 

predation in the energy dynamics of forest floor arthropod communities. 

Russell, Delwiche, Stotsky (1965:1550-1551) and Buckman and Brady 

presented and discussed the reaction in which carbonaceous material 

in the organomineral soil is oxidized to C05 and water. It can be 

represented as: 

  

CH, O| + nO Enzymatic Oxidation nCO, + nH,O 
n’2n'n 2 2 2 

Russell observed that all plant compounds are oxidized to co, in the 

soil by plants and animals. He indicated that organic matter added 

to soil by plants and animals rapidly undergoes many changes in the 

presence of air. Also, oxygen is slowly but continuously absorbed 

and an amount of CO, evolved equal to the number moles 05 absorbed.
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Stotsky (1965:1550) determined that "carbon comprises approximately 

45 to 50% of plant and animal tissues" and when these tissues are 

metabolized by microorganisms, 0» is consumed and CO» is liberated as 

in the equation presented. However, only 60-80% of carbon is liberated 

as CO> under normal aerobic conditions because of incomplete oxidation 

and synthesis of cellulose and intermediary materials. This supports 

the main reaction presented above. Finally, Drobnik (1962:136) 

stated that oxygen is utilized in soil by two processes, first the 

exogenous oxidation of total soil organic matter excluding the soil 

organisms and second, the endogenous respiration by soil organisms. 

To summarize, the organomineral soil surface layer consists of 

five components in complex interplay - the total organic matter, 

minerals, water, air and populations of organisms - all a dynamic 

subsystem of the forest ecosystem. 

Carbon Dioxide Production and Evolution from Soil 

For more than a century, researchers have investigated soil co, 

production and liberation. There is voluminous literature on carbon 

dioxide, its relation to the nature and properties of soils, the 

meaning of its production and/or liberation, the natural causes for 

the variation in its production and liberation in the techniques and 

methods of measuring its rate of production and liberation from dif- 

ferent soils, and its importance as an index to reflect changes 

produced in soil communities under different forest soil treatments.
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Analyses of such studies are given in reports or studies by Russell and 

Appleyard (1915), Potter and Snyder (1916), Bizzell (1918), Turpin 

(1920), Waksman and Starkey (1923, 1924), Deselm (1952), Lundegardh 

(1927, 1954), Alexander (1961), Voigt (1962), Stotsky (1965), Wiant 

(1967a, 1967b, 1967c), Remezov (1969), and Buckman and Brady (1969). 

The Meaning of Soil Carbon Dioxide Production/Liberation 

According to a definition by Lundegardh (1927) soil respiration 

can be defined as "the amount of co, produced by a certain soil area 

during a certain time." This definition seems very simple but the 

actual meaning of CO, production and liberation is quite complex. 

Lundegardh (1924, 1954, 1957), Romell (1948), Walter (1952), 

and especially Haber (1958), and Walter and Haber (1957) gave a full 

description of the historical development and the different directions 

in which the factors of soil respiration have been investigated 

(according to Leith and Quelette 1962). Earlier studies of soil 

respiration were performed mainly in the laboratory or under agronomic 

conditions. In recent years, efforts have been made to achieve a more 

complete understanding of heterotrophic decomposition and respiration 

processes in soils of forest systems. A comprehensive review of 

studies will be presented. 

Russell (1905) suggested that the amount of oxygen absorbed is a 

measure of the total action of the microorganisms. He believed, 

ceteris parabus, the more these changes, the more productive will be
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the soil. Russell and Appleyard (1915) Stated that the rate of C05 

production is a quantity of great importance in the study of bio- 

chemical changes in the soil but obtained evidence that decomposer 

respiration curves are mainly determined by the production and not by 

CO, loss from the soil. co, is lost by gaseous diffusion. In 1917, 

Russell and Appleyard asserted that the biochemical decomposition of 

plant residues and other soil organic matter is of fundamental 

importance for soil fertility; and, this decomposition is largely 

brought about by activities of bacteria and other microorganisms. 

According to Bizzell (1918), Deheraen and DeMoussy called attention 

to CO, formation in the bare soil being due almost entirely to bacteria. 

Turpin (1920), from his intensive review of the literature on the 

subject, and investigations or discussions by Lundegardh (1927), 

Waksman (1952), and Teuscher and Adler (1960), Appleman (1927), 

Corbet (1934), Smirnov (1956), Odum (1959:375), Stotsky (1960), 

Florence (1965), Witkamp (1966a), Wiant (1967b), Skujins (1967) and 

recently by Kormondy (1969) all demonstrated that CO, originates in 

the soil primarily through organic matter decomposition by various 

soil bacteria and fungi. Energy is liberated. Carbon dioxide may be 

formed not only due to enzymatic oxidation, but due to hydrolysis, as 

in the formation of alcohol and COQ) from dextrose. Some CO, also 

originates in normal soils from carbonates interacting with organic 

or mineral acids by biological agencies. Waksman and Starkey held 

that the "respiratory power of the soil" itself and "the decomposing
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power of the soil" should be differentiated. Respiratory power is 

measured by the C09 produced when a definite amount of soil is placed 

under optimum temperature and moisture conditions. This in turn 

depends upon many factors (see Waksman and Starkey 1924:145). "Soils 

rich in organic matter produce by far the greatest amount of CO.. The 

amount of COy produced is not, however, proportional to the carbon 

content of the soils." Focusing on CO, evolution, they also analyzed 

soil microbial activities as an index to soil fertility. These 

findings emphasize the vital influence of all forms of organic matter 

on the complex processes which are included in soil fertility. 

Several researchers discussed the role and contribution of a 

biological respiration processes, chemical processes (Waksman 1952), 

Skujins (1967) and plant root respiration (Turpin 1920, Lundegardh 

1927, Waksman 1952, Teuscher 1960, Wiant 1967b, Skujins 1967) to the 

total amount of C04 found in the soil. Lundegardh (1927) calculated 

the percentage of total CO, due to respiration and concluded that about 

30% of total CO») is due to presence of roots. He believed that micro- 

organisms associated with roots had much to do with CO, liberation. 

Odum (1971) discussed how much of the total soil respiration is due 

to soil micro, meso, and macrofauna, and how much is due to the roots. 

Most of the soil respiration is due to the combined root-microorganism 

component. Turner and Pengra (1971) recognized that plant root and 

soil animal respiration as well as heterotrophic breakdown of organic 

Matter by microbes are included in soil respiration and realized that
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each of their roles or contributions should be taken into account. 

However, he asserted (for his study) that it would suffice to lump 

these as energy loss through "soil respiration." 

It seemed conclusive that, in light of their evidence, co, 

produced by chemical processes, respired by plants and their roots, 

and produced and evolved by soil microorganisms contribute to the 

total co, found in the soil; but, the first two contribute insignifi- 

cantly and the latter contributes relatively much more significantly 

(75-80%), and it is the prominent pathway for co, production. 

Emerson (1925) reported that the destruction of carbon compounds 

by biological action was due to the utilization of carbohydrates for 

metabolic processes. In the process the carbon compounds are hydro- 

lyzed and made soluble, large amounts of co, are Pree off, and many 

by-products are formed. He emphasized that the assimilation and 

decomposition of soluble carbohydrates was always accompanied by CO 

production. 

Lundegardh (1927:421-430) discussed many aspects of soil respir- 

ation and its contribution to atmospheric co,. He observed that soil 

respiration is the total of all soil processes in which CO5 is pro- 

duced. In nature, free diffusion is the moving force of soil respira- 

tion and the principal factor in the liberation of CO. that is accumu- 

lated in the soil pores. According to him, almost all co, produced 

in the soil is given off from the soil surface, and as a rule, the 

amount of CQ» given off equals the amount of Oy absorbed by the soil.
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Waksman (1932) reported that under anaerobic conditions a large part 

of the energy is left in intermediary products. The amount of CO5 

liberated is small and thereby, it cannot serve as good an index of 

decomposition as the evolution of co, under aerobic conditions. 

The co, produced by microorganisms in decomposing organic matter 

has both a chemical and physical action on the soil. Waksman stated 

that it rendered certain insoluble soil minerals soluble and it 

imparted to the soil (after spring planning and cultivation) a fruitful 

condition. Corbet (1934:109-115) used the co. contained in the soil 

air for assaying concentrations of soil microorganisms. He also 

investigated co, evolution associated with the bacterial growth curve. 

Investigations by Wollny in 1897 (as reported by Waksman and Starkey 

1924), demonstrated though, that increasing co, content in the soil as 

a possible limiting factor in bacteria, and Corbet (1934) demonstrated 

that co, seemed to have an inhibiting effect on bacterial numbers. 

That evolved CO») is partly diffused from soils and enriches the ground 

layer of the atmosphere was recognized by Weir (1949); but, he 

further asserted that CO, is partly absorbed by the soil water in 
2 

which the carbon is redeposited as carbonates. Lees (1950:231) 

observed that CO> indirectly estimated microbial assimilation in 

soil, and any carbon not released as CO, is assimilated by soil 
2 

microflora. Miller et al. (1951:26) reported that the CO, evolution 

from rapidly decaying organic matter may reduce oxygen supply and 

result in reduction. Waksman (1952) stated that the total amount of
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liberated CO, and the ratio of CO, liberated to the organic matter 

decomposed depend on the nature of the material, the microorganisms 

concerned, and conditions of decomposition. He pointed out that when 

fungi and aerobic bacteria decompose cellulose, hemicelluloses, sugars, 

and starches, as much as 50-80 per cent of the carbon is liberated as 

CO, - 

Russell, according to Waksman (1952), also found parallels 

between the amount of oxygen absorbed and the amount of co, produced 

as did Lundegardh (1927). Russell measured the amount of oxygen 

absorbed by the soil as an index of soil oxidation and used it instead 

of CO. as a measure of soil fertility. Russell believed that the 

amount of oxygen absorbed, like co, evolved, can measure soil properties 

and total action of soil microorganisms. The rate of 0, absorption 
2 

was found to increase with temperature, amount of water (up to a 

point), and the amount of Ca co. in the soil. Since these factors 

paralleled soil fertility, Russell suggested utilizing soil oxidation 

to measure soil fertility. Katznelson and Stevenson (1956:621) 

reported that "the respiratory activity will reflect the amount and 

availability of oxidizable material in the soil and the activity of 

the population itself." Other CO, production pathways are reported 

by Chase and Gray (1957). A highly significant correlation was 

found by Gray and Wallace (1957) between bacterial numbers of the soil 

microbial population, organic matter, and the results of their 

activities expressed as the rate of CO, production.:
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He asserted that CO» gas is one of the important end products of 

organic matter decay and stressed that this gas dissolved in soil 

water, forming carbonic acid which is an effective dissolving agent 

for soil minerals. Stotsky (1960:45, 1965:1551) noted that “"non- 

biological production of co, by chemical decarboxylation, by heat 

stable enzymes or by the action of organic acids formed during meta- 

bolism or added chemicals on free soil carbonates may result in 

erroneous interpretation of the microbial activity of a soil if 

activity is based solely on CO, evolution curves." . 

Views about co, evolution and assimilation have also been 

presented by Smith (1966:632) and Odum (1959:375). Smith asserted 

that "since the uptake of COo, mole for mole, is equivalent to the 

production of organic carbon, its determination is one of the most 

direct approaches to measurement of primary production." 

Alexander (1961:130-131, 42, 450) discussed the carbon cycle, 

organic matter decomposition, and CO production. He noted that the 

carbon cycle is completed and carbon is made available with the final 

decomposition and production of CO, from humus and rotting tissues. 

Noticing that chemoautotrophic and photoautotrophic microorganisms 

must have CO, since it is their single and only carbonaceous nutrient, 

he said that "the gas is stimulatory to and often required by many 

heterotrophs, and the growth of some species will not proceed in its 

absence." He held that "the most important function of the microbial 

flora is usually considered to be the breakdown of -organic materials,"
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but also is "a process by which the limited supply of CO5 available for 

photosynthesis is replenished." The utilization of carbonaceous 

substrates by the large microbial population leads to or) input and co, 

output. Therefore, Alexander concluded, the respiration of micro- 

organisms results in greater CO, production from the soil rhizosphere 

than from the non-rhizosphere. Voigt (1962) underscored the role of 

CO, in photosynthesis and respiration from various soils and analyzed 

differences in soil co, values in laboratory and field measurements. 

Bonner (1962, as cited by Smith 1966) demonstrated that the rate of 

photosynthesis increases if a greater quantity of co, is available. 

Epperson (1962:21) observed that when organic matter decomposes 

it gives off CO, in the soil which replaces some of the O. of the 

soil which, in turn, is used by the organisms that aid in decomposi- 

tion. As a result, he noted, the soil air contain less o, and more 

co, than the air above soil surface. Soil CO» was measured as a 

factor of total respiratory activity by Ahlgren (1965). In 1967, 

Burges and Raw recognized that CO, is given off as decomposition 

proceeds, and Gupta (1967) pointed out that decompositions can be 

studied by CO5 evolution. Campbell and Lees (1967) commented that 

under aerobic conditions excess carbon is normally eliminated as CO.. 

In 1968, Cole and Ballard demonstrated that CO, is a major form 

of output in the carbon balance of the forest floor. Witkamp (1969) 

acknowledged that soil respiration comprises co, produced by soil 

microbes, flora and fauna including root respiration, but he noted
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that it does not reflect that metabolic activity which results in 

incomplete oxidation or CO) loss in drainage water. Kormondy (1969) 

concluded that the most substantial return of CO to the environment 

in the carbon cycle is accomplished by the decomposer respiratory 

activity in their processing of waste materials and dead remains of 

other trophic levels. He expounded on the role of co, in photosyn- 

thesis, respiration and the carbon cycle. Bolin (1970) examined the 

respiration process and reported that the high co, concentration 

close to the ground at sunset reflects CO, release from soil organic 

matter decomposition. The significant function of saprobes, reducers, 

or decomposers in CO, production is discussed by Whittaker (1970). 

According to Kucera and Kirkham (1971), the rate of CO, evolution 

has been commonly used to measure soil respiration although these 

expressions are not always synonymous because of anaerobic respiration, 

carbonic acid reaction, variable diffusion rates within and from the 

soil profile. He maintained, nevertheless, that the soil respiration 

rate is useful parameter for evaluating biological activity in ter- 

restrial soil ecosystems. 

To conclude, in view of what has been said, carbon dioxide is 

produced in the soil predominantly as a result of the respiratory 

activities of soil microflora and microfauna via enzymatic biochemical 

oxidation processes in the breakdown, decomposition, and mineraliza- 

tion of organic matter and compounds. Root respiration contributed 

minute amounts in relation to total con production. Other abiotic
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reactions produce unsignificant amounts. Furthermore, most but not all 

of the CO, that is produced is liberated. Although soil CO 2 production 
2 

and liberation fluctuates with internal as well as external environ- 

mental factors, it can be used as a parameter to assay and evaluate 

the biological activity and dynamics in terrestrial soil ecosystems; 

and it can be used to study the breakdown rate of litter and soil 

organic matter and the overall measurement of soil metabolism of 

different ecosystems. 

  

Formulae for Expressing Soil CO, Content and Evolution 

Several mathematical relations have been developed to express the 

content and evolution of co, from the soil. The simplest relation 

according to Lundegardh (1927:421) is 

c=xk-A (1) 
K 

where C is co. concentration in the soil. 

"C alone can never be used as an adequate expression for the soil 

activity." K is the diffusion value, the volume of gas (cc) that in 

l sec. passes through a cylinder of 1 sq. cm base and 1 cm height 

when difference in partial pressure is 1 atmosphere; and A is abso- 

lute CO, production. 

Bayliss (1927) developed the equation 

8B = C + X(1-c) (2)
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where: 8 = total base concentration, C is cc Naco., solution; X is 

equivalents Co,/equivalent total base and c is cc NaOH solution for 

determining the amount of co, in a NaOH and Naco., mixture by conductance 

of the solution. 

It was suggested by Waksman (1932) that soil CO, formation, 

whether treated with organic matter or not, does not proceed in 

accordance with the bacterial growth law under aerobic and constant 

environmental conditions. It proceeds in accordance with the equation 

X = ake™ , (3) 

where: X is amount of co, produced in time t; a is the initial 

content of soil and K and m are constants. 

Lemmermann and Weissman, according to Corbet (1934) also showed 

that under experimental conditions, the gas evolution can be repre- 

sented by X = akt™, Corbet though (proposing to employ the equation 

of Lemmermann and Wiessman in this form) stated that con evolution 

from soil samples under lab conditions at constant temperature is 

expressed accurately by 

Y= Fe™ (4) 

where: Y is total yield of co, in time t; and F and m are constants. 

He stressed that A in the equation (1), X in equation (2) and (3), 

and Y in equation (4) both represent the total yield of CO, since the 

beginning of the experiment. He concluded that although the evolution
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of co, is proportional to the number of microorganisms present when 

the population is increasing, during the phase of decrease, only 

a proportion of the living organisms present produce C09. Based on 

data from Boynton and Brattain and applying the kinetic theory, 

Ballard (1970) estimated D' for CO5 under ordinary field and laboratory 

conditions by the following equation: 

D' = 0.00141T* P-! cm*/sec. (5) 

where D' is cm@/sec.; T is temperature in °K; and P is pressure 

in mm Hg. 

  

Natural Causes of Variation in CO, Production/Evolution 

The characteristics of the soil subsystem in terrestrial eco- 

systems can be affected by physico-mechanical fragmentation of 

detritus by mechanical breakage, chemical changes, enzymatic processes 

of microorganismal activities, vegetation and abiological influences. 

The forest floor can be differentially influenced by any one or any 

combination of the above factors. In the above sequence, the syner- 

gistic activity or affects of these factors produce the forest soil 

layer. 

There are many ways by which the forest floor can be influenced. 

The factors most important in determining the character of the soil 

may be identified as parent material, relief, living organisms, 

climate, and time of day. These may be, however, grouped into 

principally, small variation due to soil type, texture, slope, aspect
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flora and fauna, atmospheric pressure and dissolved 0,3 and great 

variation due to natural external factors such as temperature, moisture 

and season; organic matter, vegetation and treatments. Climatic 

differences are sometimes so great that local fluctuations are masked 

altogether. 

The CO, of the soil air can be affected naturally by many factors 

caused from both kinds of variation. Comprehensive analyses of 

natural causes for the variations in CO, production and/or liberations 

are given by Russell and Appleyard (1915, 1917 and .1925), Potter and 

Snyder (1916), Bizzell and Lyon (1918:97~101), Waksman and Starkey 

(1924:141-145) , Waksman (1932), Glinka (1963), DeSelm (1969:190), 

Russell (1961), Stevenson (1964:14-15), Stotsky (1965) and Buchman 

and Brady (1969:247-249). | 

CO> fluctuations from the most common types of natural external 

factors including atmospheric pressure, time of day, nitrate formation 

and numbers of microorganisms were reported by Russell and Appleyard 

(1915:1917), Potter and Snyder (1916), Bizzell and Lyon (1918), 

Turpin (1920:321-348), Waksman and Starkey (1924:141-145), DeSelm 

(1950:190), Vilenskii (1957), Comber (1960:87), Glinka (1963), and 

Stevenson (1964). 

General reviews on how types of substrate, environmental condi- 

tions and/or microorganisms (both density and activity) change co, 

are given by Russell and Appleyard (1915, 1917), Waksman (1932),
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DeSelm (1952), Stotsky (1965), Stevenson (1964), Witkamp (1969), 

Buckman and Brady (1969:241-265) and Van Cleve (1971). 

The influence of temperature, diurnal and yearly, on co, was 

studied and discussed by Russell and Appleyard (1915:1917). Bizzell 

and Lyon (1918:102), Lundegardh (1927), Waksman (1932, 1952), Corbet 

(1934), Lutz and Chandler (1946), Birch and Clark (1953), Vilenskii 

(1957), Douglas and Tedrow (1959), Elkan and Moore (1960), Daubenmire 

and Prusso (1963), Witkamp (1963, 1966b, 1969), Witkamp and Vander 

Drift (1961), Drobnik (1967), Wiant (1967c), Kelley et al. (1968), 

Reiners (1968), Witkamp (1969), Buckman and Brady (1969:241-265), 

Moulder (1970), Kucera and Kirkham (1971) and Van Cleve (1971). 

co, moisture and rainfall relationships were examined by Russell 

and Appleyard (1915, 1917), Bizzell and Lyon (1918), Waksman (1932, 

1952), DeSelm (1952), Stevenson (1956), Dougles and Tedrow (1959), 

Stotsky (1960), Elkan and Moore (1960), Soulides and Allison (1961), 

Voigt (1962:211-212), Volobuev (1964:38), Witkamp (1966, 1968), Wiant 

(1967d), Reiners (1968), Buckman and Brady (1969:248) and Van Cleve 

(1971). 

Seasonal effects on co, production and liberation were investi- 

gated by Russell and Appleyard (1915:1917), Bizzell and Lyon (1918), 

Lundegardh (1927), Bear (1927), Waksman (1932), Hall (1947:20), 

DeSelm (1952), Smirnov (1956), Vilenskii (1957), Boynton, Boynton 

and Compton cited by Voigt (1962), Skujins (1967), Reiners (1968) 

and Buckman and Brady (1969:248).
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Daily and nightly diurnal fluctuations in carbon dioxide pro- 

duction and output were recognized and reported by DeSelm (1952), 

Hutchinson (1954), Leith and Ouellette (1962), Smith (1966:96), 

Skujins (1967), Witkamp (1969) and Johnson and Kelley (1971). 

co, differences and variation due to organic matter content and 

decomposition rates (with temperature and moisture changes) were 

described by Russell and Appleyard (1915;1917), Turpin (1920), Waksman 

(1932), Van Suchtelen, Stoklassa and Ernest in Waksman (1952), Hall 

(1947:20), Fleck in Glinka (1963:282) and Glinka (1963). Gray and 

Wallace (1957) focused on organic matter, bacterial numbers and co. 

relations. 

How co. varied with soil depth was examined by Lundegardh (1927), 

Waksman (1932), Pettenkofer cited in Glinka (1963:282), Glinka (1963), 

Alexander (1961:11), Witkamp (1969) and Buckman and Brady (1969:248). 

Different soil types and textures may also change co, formation 

and output. This was noticed by Russell (1913 and 1961), Douglas 

and Tedrow (1959), Stotsky (1960), Boynton, Boynton and Compton in 

Voigt (1962), Buckman and Brady (1969:55-60, 155) and Kucera and 

Kirkham (1971). 

The important effects of and changes in biological systems and 

their effects on co, have also been examined and reviewed by Russell 

and Appleyard (1917), Turpin (1920), Corbet (1934), Gray and Wallace 

(1957), Stotsky (1965) and Turner and Pengra (1971).
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The influence of vegetational types and habitats on CO, was 

reported by Waksman (1932), Vilenskii (1957), Russell (1961), Witkamp 

(1966), Schulze (1967), and Van Cleve (1971). Florence (1965) 

observed and described changes in co, as a reflection of successional 

changes in soils of forests. Natural fluctuations resulting from 

plant growth were ascertained by Barakov (1911), Russell and Appleyard 

(1915), Bizzell and Lyon (1918), Lundegardh (1927), Waksman (1932, 1952), 

Smirnov (1956). Modifications in CO, formation on account of root 

activity pointed out by Bizzell and Lyon (1918), Lundegardh (1924), 

Hall (1947:56), Smirnov (1956), Wiant (1967b), Reiners (1968). 

Natural causes of differential gaseous (CO,) diffusion and respiration 

was studied and presented by Bear (1927), Lundegardh (1927), Vilenskii 

(1957), Comber (1960), Alexander (1961:11), Russell (1961), Voigt 

(1962:211-212). Influential factors on soil aeration were reported 

by Waksman (1932), Hall (1947:20), Van Suchtelen in Waksman (1952), 

and Golley et al. (1962). 

Some authors should receive special mention for their studies. 

Weir (1949) and Vilenskii (1957) discussed how various factors such 

as temperature, moisture, barometric pressure, wind, inter-diffusion 

of gases related to soil aeration CO, production and liberation. 

DeSelm (1952) and Reiners (1968) focused on wind and weather 

respectively. Russell (1905) related natural CO» variation to temper- 

ature, amount of water, CaCO, present in soil and nitrogen accumula- 

tion. Investigations by Wollny (according to Glinka 1963) showed
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the amount of soil co, depends and varies with soil slope, exposure of 

slopes, soil color, and the nature of its slope and cover. The 

dependency of COy diffusion from the soil at constant temperature on 

the sum total of soil pores was researched by Hannen (according to 

Glinka 1963). Any decrease observed in volume of soil pores, either 

by soil compaction or changes in moisture content, would entail a 

decrease in CO, diffusion. Bizzell (1918), DeSelm (1952 and Wiant 

(1967) pointed out the effects of certain factors (seasons, weather, 

climate, time of day, temperature, moisture) on the soil CO, content 

and respiration. Lundegardh (1927) studied many aspects of soil 

respiration: the soil co, concentration and what effects it; the 

relation of CO, to microbiological activity, soil types and depths, 

climatic conditions and fertilizers; and the importance of soil 

respiration in contributing to atmospheric CO. Russell and Appleyard 

(1917) observed that temperature, dissolved oxygen, and the growing 

plant were the main factors determining the biochemical changes in 

soil on CO. generation. In 1915, they studied the composition, 

causes and significance of fluctuations in soil atmosphere. They 

reported the soil CO, portion to be a function of bacterial numbers 

and the rate of biochemical activity, and they related co. to other 

soil properties, atmospheric CO, nitrate formation, and bacterial 

numbers. Florence (1965) analyzed soil respiratory activity as a bio- 

chemical process. Analyses were designed to characterize possible 

broad differences in the biological activity of various redwood and



61 

hardwood successional soils. Barakov (1910) and Smirnov (1956) found 

that the co, content increased with successional stages in plant growth, 

and the more fertile the soil and the greater the vegetative activity 

or plant growth, the larger was the co, content. Zonn and Alesina 

(1953) showed a 50% reduction in tree canopy caused a sharp drop in CO 

evolution from litter and soil. Golley (1962) found CO production of 

peat varied with air flow; he concluded that soil respiration was a 

function of ground air flow. The carbon fixed by photosynthesis on 

land is sooner or later returned to the atmosphere by soil decomposi- 

tion. There are many interpretations for the natural causes of vari- 

ation in co, production. Certain general causes of co, variation 

stand out in spite of the many different and sometimes confusing 

results of investigations. 

The results pertinent to the development of a methodology for 

monitoring carbon dioxide are reported. 

Temperature. One of the most important and strongest influences in 

regulating the production and evolution of co, from the soil is 

temperature. A positive correlation exists between soil temperature 

and CO, concentration; soil atmospheric co, content unmistakably 

rises and fails with temperature. It appeared that high temperatures 

were usually accompanied by high percentages of co, while high atmos-— 

pheric - barometric pressures were usually associated with low co. 

content. On the other hand, very low temperatures were always
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accompanied by low co, content; but, while a very low pressure did not 

necessarily produce a high CO, content, it was usually associated with 

such a condition. Russell (1961) asserted that changes in soil 

temperature and barometric pressure will cause the soil atmosphere to 

expand and contract and will, in fact, make the soil "breathe" in an 

amount dependent on the temperature or pressure change. In this 

respect, the Law of Van't Hoff and Arhenius which state that the rate 

of chemical reaction is doubled for each 10° increase in temperature 

(designated as Q10 of 2) can be applied. Temperature effects are 

operative largely through influences on biological activity. 

Biochemical processes producing CO» speed up with increasing 

temperature. As soon as temperature rises, action rapidly begins. 

Increasing temperatures enhance CO, output but only to a certain 
2 

point; co, values seem to reach a peak between 38 - 40°C. 

Moisture and Rainfall. An equally important operating and limiting 
  

factor (but sometimes considered second in importance) in causing 

natural CO» variation in moisture (and associated rainfall). Moisture 

effects vary at different temperatures; but under favorable tempera- 

ture conditions, it appears rainfall or moisture becomes the dominant 

factor. Rainfall very decidly increases the C09 of the soil air. 

It can become a very important factor because a rain shower has a 

noticeable effect in starting decomposition (Russell and Appleyard 

1917). Sometimes, the effect of temperature upon CO» production was 

difficult to notice because of the moisture and rainfall variation.
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The rate of carbon evolution and rate of dissolved Oo absorption was 

found to increase with temperature, the amount of water (up to a 

certain point), and the amount of CaCO, in the soil. These factors 

paralleled soil fertility. Usually, when the soil absorbs a quantity 

of water during a rain, it displaces an equivalent volume of air. 

When the quantity of water decreases, the volume of soil air or C04 

increases. This seems one way to explain why after remoistening or 

rewetting soils, and in the subsequent drying process, there are 

flushes of C05 evolution. These flushes of CO, were also caused by 

a buildup of reactivated microflora on nutrients released during 

drying. Furthermore, this buildup was related to higher metabolic 

activity, associated with wetting and drying. In some cases, peaks 

of CO, output occurred on dates with high moisture index values i.e. 

following rain. On the other hand, one can see from the literature 

that moisture does not have as great an effect as temperature, and 

any real relationship to the co, occurs during the summer months. 

During the summer, rates of increase in CO» seemed highest. The 

variation in CO, with soil temperatures is greater at high temper- 

atures, presumably because in warmer periods the moisture conditions 

are more variable than during colder ones. 

Time of Day and Year. There are daily and annual changes in CO 
  2 

gradients. Diurnal reversals of CO, are evident; CO, concentrations 

appear to be lowest around midday and highest at night when only
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respiration is taking place. Maximum rates of change in CO, concen- 

trations usually occur in early morning and in the late evening. So, 

daily cycles in CO, evolution caused by daily temperature cycles may 

be expected. In analogy to daily cycles, annual respiration cycles are 

positively correlated with annual cycles of temperature and to a les- 

ser but significant degree with moisture conditions. Since 1873, there 

has been disagreement as to when CO. concentrations peak and decline 

seasonally. Generally it appeared that CO, increased in spring and 

summer and decreased in autumn and winter. In most other cases, co, 

concentrations rose to a maximum in late spring, fell in the summer, 

rose to a high again in late autumn and fell once for a minimum in 

winter. In those instances where co, production was at high rates in 

spring and autumn, it paralleled soil biochemical changes. Seasonal 

effects are dominant when oxidation of the organic matter is low 

during dry seasons, the soil atmosphere is rich in 05 and poor in 

CO5- During wet seasons, after heavy rains, the 05 content diminishes 

rapidly and the COj content increases because of the active oxidation 

of the soil organic matter. The seasonal effects are simply a func- 

tion of temperature, moisture, and their interaction. 

Organic Matter in Soil. The nature of the soil itself caused marked 
  

differences in CO» production and evolution. Higher temperatures 

bring about changes in the physical and chemical state of the total 

soil organic matter. The production of CO5 is not directly propor- 

tional to the total carbon content but to the total available soil
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organic matter. Soils rich in total organic matter produce a great 

amount of CO.. As soil temperature increases, the rate of organic 

matter decomposition increases. Furthermore, at higher temperatures, 

the rate of decomposition increases with increasing moisture content 

until it reaches a high, after which, an increase in moisture has a 

depressing effect on decomposition. Ambient temperature and moisture 

conditions and type of soil influences on rate of decomposition and 

CO, production cannot be emphasized enough. 

Nature of Organisms. The variation in co, production and evolution was 

correlated with numbers of organisms which are in turn correlated with 

organic matter. Several groups of soil organisms are active depending 

on temperature and moisture. When soil structure and conditions are 

favorable to soil organism activities, CO, is high. The greatest 

production seemed to be in well-aerated soil with readily available 

plant nutrients. The type of microorganisms and their rate of bio- 

chemical activity effect CO, evolution. Bacteria, especially 

actinomycetes, and fungi probably play the greatest role in producing 

soil CO.- Although CO» evolution is proportional to numbers of micro- 

organisms present when the population is increasing, when decreasing, 

only a proportion of the organisms are incolved in CO, production. 

The rise in bacterial numbers is accompanied by a rise in co, and 

nitrate in soil, but the latter, though, is influenced by the former. 

Hence, CO, and nitrate production are connected with waxing and waning 
2 

of bacterial numbers.
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Soil Depth. The co, concentrations in soil can vary with soil depth. 

Most studies show increase with depth because diffusion is lower. 

co 2 evolution is highest where diffusion is maximal. Also, deeper 

layers were said to be low in 05. 

Vegetative Factors. Another major factor which naturally effects the 

co, produced and evolved from soils is the growing crop or plants. 

co, values are a function of vegetation and vary with different 

stages of vegetational cover or growth. Increased plant growth is 

accompanied by increased co, production. Furthermore, the more 

fertile the soil and greater the plant growth, the larger was the co, 

content. Smirnov (1955) found a direct relationship between the CO 

evolution rate and the annual increment of growth in pine, birch, 

spruce and hardwood stands. Barakov (1818:100) especially found that 

"the ability of a particular plant to produce CO» is greater, the 

more fertile the soil." He concluded that "the effect is due directly 

to the more active vegetative growth of the fertile soil." He also 

pointed out that the maximum CO. production occurs at a time of maxi- 

mum life activity of vegetation. 

Roots, not plants, mainly influence soil cO,- In comparison with 

other factors, overall root respiration contributes a small amount to 

soil respiration. con emanation from soil can vary slightly, depending 

on root activity. co, from plant roots is closely ccnnected with 

periods of greatest vegetative growth.
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Summary 
. 

Therefore, co, production and evolution from soil is very closely 

related to temperature and secondarily to local moisture conditions. 

Overall, high temperature and favorable moisture conditions stimulate 

soil microbial populations, their activities, and resultant co, 

production. The influence of moisture upon microorganism activity 

and co, output depends to a large extent upon the nature of the soil 

and organisms. The content, production, and liberation of co, 

fluctuates with the season and biomass, depending upon climatic and 

soil conditions. The process can also be governed by the influence 

of various biotic factors. 

Causes of Change in CO5 Production/Evolution 
  

Dynamics Due to Treatment 
  

Man may also cause changes in soil CO, by various agronomic and 

silvicultural treatments and organic and inorganic chemical agents 

including pesticides. 

Potter and Snyder (1916) gave a review of early studies by workers 

on how such treatments influence CO, production and evolution. Smith 

and Brown (1932) studied the effect of lime and straw application on 

CO, production on a Waukesha silt loam soil, the effect of lime as 

Ca(OH) on the CO) production rate, the effect of manure and crop 

residues on co, production on Carrington loam, the effect of co, 

production in sterile and nonsterile soils in two soil series, and the 

effect of crop rotation on co, production in soils. Waksman (1932)
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demonstrated that when manure is treated with disinfectants (e.g. 

thymol, phenol, HgCLy) little CO is produced. This proves, he 

stated, that the organic matter decomposition process in the rotting 

of manure and CO evolution are biological in nature. Neller, 

according to Waksman (1952), studied the effect of liming upon soil 

microbiological activities by measuring CO, output. 

Wilde (1958) discussed silvicultural cuttings and the correlative 

dynamic changes which take place. Ahlgren and Ahlgren (1965) studied 

the effects of prescribed burning on soil microorganisms by observing 

CO, production and respiratory rates in jackpine forest. Fire, heat 

of the fire, and burning caused immediate reduction in the number of 

microbes, their activity, and respiratory rate. These reductions 

were followed by sharp increases later during the first growing 

season. The number of organism and their activity were generally 

lower in burned soil the second growing season after the fire. He 

observed that burning, either wild or prescribed, alters soil micro- 

bial populations in various ways, depending upon the area, soil type, 

fire intensity and other factors. 

Remezov (1965:180-218) described the influence of three tree 

harvest methods, forest fires, grazing, cropping, and plowing on soil 

properties. Forest fires, he concluded, caused increased compaction 

of the upper soil layer, decreased total porosity, moisture capacity, 

air capacity, moisture, and permeability in soils. He recognized the 

soil physico-chemical properties as significant, since this horizon
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underlies the litter and usually contains half or more of the center 

of activity. Grazing of sheep and cattle then, he asserted, exerts a 

detrimental effect on forest soils because it destroys the herbaceous 

cover which protects and fertilizes the soil, and eliminates under- 

brush and regrowth. "Grazing causes compaction of uppermost soil 

horizons at least to a depth of 20 cm." He also reported that "changes 

in microbial activity and soil chemistry occur together with changes 

of soil physical properties which are in turn, though, influenced or 

determined by grazing." With grazing, organic matter decomposition is 

inhibited, forest litter disappears, turfing occurs, and surface run- 

off increases. He attested that "forest litter should always be con- 

sidered and its removal forbidden." 

"The plowing of virgin land formerly under 
forest land reduces air capacity very sharply. 

The decrease in air capacity and water perme- 

ability is rapid at first and slower later. 
Temporary cropping effects a considerable change 

in the chemical composition of the soil as well 

as in the composition and amount of microflora 

and in the intensity of the microbiological 

processes. Amount of humus decreases after 

piowing of forest soil. Removal of forest 

litter, although it does not suppress this 

activity of the soil fauna, reduces it drasti- 

cally, especially since litter serves as a main 

nutrient (or at least principal source of nutrients 

for most species). Forest litter improves the 

physical properties of soil, enhances storage of 
moisture and lowers soil temperature in summer. 

Removal of litter results in stronger leaching 

of nutrients from the soil and thus in losses of 

principal nutrient elements: N, P, and K." 
(Remezov 1965:213-219)
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According to Wilde (1958), Tamm, in 1950, stated that humus is a 

dynamic system, an entity teeming with life and extremely sensitive 

to environmental conditions. In some cases, even thinning a forest 

stand lightly by axe, wind or destructive organisms modifies the 

biotic equilibrium of humus. This modification is accompanied by 

marked changes in respiration intensity, nitrification rate, or 

other measurable manifestations of microbial activity. 

As a medium, soil is affected by the nutrient content, the 

condition in which those nutrients are present in the soil, CO, 

production and evolution, soil aeration, soil temperature, soil 

moisture or water content, salt transportation, oxygen tension, and 

soil colloidal structure (Waksman and Starkey 1923b:137-140). Waksman 

and Starkey believed that when one of these factors is altered or 

changed there is a corresponding alteration or change in the soil 

biological composition, i.e. any change in the physical, physico- 

chemical and chemical soil condition will greatly modify biological 

flora and microbial numbers. 

In 1884, Wollny pointed out (as reported by Russell 1913) that 

the rate of oxidation, i.e. rate of soil organic matter decomposition, 

is very much diminished by traces of antiseptics; hence, the process 

is apparently affected chiefly by microorganisms. They concluded that 

the limitations of soil bacterial activities should result in a 

limitation of soil fertility.
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Waksman and Starkey (1923b) studied the influence of CaO and Caco, 

treatments upon the soil microbial populations. Persidsky and Wilde 

(1955, as reported by Wilde 1958), observed the influence of different 

eradicants on soil microbiological characteristics. They concluded 

that addition of most biocides, even at a normal application rate, 

decreases microorganismal number and growth, cellulolytic and pro- 

teolytic activity, nitrification capacity, and co, evolution. Elkan 

and Moore (1961b) investigated the effect of partial sterilization of 

field soils by three chemicals - HgCl., calcium hypochlorite and 

sodium propionate - upon differential microbial counts, CO, activity, 

and organic matter decomposition rates. They found statistically 

Significant effects upon total microbial and actinomycete counts as 

well as upon CO activity due to treatments. They found no significant 

correlation among the microbial count data, CO.» production, evolution, 

and organic matter decomposition. Bartha and Pramer (1965) pointed 

out that pesticides in soil may not have any biological effect. On 

the other hand, the pesticide may be chemically modified or completely 

degraded by soil organisms or they may persist and exert an unfavorable 

influence. Davis et al. (1969) used insecticide treatment with dieldrin 

as a tool for ecological research. They knew that initial litter 

breakdown was almost entirely due to millipede (Glomeris marginata) 

activity. They theorized therefore, that if this millipede could be 

artificially eliminated from a habitat by dieldrin applications, the 

normal plant decay cycle might be interrupted and consequential effects
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might be observed in soil and vegetation. Clark and Coleman (1970) 

conducted a study to investigate the effects of gamma radiation on a 

soil litter community under field and lab conditions. He compared the 

effects of long term (chronic) doses of radiation in field with short 

term (acute) dosages given at more intense laboratory source. The 

changes in the co, evolution rates were measured as an indication of 

radiation effects. 

Shure (1971) investigated the effects of insecticides on early 

succession in an old field ecosystem. He noted that environmental 

factors like soil moisture can interact with pollutants and seriously 

influence the degree of ecosystem modification. Pimentel and Cole 

according to Shure (1971), stated that pesticides and other pollutants 

are usually believed to induce natural ecosystem modification. But, 

Shure's studies on soil contamination with diazinon showed significant 

increases in producer diversity with the addition of a potential 

stress to an old field ecosystem. Insecticides, he found, may actually 

remove a natural stress from many components of producer trophic levels 

by inducing simplification of phytophagous soil invertebrates or 

through differential phytotoxicity. "Resulting increases in producer 

diversity then lead to increased consumer diversity through greater 

availability of food web bases." He concluded, saying that additional 

integrated studies are needed for a more complete assessment of pol- 

lution effects on ecosystem diversity as well as functional ecosystem 

processes. .
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Methods for Measuring or Monitoring 
  

CO, Production and Evolution 
  

Although both 0, consumption and CO, evolution have been used 

extensively to measure microbial respiration in terrestrial soils, 

CO. measurement is more practical and better adapted than 0, measure- 

ment (Odum 1971:59, Stotsky 1965:1551). In most cases co, output 

rather than 0, input was analyzed. There is a long history of soil 

respirometry. 

According to Potter and Snyder (1916) the first recorded soil 

atmospheric co, measurements were made by Boussingault and Lewy in 

1852. A number of workers have made soil and litter respiration 

estimates using a variety of methods (Brown and Macfayden 1969, Howard 

1966, Ino and Monsi 1964, Kosonen 1968, Wanner 1970, Witkamp 1966, 

and Witkamp and Frank 1969). Comprehensive reviews of the many methods 

that have been employed, modified or elaborated for quantitatively 

measuring CO, production and/or liberation are given in reports 
2 

by Humfield (1930), Romell (1932), Smith and Brown (1932), Waksman 

(1952), Wolf et. al. (1952), Stotsky (1960; 1965), Howard (1966), 

Bowman (1968), Enoch et al. (1970), Macfadyen (1967, 1970), Edwards 

et al. (1971), Turner and Pengram (1971), and Nomnick (1971). Some 

of these authors discussed the advantages and disadvantages of the 

various methods employed. Smith and Brown determined the percentage 

CO by gravimetric, titrimetric, volumetric methods and compared the 

advantages and disadvantages of all three. Nommick also compared the
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advantages and disadvantages of the types of techniques - static, 

continuous, intermittent - for trapping CO, when evolved from the soil 

under incubation. Romell discussed three ways how CO, evolved from 

soil under a bell or box and how it was absorbed by alkali. Types of 

absorption were: "simultaneous absorption," the "accumulation," 

and "ventilation." He made recommendations for using the methods 

and discussed their limitations and how to overcome them. Means of 

CO. measurement from soils are as follows: intake tubes/simple 

aspiration, i.e., apparati or containers of various kinds placed, 

thrust or driven into soil and gas extracted by suction (Golley 1962); 

COj absorption and determination in alkali by titrimetry with glass 

frameworks for drawing air (Witkamp and van der Drift 1961, Wallace 

and Wilde 1957, 1964, Ahlgren and Ahlgren 1965); volumetric method, 

i.e., co, absorption and determination in alkali volumetrically 

(Leather 1915, Boussingault and Lewy 1852, and Deherain and Demoussy 

1896, cited by Waksman 1932, Appleman 1927, Russell and Appleyard 

1925, Potter and Snyder 1916, Lundegardh 1924); absorption tubes” 

for recovery (Bartholomew and Broadbent 1960); simple aspiration 

then absorption and titration with lysimeter tanks (Bizzell and Lyon 

1918); aeration with lysimeter tanks (Marsh 1928, Waksman and 

Starkey 1924, Ahlgren and Ahlgren 1965); lysimeters - (Barakov 1910, 

Bizzell and Lyon 1918); plate method (Jenson 1934 cited by Gray and 

Wallace 1957); inverted box method (Howard 1966, Lieth and Ouellette 

1962, Howard 1966, Lundegardh 1927, Schulze 1967, Wallis and Wilde
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1957); battery powered vacuum pump (Witkamp and van der Drift 1963, 

Witkamp 1966, Monteith et al. 1964, Ahlgren and Ahlgren 1965, Apple- 

man 1927, Humfield 1930); accumulation method of Romell (1932); 

closed box method followed by titration (Birch and Friend 1956, Broad- 

bent et al. 1964, Cornfield 1963, Douglas and Tedrow 1959, Elkan and 

Moore 1962, Gray and Wallace 1957, Ino and Monsi 1964, 1969, Melin 

1930, Newman and Normal 1943, Paul and Tu 1965, Schreven 1964, Waksman 

andTenney 1928, Witkamp 1966); closed box method then absorption 

and precipitation (Brown and Macfayden 1969); Warburg respirometry 

with CO, absorption and determination in alkali volumetrically 

(Bartha and Pramer 1965); static method (Ino and Monsi 1964, Witkamp 

1966b, 1969, Haber 1958, Schulze 1967, Wanner 1970); co, absorption 

and determination in alkali gravimetrically (Soulides and Allison 

1961, Howard 1966); cellulose strip technique (Golley 1960); series 

(pairs) of polyvinyl chloride sampling tubes with mounted Barcroft 

Haldane apparatus (Haley and Brierley 1953); manometric method 

(Chase and Gray 1957, Griffiths and Birch 1961, Hesse 1961, Rovira 

1953, Soulides and Allison 1961, Stotsky 1960, Smith and Brown 1932); 

Warburg respirometry (Chase and Gray 1957, Douglas and Tedrow 1959, 

Katznelson and Stevenson 1956, Stevenson 1956); modified Conway 

method with titrimetry (Clark and Coleman 1970); light and dark 

bottle technique (Kormondy 1969 and Whittaker 1970); colorimetry 

(Slavik and Catsky 1965); Brokhaven small chamber system (Woodwell 

and Botkin 1970); infrared absorption/gas analysis and absorption
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or the "dynamic method" (Kucera and Kirkham 1971, Johnson and Kelley 

1971, Reiners 1968, Monteith 1962, Kelley et al. 1968, Turner and 

Pengra 1971, Witkamp 1969); resistivity method (Cain and Maxwell 

1919); conductimetric method (Bayliss 1927, Fenn 1928, Newton 1935, 

Clark et al. 1943, Leach et al. 1944, Wolf et al. 1952, Stocker and 

Vieweg 1960, Begg and Lake 1967, Wollum and Gomez 1971). Electro- 

metrics, the kartharometer method, pumping out the soil atmosphere, 

mass spectrometry, gas-liquid chromatography, equilibrium-pH alkali 

solutions the turbidimetric method, thermal conductivity are other 

means used to measure soil CO,- Bartha and Pramer (1965) described a 

flask and method for measuring the persistence and biological effects 

of pesticides in soil. 

The problem of CO, measurement is obviously complex. The reasons 
2 

for so many different methods have been both technological advances 

and differences in objectives of the researchers. Some writers, 

attempting to create order out of the confusion, have tried to organize 

lists and evaluate methods based on (1) CO, vs 0, (Stotsky 1965), 

(2) type of evolution under incubation (Nommick 1971), (3) type of 

absorption (Romell 1932), (4) CO, production/concentration/evolution 
2 

(Waksman and Starkey 1924, Russel and Appleyard 1925, Smith and Brown 

1932, Chapman 1971), (5) field vs lab (Leather 1915, Chapman 1971). 

In the study of forest productivity, Woodwell and Whittaker (1968) 

described three generalized techniques currently used for measuring 

characteristics of ecosystems that are directly related to primary
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production ~ harvest techniques, enclosure studies, and CO flux 

techniques. Along the same lines, Macfadyen (1970) described methods 

suitable for field use; the difference method in which the energy 

consumed by the above ground herbivores is subtracted from net primary 

production; the litter-fall method in which the amount of detritus 

and its energy content is measured and co, evolution monitored directly. 

Methods for studying and analyzing soil co, have been variously 

categorized by Humfield (1930), Smith and Brown (1932) and Chapman 

(1971). I have synthesized their ideas and categorized the systems 

employed in past soil co, studies as 1) Production, 2) Concentration, 

3) Diffusion, and 4) Evolution, with collection methods and analytical 

methods discussed under each. For studying co, production, collection 

techniques or methods include: gas extraction from field soil 

samples removed from field, intake tubes (simple aspiration) inverted 

and closed box methods, infrared gas analysis. Methods or techniques 

for quantitatively analyzing the co, include: volumetric method, 

resistivity or conductimetric methods. 

For studying soil CO, concentration, collection methods include 

simple aspiration via intake tubes. Quantitating methods include 

simple lysimeter tanks, volumetric method, Warburg respirometry, 

gravimetry, titrimetry, colorimetry and infrared gas analysis. 

For studying diffusion of Coo, the inverted box or (respiration 

bell) method is employed in collection. Analytical quantification
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can be carried out or done by Warburg respirometry, manometry- 

respirometry, infrared gas analysis. 

For studying co, evolution, collection methods include: gas 

extraction from soil samples removed from field, simple aspiration via 

intake tubes, aeration, inverted box method, closed box method are 

possible collection methods to be employed. Analytical systems include 

gravimetry, manometry, titrimetry, infrared gas analysis, and conduc- 

tivity-conductimetric method. 

Intake tubes/simple aspiration. Methods in which tubes, cylinders, 
  

or apparati are placed on or thrust into the soil and the CO. gas 

present is extracted by suction; the co, in a measured quantity of 

soil air is analyzed in the laboratory. Appleman's, Russell's and 

Appleyard's, Leather's, Potter and Snyder's, and Lundegardh's experi- 

ments illustrate this group of methods. Methods of Pettenkofer and 

his sequel, Fodor, in the late 1800's (Potter and Snyder 1916) are 

earlier examples. Golley et al. measured in this way the respiration 

of a forest peat floor when peat was exposed to air.. He placed an 

aluminum sheet on the peat and drew air under the sheet to the intake 

tube. 

Aeration. Methods in which representative soil samples are tested in 

the laboratory for capacity to evolve CO» under arbitrarily prescribed 

conditions. co, evolution is measured by placing the soil in a flask 

and passing CO, free air over it. This method is essentially a measure
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of the CO» producing power of the soil under certain given conditions. 

It was done by Ahlgren and Ahlgren (1965), Waksman and Starkey (1924), 

and Marsh (1928). Marsh modified the preceding method in such a way 

as to pass air through and over the soil. Lundegardh (1924) enclosed 

a soil sample in a flask and measured the co, accumulation in the 

flask after 24 hours. 

Inverted box method. Methods in which CO. evolution from a measured 

soil volume is determined in the field in a given time. Field 

measurements are made by covering soil in situ with a bell jar, box, 

can or inverting any other open ended container over the sample. The 

CO, is absorbed by alkali in a vessel under the container. The 

containers are then capped by an air tight cover until co. derived 

from the soil is absorbed in alkali and its quantity is estimated by 

titration. In 1927 (see Humfield 1930) Lundegardh said that methods 

which determine the co, as it escapes from the soil via diffusion are, 

generally, to be preferred to methods using an air stream passing 

through the soil. He therefore developed an apparatus which consists 

of a respiration bell that is placed over an area of soil to collect 

the CO» as it escapes. After a given time the CO, sample under the 
2 

bell or box is analyzed. This, in his view, gives results which 

approach natural conditions more closely than any of the other methods 

that were mentioned. Humfield wanted to develop a method that would 

remove the co. as fast as it diffused. He used a modified form of
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Lundegardh's "respiration bell" consisting of three essential parts - 

collecting unit, absorbing unit, and source of suction. 

According to Macfayden (1970), Witkamp (1963, 1966a, 1966b, 1969) 

probably first suggested using these open-ended cylinders since they 

could be left in the soil for long periods reducing disturbance. 

Witkamp described the "static method." 

Closed box method. A portion of a soil sample is placed in an air 

tight vessel and the evolved co, is absorbed in an alkaline solution 

and determined by titration. 

When Witkamp (1966, 1969) measured and related co. evolution rates 

by the inverted and closed box methods in his study, they did not 

differ significantly. For the preceding methods, where the co, 

produced and evolved by soil is absorbed by alkali, carbon dioxide 

production, evolution is measured in one of the following (3) ways 

(Macfayden 1970:168): 

(1) Volumetric method. Periodical volumetric analysis of small 

samples extracted at intervals to estimate the amount of increase in 

COo-content of the enclosed air (e.g. Lether 1915, Bartha and Pramer 

1965). 

(2) Titrimetry and gravimetry. Continuous CO, absorption in alkali 
2 

and determination of the amount absorbed at the end of the experiment 

  

either by titration (e.g.'s Leith and Ouellette 1962, Lundegardh 1927, 

1928, 1932, Romell 1927, Schulze 1967, Walter and Haber 1957) or
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gravimetrically (e.g.'s Soulides and Allison 1961, Howard 1966, 

Monteith et al. 1964). 

(3) Continuous air circulation. A pump circulates air from within the 

enclosure. The CO, is absorbed from the gas stream in alkali. Then 

the co, is analyzed or estimated by titration (e.g. Witkamp and van der 

Drift 1961, Wallis and Wilde 1957) or gravimetrically. 

Titrimetry. The most common method of co, collection has been co, 

absorption in an excess of known strength alkali solution followed by 

back titration with a standard acid. These titration data are con- 

verted into the concentration of co, trapped. A rapid reproducible 

method by titration for measuring soil biological activity as co, 

evolution was developed and described by Elkan and Moore (1960a, 

1960b, 1960c). Advantages of the method were discussed. Witkamp 

employed titrimetry described in the "static" and "dynamic" methods. 

co. was measured by alkali neutralization during incubation. The 

dynamic method measured CO, as the CO, rate increases in the gases 
2 2 

that slowly passed through the box. 

Gravimetry. Soulides and Allison (1961) adopted the gravimetric 

method of determining the co, evolved to study the effect of wetting, 

drying or freezing soils on CO, production, the bacterial population, 
2 

and organic matter decomposition.
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Reiners (1968) wanted to develop a method which might provide 

reliable values on decomposition rates so that the method might be 

used as an independent measure of decomposition. Such a method would 

be extremely useful in testing and developing models for forest floor 

dynamics described by Olson (1963). 

Colorimetric method. Carbon dioxide concentration, according to Turner 

and Pengra (1971), can be determined by measuring its partial pressure 

with a special electrode attached to a pH meter. The CO5 measurement 

is made over the soil under a canopy. The method employed by Slavik 

and Catsky (1965) is based upon the pH change of a dilute NaHCO, , 

solution as the partial pressure of CO, in the soil air changes. 

Manometric method. A field sample is transported to the laboratory 

and the co, exchange is measured with a manometer. Soulides and 

Allison (1961) employed this with the gravimetric method. Additional 

workers using this method have been previously mentioned. Smith and 

Brown (1932) described a modified Barcroft differential manometer for 

determining soil co. evolution. These authors stated that the rates 

of uptake and CO, evolution of soils were in the ratio of 1:1 and 

suggested that the two be used interchangeably. 

Respirometry. In 1927, Lundegardh developed an apparatus which 

consisted of a respiration bell that is placed over an area of soil 

to collect CO, as it escapes. Since it gave results which approach 
2
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natural conditions more closely than any of the other methods mentioned, 

Humfield modified Lundegardh's respiration bell to remove the COs 

as fast as it diffused from the soil. Katznelson and Stevenson 

(1956) used a variety of respirometers to measure CO, and 0, exchange. 

Golley (1962) set up a plastic bell jar experiment to determine 

mangrove soil CO, respiration. 
2 

Chase and Grey (1957) applied the Warburg respirometer in studying 

soil respiratory activity with soil organic matter decomposition. 

Douglas and Tedrow (1959) studied organic matter decomposition rates 

in Alaskan arctic soils in a laboratory using a Warburg micro- 

respirometer and in the field using evolved CO, techniques ("closed 
2 

box method"). He found temperature, moisture levels and soil type 

all had important influence on decomposition rate, hence CO, output. 
2 

Stotsky (1960) used Warburg respirometry for determining the 

respiratory quotient in soils. 

Infrared absorption/gas analysis. Air samples are drawn at known 
  

rates over a known surface area or out of containers covering soil 

and passed to co, absorbent or infrared gas analyzer. Witkamp (1966b) 

measured CO, evolution from forest floors in Tennessee by combination 

infrared/closed box then absorption precipitation method. Reiners 

(1968) used infrared gas analysis to measure and study CO, emanation 

from three forest floors. Kelly and Weaver (1968) also applied this 

method in their study. Johnson and Kelley (1971) utilized this method 

to measure atmospheric CO, concentrations on the arctic coastal plain.
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Woodwell et al. used the infrared gas analyzer to measure CO, concentra- 

tions at various heights in the forest during local, low-level, 

temperature inversions. CO, production rates were correlated with 

temperature and assumed to be measures of respiration rates of the 

2 
community. CO, measurements of Kucera and Kirkham (1971) employing 

infrared gas analysis were conducted during all seasons. 

The Conductimetric Method of Monitoring CO, Production/Evolution 

The conductimetric method was described by Stotsky (1965:1556). 

  
  

It requires a simple conductivity bridge and a conductivity cell. 

The cell with platimum electrodes is placed in a collecting vessel 

containing an alkali solution. Conductance or resistance is read on 

the bridge. The conductivity readings are compared to a standard 

curve which is obtained by allowing known amounts of co, generated by 

adding acid to carbonate to be absorped in standard volumes of base 

of known electrical conductivity. Stotsky also noted that the method 

is rapid and sensitive, and may be adapted for continuous measurements 

and can be used alternately to titrimetry. 

Cain and Maxwell first applied the electrical conductivity method 

in 1919 to estimate CO, for determining carbon in steel. His paper 

described the fundamental principles of CO» absorption in barium 

hydroxide (Ba(OH) 5) solution and measuring the resistance change of 

the solution in relation to CO» concentration.
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CO, produced by direct combustion of the metal was passed into 

a Ba (OH) 4 solution of known electrical resistance. After complete 

absorption, the resistance was again determined, and from its increase 

due to precipitation of Ba ions, the percentage of C is deduced. They 

stated that this method was new in principle and believed it could be 

applied in many cases where the substance being determined precipitates 

another substance from solution with the resultant change in conductance. 

They were content with a low sensitivity apparatus and were concerned 

only with the total co, volume absorbed. From inspecting the chemical 

equation for the reaction supporting their method, 

  Ba(OH). + CO > BacO, + H,0 
2 3 

they found that the only factors which act to change the conductivity 

of the Ba (OH) 5 used for absorption are (1) the amount of CO, absorbed, 

which determines the disappearance form the Bat’ ion solution and 

(2) the temperature. 

In 1923, the first application of the method to biological 

problems was made by Spoehr and McGee (from Newton 1935) who measured 

respiration of whole plants or several leaves over long periods. 

Bayliss (1927) made continuous readings of CO. production over short 

time periods. Absorption, in his methodology, was carried out in 

soda solution (NaOH - NaC0, mixture) and the conductivity variations 

were due to the change in migration velocity of hydroxyl ions and 

carbonate ions (Newton 1935). Newton stated that this method was less
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sensitive than absorption but had the advantage that no precipitate is 

present. Bayliss emphasized that the conductivity method is the best 

and quickest method for rapidly absorbing and measuring relatively 

large quantities of CO, Newton, in acknowledging this, noted that 

the initial NaOH concentration can be made considerably greater than 

that of baryta (Ba(OH), solution); hence, for a given cell volume 

larger co, quantities can also be measured. 

Fenn (1928) described a respirometer vessel with an inset 

incorporating electrodes for conductivity measurement. He determined 

the conductivity of Ba (OH). due to the absorption of CO. and reported 

that an observed change in the conductivity of a solution of a given 

strength as determined by its conductivity corresponds to that change 

in co, In 1935, Newton himself modified and described an improved 

conductimetric method for estimating and evaluating any quantity of 

CO, by absorption in Ba(OH).. He designed a conductivity method and 

cell that would combine the advantages of high efficiency and high 

precision following continuous co, changes within short periods, 

as well as complete removal of precipitate. He reiterated and 

supported Stotsky's views on the sensitivity, rapidity, desirability 

and especially, adaptability of the conductivity method. 

Newton (1935:382-383) stated the theoretical principles under- 

lying the conductivity method. Some of the simplified and accepted 

assumptions are: (1) "that all salts present are completely ionized 

in the sense of the term as used by Arrhenius; (2) that ionic
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mobilities are uneffected by changes in concentration"; (3) "that 

the law of independent migration of ions holds strictly true and that 

no solute is absorbed on the precipitate; (4) "There is no limit in 

smallness of the amount of gas measurable. (5) ''The sensitivity of 

this method is largely determined by the efficiency of the absorbing 

cell." Also, (6) the relation between the conductivity and the mass 

of gas absorbed is strictly linear. In addition, he discussed the 

advantages and disadvantages in using soda or Ba (OH) 5 solutions as 

well as the advantages of the method. In summarizing the latter, he 

stated that the method is "simple to use and is not very sensitive to 

temperature changes.'' The method can be adjusted to any desired range 

of CO, and the error of estimation is independent of the absolute 

quantity measured.'' The readings may be taken over small intervals 

of time so that the instrument may be used for the determination 

of changes in rate of production with only a small time lag. 

Wolf et al. (1952) recapitulated several workers' means of 

continually measuring CO, and detailed the procedure of an improved 

electrical conductivity method for accurately following R.Q. changes 

of a biological sample. Their method employed electrodes built 

into the alkali inset of a respirometer vessel to allow continuous 

readings of co, production and evolution. An electrical circuit is 

presented, and calibration and absorption data are provided for 

calculating from conductance readings the volume of co, absorbed 

according to a measured volume of 0.05N NaOH. .
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In 1970, Wollum and Gomez thought that CO, measurement by 

conductivity had not been utilized in soil studies but the previous 

paragraph suggests this is not true. Their research objective was to 

develop an electrical conductivity procedure which could be utilized 

on a routine basis for large sample numbers in laboratory soil micro- 

bial respiration and litter decomposition studies. Wollum and Gomez 

detailed the procedure and necessary principles for establishing the 

Standard curve to apply and use in their studies. Since it has been 

modified for application and utilization in this research project, 

the procedure will be discussed in the following section. Wollum 

and Gomez are presently using the electrical conductivity procedure 

routinely in their laboratory studies of plant communities. 

Chapman (1971) also felt that conductimetric determination of CO 

absorbed by an electrolyte is better than titrimetric methods for 

estimating soil respiration and metabolism. He described a simple 

conductimetric soil respirometer suitable for field use, the details 

for its calibration, and the field and lab methodology for measuring 

CO». 

Some of the methods and procedures followed by Chapman (op. cit.) 

for calculating CO» in his study and those developed in this project 

are similar.



METHODS AND MATERIALS 

Procedural Theory 

Peterson and Calvin (1965) thoroughly discuss soil sampling 

theory, experimental design, and analysis. 

The entire soil mass is a population. The amount and rate of CO, 

evolution are ways of characterizing such a population. The purpose 

of sampling is to estimate a parameter with an accuracy which will meet 

the needs and satisfy objectives at the lowest possible costs. Since 

most soils are heterogeneous, sampling must be intensive to attain a 

given accuracy for estimating a parameter. 

Soil Variability 

Among the disadvantages in working with field soils is their great 

variability, type, texture, chemical composition, PH, and number and 

activity of organisms. Careful considerations of the climate, time of 

day and year, soil and ambient temperature, moisture conditions and 

soil type and texture were made before setting up the sampling proce- 

dure and methodology. 

Experimental tests were confined to soils of the same type and 

texture. Soil type and texture of the soil in the areas sampled were 

reported. Ambient temperature, soil temperature and time of sampling 

were recorded. Soil moisture before and after rain was measured. All 

samples and measurements were taken as close to the same time of day, and 

when soil temperatures were less than air temperatures. 

89
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Soil Collection, Preservation, Handling 

Fresh soil samples were brought into the laboratory within a few 

hours after sampling. This was necessary to obtain a fair indication 

of the soil activity and fertility under field conditions. Regardless 

of the method of sampling used, the soil is always disturbed. Such 

disturbance increases aeration which in turn causes many of the soil 

organisms to grow and respire more. Perhaps some forms are killed or 

at least hindered in development. 

Some soils undergo marked biological change during storage in the 

laboratory, and the rate of change largely depends upon the temperature 

(Allison 1917) and moisture of the soil when sampled. Studies show that 

the sooner the sample is used after being brought from the field, the 

more reliable the data will be. It seemed that soils change much less 

abruptly during the warmer months. 

Water Bath Incubation 
  

Bear (1927:112) stated that co, evolution rate from soils, when 

incubated under certain standard conditions is a fair index of their 

productivities. "This process can also be used as a measure of the 

effectiveness of any contemplated treatment to which the soil is to 

be subjected." 

By incubating soils under study in the water bath at a constant 

temperature, differences in ambient and field soil temperatures could 

be used to explain large differences in CO, evolution rates at differ-
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ent sites. Such incubation reduces the need to account for field 

temperature variability over short periods. 

A blank was run parallel with each series of experimental tests 

to determine a correction factor for the proportion of CO5 absorbed 

from the flask atmosphere. 

Soil co, Production, Liberation, Absorption 
    

All of the COy that is produced in forest soils is not evolved. 

Some of it is reabsorbed into the soil or utilized in other soil pro- 

cesses. When small amounts of soil are studied in a flask, all of the 

CO5 produced will likely be liberated. If a larger amount of soil is 

used, some of the CO» will be trapped in interstitial spaces. 

Description of Study Areas 

Preliminary Studies 

Soil samples for preliminary studies were taken from two areas. 

The first four preliminary tests (including developing the standard 

curve) were taken from a local 200+ year old oak hickory stand designated 

as 'the amphitheater’ on the VPI&SU campus. The area selected for the 

field moisture (preliminary) test phase was a 30-40 year old mixed 

pine oak-hickory hardwood stand designated Poverty Hollow near Poverty 

Creek in Jefferson National Forest and located 5 miles from the VPI&SU 

campus. Soil sampling was done 1 1/2 miles from Rt. 460 near a stream 

which provided water for saturating the soil. 

Soils in both areas were silt to clay loam and well drained.
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Final Studies . 

Three study areas were chosen with soil communities that provided 

the desired conditions to fulfill the objectives of this research 

project. 

One site selected was on the northwest face of North Mountain about 

9 miles NNW of Salem, Virginia in Craig County. The site had an alti- 

tude range of 1400 to 3000 feet. The Broad Run Wildlife Mangement Area, 

an 11,422 acre portion of the New Castle District within the Jefferson 

National Forest, was chosen as a site on which to investigate differences 

in soil metabolic activity. Clearings, pines, and hardwoods were the 

treatments. Twenty-five agricultural type wildlife clearings (mean 

size was 1.3 acres) in the area had been completed in 1957. ‘Two 

clearings and adjacent hardwood stands were selected as Study areas. 

In one clearing an adjacent pine stand was also sampled. Seneca (1961), 

Bachant (1963), and Whelan (1962) provided floral, faunal, climatic, 

and geographic descriptions of the area. The forests adjacent. to the 

clearings were relatively homogenous but diminutive and can be 

described as 30-50 year old mixed oak-pine hardwood stands. The prin- 

cipal trees are mostly red oaks (Quercus falcata), scarlet oaks (Quercus 

alba), sourwood (Oxydendron arboreum), red maple (Acres rubrum), and 

Virginia pine (Pinus virginiana). There were scattered pitch pines 

(Pinus rigida). The main forest floor types were soils developed over 

recent and old colluvial deposits consisting chiefly of sandstone and 

noncalcareous shell materials. All sites had mull layers with soils
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that are well drained, (Leadvale) silt loam (Jeffersonian) fine sandy 

loam, and gray brown podzolic with pH ranging from 4.5 to 7, 

To investigate differences in metabolic activity along a vege- 

tational age gradient, three forest stands with widely separated stages 

of succession, 1 year, 61 years, and 108 years old were selected for 

treatments. These were located in U.S. Forest Service Compartments 

1079 and 1080 15 miles WSW of the Broad Run Wildlife Research Area 

along Craig's Creek. The first two forests are oak-hickory stands and 

the oldest is a chestnut-oak stand. 

Soil samples for the mercury part of the Study were taken from 

Center Woods, a 50-60 year old oak-hickory stand located on the VPI&SU 

campus in Blacksburg, Virginia. 

Methods and Materials 

Some of the field and laboratory procedures and techniques of 

Elkan and Moore (1969) were modified. Several calibration curves and 

preliminary tests for standardizing the methodology were performed in 

the lab using field soils. 

Field Sampling Procedures 
  

Weather, soil and ambient temperature were observed and recorded 

at the time of sampling. A predetermined minimum number of soil samples 

were taken from five randomly selected spots in each of the chosen 

areas to the depth of the A horizon with a small trowel. Samples were 

taken at least 50 feet from clearings. Each of the soil samples were 

put in l-pint white cylindrical paper food containers and placed in a
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"Kol-Pak" (insulated) cooler were immediately transported to the lab. 

For the mercury study, composite soil samples were obtained from one 

selected spot in the stand and put in a bucket. 

All sampling was done in the morning throughout the spring and 

Summer. 

Laboratory Procedures and Techniques 

Several calibration curves and preliminary tests for standardizing 

the methodology were performed in the lab using field soils. These 

included the following: 

(1) 

(2) 

(3) 

(4) 

Relationship between conductivity and the amount of co, 

absorbed over time 

Time at which to read conductance or begin measuring by 

showing: 

(a) the change in CO, evolution rate with time 

(b) the total amount of CO> evolved with time, and 

(c) the reduction in CO9 evolution with incubation period 

Change in CO5 evolution rate in relation to time since 

the soil in field was saturated 

How long fresh soil samples may be stored or 'preserved' in 

the laboratory without being appreciably altered in their 

properties.
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Forest Treatments or Trials 
  

The soils were processed immediately upon return to the lab. 

Incubation flasks for CO) determination were prepared from 125 ml 

Erlenmeyer flasks by adding center glass wells 2.5 cm high in the 

center with an inside diameter of 1.6 cm (modified from Elkan and 

Moore 1968). The procedure for the above trials was as follows: 

From each of the soil containers, 10 grams of fresh soil was 

sieved through a 10-mesh-course sieve and added via a funnel to the 

125 ml Erlenmeyer flasks containing the attached center wells. If 

soils were sampled during cold periods the flasks were stoppered with 

cotton plugs and allowed to equilibrate at room timperature (22°C 

before adding the NaOH). If soils are sampled during spring or summer 

months, flasks are immediately stoppered with rubber plugs. After 

suitable equilibration the top of flasks were flushed free of atmos- 

pheric air with a laboratory air jet, 3 ml of 0.5 N NaOH was quickly 

added by a pipette to the center well and all flasks were then placed 

in a water bath, and incubated at 25°C for 3 days (72 to 85 hrs.). The 

flasks were gently shaken periodically to aid alkali absorption of 

evolved CO. A blank flask was used to see if correction for the 

atmospheric co, present in the flasks was necessary. 

Conductivity methodology. After suitable incubation time, flasks were 
  

removed from the water bath and a mini pipette conductivity cell was 

used to obtain an aliquot of the NaOH in the center well. Absorbed co,
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was measured with a Beckman Model RC-16B2 Conductivity Bridge in 

micromho's/cm. The measured conductance change (dependent on number 

of Na+ present) of the alkali was taken to be a function of the quantity 

of COy absorbed in the designated (85 hr.) period. The "specific 

conductance" of the solution was obtained by multiplying measured 

conductance by the cell constant. 

Conductance measurements were all made with two conductivity cells 

and at practically the same temperature. The conductivity cell was 

repeatedly washed with distilled water after readings were recorded. 

Three readings were taken from each of the five flasks. The water 

bath temperature was controlled within 1.0°C and time was allowed for 

readings to stabilize. The quantity of CO, evolved was determined in 

milligrams of CO, evolved per hour and calculated on the basis of 10 g 

of oven-dried soil samples per hour. The results were reported as 

mg CO9/10g dry wt./hr. 

Moisture content determination. Percent moisture was determined 
  

gravimetrically. An appropriate quantity of sieved soil (50 g) was 

taken from the field soil sample to determine wet and dry weight. 

Mercury Trials 

Three mercury compounds - mercuric chloride (HgC1,) mercuric 

oxide (Hg0), mercuric sulfate (HgSO, ) - were chosen as possible heavy 

metal pollutants of forest soil ecosystems, i.e. possible airborne 

mercury compounds emitted from fossil fuel plants. -Al1l1 three chemicals
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were applied in powder form with sand to soil. After a large composite 

soil sample was brought into the lab; the moisture content was deter- 

mined. Mercury concentrations to be added were expressed as ppm but 

added to soil in mg/1000 g on a dry weight basis, where ppm 

Hg = mol. wt. compound. 

mol. wt. Hg 

The mercury compounds were premixed with 20 g of sand to facilitate 

uniform mixing within the soil. The same lab procedure (as in forest 

trials) was followed for adding soil to the flasks and incubation. The 

CO» evolution rate was determined in triplicate as before but after 

incubation periods of 2, 4, 16, 24 hrs. Triplicate flasks were run for 

each period. Three conductivity readings were taken per flask. After 

several preliminary and field tests it was found that’ correction for 

atmospheric co. present in flasks was not necessary; the contribution 

of flask CO, was found to be negligible. 

Calibration Curve, Standard Procedures for 
  

Calculation of CO, Sample Size 
  

The calibration of the conductivity bridge and cell was under- 

taken. A standard curve was developed. Known amounts of co, were 

generated by adding hydrochloric acid (HC1) weighed amounts of Na,C03. 

The CO, evolved was expressed as mg co,/3 ml 0O.5N NaOH (See Fig. 3). 

Conductivity of the solutions were determined after absorption.
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To quantify the amount of CO absorbed for the forest and mercury 

studies, the conductivity readings or measurements were compared to a 

standardized calibration curve and applied to an equation. The equation 

for calculating coy is indicative of the linear relationship between 

conductance and mg CO5/3 ml of 0.05 N NaOH. The equation is 

108, (1) = by + by X or 

_ 10815 Y) - bo 

by 

where X = mg co. 

YR = conductance X conductivity cell constant (K) 

b. = 4.96563 

b, = -0.01288 

The equation was developed with a BMD computer program (see 

Appendix Table 1) for weighed regression analysis. 

Soil Sample Size 

After preliminary analyses of soil differences on test sites, the 

number and type of soil samples needed were determined (Sokal and 

Rohlf 1969:247). 

By utilizing variance estimates from earlier studies to detect 

given "true" differences between treated and non-treated experimental 

tests trials (e.g. clearing vs. pine or hardwood; mercury treated vs. 

control) the designated specifications for variables and number of 

replications were as follows:
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S$ = 0.80, v = 12,6 = 0.15 (85%) P = 0.8, and o2 = 1 andn 

(number of replications) was 18.4 or approximately 6 samples per 

experimental test. 

To detest "true" differences between forest ages along a vegeta- 

tional gradient the following specifications were allowed and number 

of replications were calculated: 

6 = 0.9,v = 12,a = 0.9 (90%) P - 0.9 

and with variance less than in previous if o2 (variance) = 1, n = 24 

if o% = 0.9,n = 18.



RESULTS 

Standard Curve and Preliminary Tests 

The amount of CO, evolved from the soil is the total quantity of 

cO., output in milligrams that emanates from a soil over a designated 

period of time. Rate of CO» is the amount of co. (mg) that evolves 

per hour (mg/hr); if on a dry weight basis, the rate is expresses as 

mg/g dry wt/hr. All recorded CO, results for the forest and mercury 

trials presented are rates of CO. evolution rate is greater or less 

than another. When the difference for the 2 sampling dates is divided 

by the rates of the first sampling date, a proportional change is 

obtained. 

Conductances of NaOH solutions containing varying amounts of 

absorbed co, provided calibration curves (Fig. 2). (For data see 

Appendix Tables 1, 2, and 3.) The CO. content of the 0.5N NaOH 

solutions (3 ml) studied ranged from 0.0 mg to 11.76 mg/ml. 

Specific conductance was transposed into C05. Subsequent observations 

were based on this curve. A linear regression was calculated from 

these data. Where X was mg CO,/m1 0.5 ml NaOH solution and Y, is 

adjusted solution conductance measured in mhos/cm X 103 and Y, is Y; 

x C where Y; is the meter reading and C is the conductivity cell 

constant, then 

log Yy = 4.9633 - 0.01288 xX 

100



mh
os
 
/
c
m
 

CO
ND
UC
TI
VI
TY
 

xl
0°
 

101 

  

  

    

  
  

T T T T T T T T T T T T T 1 

90 + _ 

80 F- - 

Y; et = Yx 

LOG io Ye = 4.96533 - 0.01288 X 
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Figure 2. Standard curve of the conductance of NaOH solutions 

containing various amounts of absorbed CO».
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Fig. 3 shows the weight of CO, absorbed from within a closed flask 

by 0.5N NaOH solution when left in the presence of a limited, constant 

amount of CO, for varying periods over time. (For data, see Appendix 

Table 4). Neutralization of the solution in the flasks used with 42.5 

mg COy is largely accomplished after 100 minutes. The method produces 

measurable results consistent with chemical theory. 

In Fig. 4 is shown the relative rate of CO evolved (mg/10 g dry 

wt/hr X 107?) over time and the total weight (mg) of CO» evolved over 

time. (For data, see Appendix Table 5.) co, evolution rate was high 

initially because of soil disturbance (aeration, release from intersti- 

tial spaces (Fig. 4). The "community" of the flask becomes stabilized 

and a relatively constant rate of CO, evolution is achieved somewhat 

beyond 100 hours. The total rate of COy absorbed changes little after 

72 hours (3 days). 

In a preliminary study of methodology, soil samples from a common 

homogenous source were studied to determine change in CO» evolution 

rate over about 4 days. After about 72 hours the co, rate becomes 

relatively stable (Fig. 5). A time of 85 hours was selected for equil- 

ibration and flask incubation. All studies of native forest soils 

were conducted during 85 hour incubation periods. A shorter incubation 

period (24 hrs) was selected for the mercury studies. The shorter 

period was used in order to increase the sample sizes possible with 

available equipment and to measure early effects of treatment on soils 

when CO increases are greatest. °
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Fig. 6 shows the changing rates of CO» evolution following satura- 

tion of a forested plot in Poverty Hollow (for data see Appendix Table 

7). As the soil dried and moisture drained from the site, the rate 

increased, then decreased as displayed by the control. 

Forest Trials 

Tables 3 and 4 summarize results and statistical analysis for the 

clearing, pine and hardwood treatments. Table 3 shows that there was 

more CO activity in the hardwood stand than. the pine stand and more 

in the pine stand than the clearing on both sampling dates. These 

differences between areas were statistically significant. In comparing 

the two sampling dates, the results from the second day were lower but 

the Con was still higher in the hardwood forest than the clearing. When 

the magnitudes of change are compared for the two sampling times for 

each of the sites (Fig. 7), the clearing had the greatest change and 

the pine and hardwood stands had about the same or lesser absolute 

Magnitude of change. 

Tables 5 and 6 summarize the results and statistical analysis for 

the clearing and hardwood sites. There was higher CO5 evolution rates 

in the hardwood site than the clearing on both sampling days. Analyses 

of variance indicate that these differences were statistically signi- 

ficant (Table 6). Comparing the two sampling dates, the results from 

the second day are highest. Rates of co, evolution are higher in the 

hardwood site. When the absolute magnitudes of change between the 

two sampling days for each of the forest sites are compared (Fig. 7)
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Table 3. Rates of CO, evolution (mg/10g dry wt/hr X 10>) after 85 hrs. 
incubation of soil from two sampling dates for three sites 
at Clearing No. 28, Broad Run Wildlife Research Area. 

  

  

Sites 3/14/72 
Soil temp. co 

2 

Sample date 

rate 

322/72 
Soil temp. COo rate 

Magnitude 

of change 

  

Cleaning 

Pine 

Hardwood 

<i
 

14°C 

10°C 

10°C 

13. 
13. 
14. 
12. 
12. 

13. 

16. 
15. 
15. 
19. 
13. 

16. 

24. 
23. 
22. 
25. 
21. 

23. 

W
O
 

0
8
 
D
w
 

ke
 

C
W
 

H
D
H
 

Dw 
te

 
B
M
D
 
N
M
R
 

sw 
a
 

10°C 

7°C 

7°C 

0.64 

0.60 

0.60 

  

Climate: 

Air temp: 

Sunny, dry 

18°C 

partly cloudy and wet 

12°C 

 



Table 4. Analysis of variance for one way design for clearing pine 
and hardwood forest sites on the two sampling dates at 
Clearing No. 28 Broad Run Wildlife Management Area, Craig 
County, Va. 

  

  

Source of Negrees of Sums of Mean Computed 
Variation Freedom Squares Square F 

  

Date: 3/22/72 

Between sites 2 57.4 28.7 8.6%** 

Within 

sites 

(Error) 12 40.2 3.4 

Total 14 97.7 

  

Date: 3/14/72 

Between sites 2 289.5 114.8 54, 3%* 

Within 

sites 

(Error) 12 31.9 2.7 

Total 14 321.5 

  

** significant at the 0.01 probability level (P<0.01)
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co) 
Table 5. Rates of CO» evolution (mg C02/10g dry wt/hr X 10 ) after 85 

hours incubation of soil from two sampling dates for two sites 
at Clearing No. 14 at Broad Run Wildlife Research Area. 

  

  

Sample date 
  

  
  

  

  

  

  

Sites 4/26/72 7/4/72 Magnitude 
Soil temp. COy rate Soil tem? co, rate of Change 

Clearing 11-12°C 0.7 22°C 8.2 

2.2 5.7 

0.7 6.3 

1.0 5.4 

1.9 6.8 

X 1.3 6.5 4.0 

Hardwood 8°C 6.5 17°C 21.9 
7.3 20.3 

9.7 21.7 

11.8 23.1 

12.2 23.3 

X 9.5 22.1 1.3 

Climate: clear, sunny, breezy partly cloudy, humid, soil 

moist 

Air temp.: 15°C 22-24°C 
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Table 6. Analysis of variance for one way design for clearing and hard- 
wood forest sites on the two sampling dates, at Clearing No. 
14, Broad Run Wildlife Management Area, Craig County, Va. 

  

  

Source of Degrees of Sums of Mean Computed 
Variation Freedon Squares Souare F 

  

Date: 3/29/72 

Between 

sites 1 168.1 168.1 47.3%** 

Within 

sites 

(Error) 8 28.4 3.6 

Total 9 196.5 

  

Date: 7/04/72 

Between 

sites 1 606.8 606.8 452.0%% 

Within 

sites 

(Error) 8 10.7 1.3 

Total 9 617.6 

  

**k significant at the 0.01 probability level (P<0.01)
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Table 7. Rates of CO, evolution (mg C05/10g dry wt/hr X 107°) After 
85 hrs incubation of soil from two sampling dates for three 
age class sites at Craigs Creek. 

  

  

  

  

  

  

  

Ase Sample date 
Classes 5/22/72 6/14/72 Magnitude 
(Sites) Soil temp CO, rate Soil temp CO» rate of Change 

1 yr. 17°C 0.5 20°C 3.3 
1.1 1.8 

0.5 3.1 

1.7 3.2 

2.0 3.5 

x 1.16 2.98 2.61 

61 vr. 14°C 2.7 15°C 1.0 

7.8 5.9 

2.3 7.4 

3.3 6.1 
7.8 6.4 

X 4.78 5.36 0.82 

108 yr. 14°C 4.7 15°C 9.2 
7.5 9.8 

10.4 7.5 

10.0 10.4 

6.3 8.3 

X 7.78 9.04 0.38 

Climate: cloudy, clearing, wet slightly cloudy, sunny, moist 
or damp 

Air temp.: 58°C 75°C 
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Figure 7. A comparison between actual CO» evolution and absolute 

change in C09 evolution rate between two sampling 

periods on sites 28 and 14 (see Table 1 and 3).
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it was found that the clearing at site 14 had a much higher magnitude 

of change than the hardwood stand. 

Results and statistical analyses of the differences among forest 

age classes are reported in Tables 7 and 8. Sampling was done after 

a rather lengthy period of rain. It was slightly cloudy but sunny and 

moist from a rain the previous evening. Soils for the 61 and 108 yr. 

old stands were gently sloping and rather well drained. 

Table 7 indicates that CO evolution rates increase as stands 

become older (regardless of the day sampled). Analyses of variance 

revealed significant differences (Table 8) among the different aged 

stands. CO evolution rates are higher on the second date and still 

increase as the stands increase in age. Along with the higher tempera- 

tures, and the gently sloping nature of well drained soils for the 61- 

and 18-year-old stands the COj evolution rates following saturation 

or "a rain". A water-logged soil seems to block off or otherwise retard 

CO evolution into the atmosphere. 

When the absolute magnitudes of change in COy evolution rates are 

plotted against age of the hardwood forest stands (Fig.8) a close 

correlation is seen; lower aged stands had higher magnitudes of change 

than older forest stands. Apparently, magnitude of change in co, 

evolution rates decreased as succession increases. 

Tables 9 and 10 present the results and statistical analysis 

for two different sites - pasture and hardwood. The rate of CO 

evolution was higher, as expected, in the hardwood forest than in



Table 8. Analysis of variance for one way design for 3 seral stages of 
succession, three ages of hardwood stands on two sampling dates. 
U. S. Forest Service Compartments 1079,1080, Craigs Creek, Va. 

  

  

  

  

Source of Degrees of Sums of Mean Computed 
Variation Freedom Squares Squares F 

Nate: 5/22/72 

Between 

sites 2 109.9 54.9 11,7%** 

Within 

sites 

(Error) 12 56.3 4.7 

Total 14 166.2 

Date: 6/14/72 

Between 

sites 2 92.8 46.4 63.5%** 

Within 

sites 

(Error) 12 8.8 0.7 

Total 14 101.6 

  

** significant at the 0.01 probability level (P<0.01)
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Table 9. Rates of C05 evolution from soils sampled on 4/19/72 near 
Heath Farm, Blacksburg. (Climate: sunny, clear, Ambient 
temp.: 24°C, 

  

  

C04 

Sites Soil temp. mg/10 g dry wt/hr x 107> 

  

Pasture 18°C 

>d
| 

No
 

wl
 

_
 

Hardwood 13°C 16. 
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Table 10. Analysis of variance for one way design for two sites at 
Heath Farm, Blacksburg, Va. 4/19/72. 

  

  

  

Source of Degrees of Sums of Mean Computed 
Variation Freedom Squares Square F 

Between 

sites 1 273.5 273.5 98. 8k* 

Within 

sites 

(Error) 8 22.2 2.8 

Total 9 295.7 

  

** significant at the 0.01 probability level (P<0.01)
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the pasture (Table 9). Significantly different effects in co, evolution 

rates between the sites are shown by analysis of variance (Table 10). 

In summary the methodology allowed differences to be measured in 

CO evolution rates; the differences that were observed are consistant 

with ecological theory, that is, CO, evolution rates are higher in 

hardwood and pine forests than clearings and pastures. Evolution also 

increases as forest stands increase in age, and as forest succession 

advances. 

Mercury Trials 

Tests were made of mercury treated soils both to test the methodo- 

logy being developed and to gain insight into the effects of mercury on 

soil biota and co, evolution. Even numbered Tables 12 through 22 show 

the rates of CO» evolution as influenced by three mercuric compounds, 

two concentrations per compound. Despite there being variation in C05 

evolution rates, analyses of variance indicated that there was a 

significant difference between the treatments and controls of all mer- 

curic compounds (Table 11). The null hypothesis (that there would be no 

Significant difference between the mean CO. evolution rates of the 

treated soils and means of co, evolution rates from controls) was re- 

jected. Detailed comparisons (two-tailed t tests) of changing evolu- 

tion rates were performed for each concentration of each compound 

against its control. These results are summarized in Tables 13, 15, 

17, 19, 21, and 23.



Table 11. 

120 

Analysis of Variance for testing difference between the con- 
centrations and controls of all mercuric compounds. 

  

  

  

Source of Degrees of Sum of Mean Computed 
Variation Freedom Squares Square F 

Between 

conc. or 

control 1 20038.1 20038.1 7.8602** 

Within 

conc. or 

control 430 1095105.0 2549.3 

Total 431 1116244.0 

Treatment Group 1 2 

Sample Size 216 216 

Mean 50.7 64.3 

Standard Deviation 48.2 52.7 

  

** significant at the 0.01 probability level (P<0.01)
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Table 12. Rates of CO) evolution (mg C09/10 g dry wt. soil/hr x 107°) 
as effected by HgClo9 treatment (128 ppm) of soil samples 
at four time intervals with three replicates collected on 

7/27/72 from Center Woods, Blacksburg, Virginia. Slightly 

moist, Ambient Temp.: 22°C, Soil Temp.: 18°C. 

Chemical Time Intervals 

Treatment, ppm Rep. 2 4 16 24 

HgC19,128 1 106.8 151.9 50.7 29.5 

204.2 102.1 57.2 21.1 

155.2 77.6 38.0 17.0 

xX 155.2 110.4 © 48.6 22.5 

2 11.3 77.6 50.7 4.9 

11.3 77.6 44.3 8.9 
0.0 53.4 31.7 17.0 

X 7.5 69.5 — 42.2 10.2 

3 0.0 29.4 44.3 17.0 
58.8 53.4 38.0 17.0 
11.3 102.1 25.5 17.0 

X 23.3 61.6 35.9 17.0 

Grand X 62.0 80.3 42.2 16.6 

Control 

1 106.8 77.6 7.4 25.3 
0.0 89.8 13.3 17.0 

0.0 126.9 7.4 21.1 

x 35.6 98.0 9.3 21.1 

2 0.0 53.4 7.4 21.1 
58.8 151.9 7.4 17.0 

0.0 53.4 25.5 17.0 

X 19.6 85.8 13.3 18.4



Table 12. Continued. 
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Chemical Time Intervals 

Treatment, ppm Rep. 2 4 16 24 

3 0.0 29.4 50.7 17.0 
0.0 65.5 44.3 21.1 

23.2 53.4 38.0 29.5 

xX 7.7 49.4 44,3 22.5 

Grand X 21.0 77.6 22.1 20.7 
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Table 13. T-test analyses between HgClo treatment (128 ppm) and the 
controls over time. , 

  

  

  

Computed 

Compound Concentration Time T-Value Degree of Freedom 

HgCly 128 ppm 2 1.463 8 

HgClo 128 ppm 4 0.131 8 

HgCly 128 ppm 16 2.349% 8 

HgCl9o 128 ppm 24 ~1.695 8 

T-Value for Total Population 

HgClo 128 ppm 1.766 n.s. 35 

  

T value (two tailed) @ .05 level = 2.306 @ .Ol level = 3.355 

n.s. ~ no significant difference at 0.05 level 

* significant at the 0.05 probability level (P< 0.05)
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Table 14. Rates of CO9 evolution (mg C0/10 g dry wt. soil/hr x 107>) 
as effected by HgCl2 treatment (256 ppm) of soil samples 
at four time intervals with three replicates collected on 

8/14/72 from Center Woods, Blacksburg, Virginia. Climate: 
partly cloudy, dry, Ambient Temp.: 24°C, Soil Temp.: 17°C. 

  

  

  

  

Chemical Time Intervals 

Treatment, ppm Rep. 2 4 16 24 

HgClo, 256 1 36.5 18.2 33.1 33.1 

161.8 30.6 26.6 35.2 

212.8 93.6 33.1 30.8 

X 136.4 47.3 — 30.9 36.7 

2 61.3 30.6 52.8 30.8 

61.3 55.6 52.8 33.0 

161.8 106.4 39.6 39.7 

X 94.6 64.0 — 48.4 34.5 

3 316.6 55.6 66.4 26.4 

212.8 55.6 36.3 33.0 

3.6.6 68.2 39.6 26.4 

X 281.8 59.8 47.3 28.6 

Grand X 170.4 57.0 42.1 ° 33.2 

Control 

1 264.4 158.3 66.4 39.7 

111.3 106.4 42.9 35.2 

61.3 93.6 42.9 39.7 

xX 144.9 119.3 50.6 38.2 

2 316.6 158.3 39.6 26.4 

212.8 132.2 39.6 30.8 

161.8 93.6 39.6 24.2 

Xx 230.0 115.0 39.6 27.1



Table 14. Continued. 

125 

  

  

  

Chemical Time Intervals 

Treatment, ppm Rep. 2 4 16 24 

3 264.4 184.7 52.8 30.8 
161.8 106.4 52.8 30.8 
161.8 132.2 39.6 35.2 

xX 195.8 140.9 48.4 32.3 

Grand X 190.3 129.3 46.2 32.5 
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Table 15. T-test analyses between HgCl> treatment (256 ppm) and the 
control over time. . 

  

  

  

Compound Concentration Time T-Value Degree of Freedom 

HgClo2 256 ppm 2 -0.368 8 

HgClo 256 ppm 4 ~3.950* 8 

HgClo 256 ppm 16 -0.551 8 

HgCly 256 ppm 24 0.000 8 

T-Value for Total Population 

HgClo 256 ppm -1.691 n.s. 

  

T value (two tailed) @ .05 level = 2.306 @ .01 level = 3.3555 

n.s. - no significant difference at 0.05 probability level 

* significant at the 0.05 probability level (P < 0.05)
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Table 16. Rates of CO» evolution (mg CO /10 g dry wt. soil/hr x 107?) 

as effected by HgO0 treatment 7128 ppm) of soil samples at 

four time intervals with three replicates collected on 

8/9/72 from Center Woods, Blacksburg, Virginia. Weather/ 

Climate: slightly cloudy, very moist, wet, Ambient Temp.: 

22°C, Soil Temp.: 18°C. 

  

  

  

  

Chemical . Time Intervals 

Treatment, ppm Rep. 2 4 16 24 

Hg0, 128 1 63.2 109.8 34.1 27.2 
63.2 109.8 27.4 27.2 
37.6 83.5 24.1 22.7 

xX 54.7 101.0 28.6 25.7 

2 114.8 70.4 40.8 13.9 
63.2 31.6 47.6 27.2 

114.8 109.8 54.5 22.7 

Xx 97.6 70.4 ' 47.6 21.3 

3 114.8 57.4 40.8 18.3 
37.6 83.5 30.8 9.6 
88.9 44.5 27.4 31.8 

x 80.4 61.7 29.7 19.8 

Grand X 77.6 77.7 36.4 22.2 

Control 1 114.8 18.8 68.5 36.3 

114.8 57.4 34.1 36.3 
114.8 136.4 58.0 25.0 

Xx 114.8 70.4 53.4 32.5 

2 63.2 83.5 17.6 27.2 
37.6 44.5 20.9 22.7 
37.6 44.5 27.4 41.0 

xX 46.2 57.4 22.0 30.2



Table 16. Continued. 
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Chemical Time Intervals 

Treatment, ppm Rep. 2 4 16 24 

3 166.9 109.8 40.8 34.0 
140.8 109.8 27.4 36.3 
114.8 109.8 40.8 36.3 

xX 140.8 109.8 36.3 35.6 

Grand X 100.8 79.3 37.1 32.8 
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Table 17. T-test analyses between Hg0 treatment (128 ppm) and the 

control over time. . 

  

  

  

Compound Concentration Time T-Value Degree of Freedom 

Hg0 128 ppm . 2 -1.130 8 

HgO 128 ppm 4 0.621 8 

Hg0O 128 ppm 16 0.000 8 

Hg0 128 ppm 24 -2.895* 8 

T-Value for Total Population 

Hg0 128 ppm -0.791 n.s. 35 w/o change 

  

T value (two tailed) @ 0.05 level = 2.306 @ 0.01 level = 3.355 

n.s. - no significant difference at 0.05 probability levels 

* significant at the 0.05 probability level (P < 0.05)
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Table 18. Rates of CO») evolution (mg C09/10 g dry wt. soil/hr x 1079) 

as effected by HgO treatment (256 ppm) of soil samples at 
four time intervals with three replicates collected on 

8/11/72 from Center Woods, Blacksburg, Virginia. Weather/ 

Climate: cool, cloudy, Ambient Temp.: 18°C, Soil Temp.: 

  

  

  

  

15-16°C. 

Chemical . Time Intervals 

Treatment, ppm Rep. 2 4 16 24 

Hg0, 256 1 36.4 27.7 7.6 17.7 
0.0 15.3 20.2 15.6 

61.1 15.3 _ 4.5 5.1 

xX 32.5 19.4 10.7 12.7 

2 36.4 40.3 20.2 3.0 
36.4 40.3 23.3 11.3 

110.9 40.3 20.2 5.1 

x 61.1 40.3  ~=21.2 6.5 

3 36.4 15.3 7.6 
36.4 27.7 17.0 
61.1 53.1 20.2 

x 44.6 31.9 14.9 6.5 

Grand X 47.4 30.5 15.6 9.6 

Control 

1 36.4 53.1 33.0 36.3 
36.4 40.3 26.5 13.4 
36.4 65.9 39.5 22.0 

x 36.4 53.1 33.0 20.5 

2 11.8 53.1 39.5 26.3 
61.1 53.1 33.0 30.7 
61.1 65.9 81.0 28.5 

xX 44.6 57.3 51.2 29.2
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Chemical Time Intervals 

Treatment, ppm Rep. 2 4 16 24 

3 61.1 53.1 46.0 26.3 

36.4 65.9 46.0 19.8 

36.4 65.9 42.7 17.7 

xX 44.6 61.6 44.9 21.3 

Grand X 41.9 57.3 38.0 23.4 
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Table 19. T-~test analyses between HgO treatment (256 ppm) and the 

control over time. . 

  

  

  

Compound Concentration Time T-Value Degree of Freedom 

Hg0O 256 ppm 2 0.415 8 

Hg0O 256 ppm 8 -5.871% 8 

Hg0 256 ppm 16 -4.942% 8 

HgO 256 ppm 24 ~5.120% 8 

T-Value for Total Population 

Hg0O 256 ppm —4.450%* 35 

  

T value (two tailed) @ 0.05 level = 2.306 @ .01 level = 3.3555 

* significant at the 0.05 probability level (P < 0.05) 

** significant at the 0.01 probability level (P < 0.01)



133 

Table 20. Rates of C09 evolution (mg Co, /10 g dry wt. soil/hr x 1075) 

as effected by HgSO, treatment (128 ppm) of soil samples 
at four time intervals with three replicates collected 
on 8/21/72 from Center Woods, Blacksburg, Virginia. Weather/ 
Climate: cool, slightly cloudy, Ambient Temp.: 20°C, Soil 

Temp.: 16.5°C. 

  

  

  

  

Chemical Time Intervals 

Treatment, ppm Rep. 2 4 16 24 

HgS0,, 128 1 36.9 43.6 26.9 13.6 
36.9 31.0 14.1 5.2 
36.9 43.6 23.7 17.9 

xX 36.9 39.4 21.5 12.2 

2 36.9 43.6 33.4 17.9 
36.9 18.4 26.9 9.4 
36.9 18.4 17.2 7.3 

xX 36.9 26.8 " 25.8 11.5 

3 36.9 18.4 14.1 9.4 
112.5 18.4 26.9 9.4 
112.5 56.3 10.9 17.9 

xX 97.2 31.0 17.2 12.2 

Grand X 56.4 32.4 21.5 12.0 

Control 

1 112.5 56.3 33.4 20.1 
189.3 31.0 33.4 22.3 
163.6 31.0 40.0 13.6 

xX 155.1 39.4 35.6 18.7 

2 138.0 56.3 23.7 13.6 
87.2 81.8 26.9 26.7 

215.2 43.6 26.9 24.5 

x 146.5 60.5 25.8 21.6
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Chemical Time Intervals 

Treatment, ppm Rep. 2 4 16 24 

3 112.5 94.7 46.7 17.9 

163.6 81.8 40.0 31.1 

112.5 107.6 33.4 22.3 

xX 129.5 94.7 40.0 23.7 

Grand X 143.7 64.8 33.8 21.3 
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Table 21. T-test analyses between HgSQ, treatment (128 ppm) and the 

controls over time. . 

  

  

  

Compound Concentration Time T-Value Degree of Freedom 

Hgs04 128 ppm 2 -4.850* 8 

HgS04 128 ppm 4 ~3.015* 8 

HgSO, 128 ppm 16 -2.871% 8 

HgS0, 128 ppm 24 -2.801* 8 

T-~Value for Total Population 

HgS0, 128 ppm —4.742%% 35 

  

T value (two tailed) @ .05 level = 2.306 @ .01 level = 3.3555 

* significant at the 0.05 probability level (P < 0.05) 

**k significant at the 0.01 probability level (P < 0.01)
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Table 22. Rates of C09 evolution (mg CO,/10 g dry wt. soil/hr x 1075) 
as effected by HgSO, treatment (256 ppm) of soil samples 
at four time intervals with three replicates collected on 
8/23/72 from Center Woods, Blacksburg, Virginia. Weather/ 
Climate: clear, sunny, Ambient Temp.: 23°C, Soil Temp.: 

  

  

  

  

18.5°C, 

Chemical Time Intervals 

Treatment, ppm Rep. 2 4 16 24 

HgS0,, 256 1 61.3 30.6 46.2 77.7 
161.8 18.2 39.6 60.6 
136.4 55.6 | 52.8 63.0 

x 119.6 34.8 46.2 67.0 

2 61.3 55.6 46.2 67.8 
36.5 68.2 52.8 60.6 
86.2 68.2 63.0 67.8 

X 61.3 64.0 54.0 65.4 

3 136.4 18.2 59.6 55.9 
161.8 18.2 59.6 67.8 
212.8 43.1 52.8 70.8 

Xx 170.2 26.5 57.3 64.6 

Grand X 116.9 41.7 52.5 65.7 

Control 

l 111.3 43.1 52.8 72.7 
136.5 68.2 52.8 70.3 
161.8 93.6 52.8 63.0 

xX 102.9 68.2 52.8 68.7 

2 161.8 93.6 59.6 58.2 
111.3 106.4 66.4 63.0 
61.3 55.6 66.4 67.8 

xX 111.3 85.1 64.1 63.0
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Table 22. Continued. 

  

  

  

Chemical Time Intervals 

Treatment, ppm Rep. 2 4 16 24 

3 161.8 93.6 52.8 67.8 

212.8 80.9 52.8 67.8 

161.8 106.4 49.5 67.8 

xX 178.7 93.6 51.7 67.8 

Grand X 130.6 82.3 56.2 66.5 
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Table 23, T-test analyses between HgSQ, treatment (256 ppm) and the 
control over time. ‘ 

  

  

  

Compound Concentration Time T-Value Degree of Freedom 

Hgs0,4 256 ppm 2 -0.557 8 

HgSO, 256 ppm 4 -4.403 8 

HgS0, 256 ppm 16 ~1.062 8 

HgSO, 256 ppm 24 0.000 8 

T-Value for Total Population 

Hgs0, 256 ppm -2.235% 

  

T value (two tailed) @ .05 level = 2.306 @ .01 level = 3.355 

n.s. - no significant difference 

* significant at the 0.05 probability level (P < 0.05)



Several proportionately increasing concentrations of HgCl, and 

HgO were tested. The levels of 128 ppm and 256 ppm (based on prelimin- 

ary tests were) applied to the soil as treatments. The above odd num- 

bered tables (13-23) present paired t-test analyses between two concen- 

trations of the three mercuric compounds and their controls. Paired 

t-tests of Tables 12 and 14 over all time intervals revealed that 

treatments of soil with 128 and 256 ppm of HgCl did not decrease co. 

evolution rates significantly over time (Tables 12 - 15). Although 

paired t-tests failed to detect significant inhibitions in CO evolu- 

tion rate between 128 ppm HgO and its control over time (Tables 16, 17), 

they did show that treatment of soil with 256 ppm HgO (Tables 18, 19) 

decreased the rate of CO, evolution significantly at the 0.01 probabil- 

ity level (P<0.01). The co, evolution rates in these mercury treated 

soils (256 ppm HgO) ranged from 9.6 to 47.4 mg CO,/10 dry wt/hr while 

controls ranged from 23.4 to 57.3 mg cO,/10g dry wt/hr. When 128 ppm 

HgSO, was applied to the soil (Tables 20, 21) rates of CO. evolution 

were inhibited significantly at the 0.01 probability level (P<0.01). 

The C05 evolution rates in mercury treated soils ranged from 12 to 

56.4 mg CO7/10g dry wt/hr while controls ranged from 21.3 to 143.7 mg 

CO,/10 dry wt/hr. Treatment with 256 ppm Hgso, (Tables 22, 23) inhibited 

©O, evolution rate significantly at the 0.05 probability level (P<0.05). 

The CO, evolution rates in the mercury treated soils ranged from 52.5 

to 116.9 mgC09/10 dry wt/hr while controls ranged from 56.2 to 130.6 

mgC0./10 g dry wt/hr. :
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Tables 12, 14, 16, 18, 20, 22 seem to show high rates of CO, 

evolution during the first 2 to 4 hours. Although CO» evolution rates 

were initially high, they then decreased. Some mercury treatments 

significantly effected co, rate of evolution. 

It appears that there may be technique error in the three measured 

co, evolution rates for each of the replicates presented in the above 

tables. In most cases one, but not more than two, of the determined 

co, rates in the sub-replicates do not seem to represent CO» readings 

which should have been obtained from one flask. Nevertheless, even 

with such technique error shown by the variability in the CO. values 

within replicates, I am still willing to assume that the methodology is 

applicable and workable. This can be born out by the following. If 

the erroneous readings are adjusted by entering simulated observations 

of CO, evolution rates, then the conclusions could change. The erron- 

eous readings were adjusted in this manner: The average rates of CO, 

evolution for each replicate were first studied. The mean rate or the 

mean of the highest rate and the mean weight were used to replace 

numbers that appeared to be erroneous. T-test analysis were again 

carried out but utilized the modified observations to determine if 

there were any major differences between t values before and after 

data adjustment. These analyses and t values are presented in Tables 

24 through 29. Conclusions reached about significant differences 

did not change.
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Table 24. T-test analyses between 128 ppm HgClg and the control over 
time where data from Table 10 were adjusted to account for 
possible errors in laboratory technique. 

Compound Concentration Time T-Value Degree of Freedom 

HgClo 128 ppm 2 0.716 8 

HgClo 128 ppm 4 ~0.062 8 

HgClo 128 ppm 16 2.235 8 

HgCly 128 ppm 24 -1.695 - 8 

T-Value for Total Population 

HgClo 128 ppm 1.025 n.s. 35 

  

T value (two tailed) @ .05 level = 2.306 @ .01 level = 3.355 

neS. - no significant difference at the 0.05 probability level
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Table 25. T-test analyses between 256 ppm HgClg and the control over 

time where data from Table 12 were adjusted to account for 

possible errors in laboratory technique. 

  

  

  

Compound Concentration Time T-Value Degree of Freedom 

HgClo 256 ppm 2 -0.208 8 

HgClo 256 ppm 4 -3.929 8 

HgClo 256 ppm 16 ~0.551 8 

HgClo 256 ppm 24 0.000 — 8 

T-Value for Total Population 

HgClo 256 ppm ~1.689 n.s. 35 

  

T value (two tailed) @ 0.05 level = 2.306 @ 0.01 level = 3.355 

n.s. - no significant difference at the 0.05 probability level
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Table 26. T-test analyses between 128 ppm HgQ and the control over 

time where data from Tablé 14 were adjusted to account 
for possible errors in laboratory technique. 

  

  

  

Compound Concentration Time T-Value Degree of Freedom 

Hg0 128 ppm 2 -0.835 8 

HgO 128 ppm 4 0.688 8 

Hg0 128 ppm 16 0.000 8 

Hg0 128 ppm 24 -3.591 8 

T-Value for Total Population 

Hg0 128 ppm -0.511 n.s. 35 

  

T value (two tailed) @ 0.05 level = 2.306 @ 0.01 level = 3.355 

n.s. ~ no significant difference at the 0.05 probability level
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Table 27. T-test analyses between 256 ppm Hg® and the control over 
time where data from Table 16 were adjusted to account 
for possible errors in laboratory technique. 

  

  

  

Compound Concentration Time T-Value Degree of Freedom 

Hg 256 ppm 2 2.229 8 

Hg0 256 ppm 8 -5.668 8 

Hg0 256 ppm 16 -4.827 8 

Hg0 256 ppm 24 -5.026 — 8 

T-Value for Total Population 

HgO 256 ppm ~3.553%* 35 

  

T value (two tailed) @ 0.05 level = 2.306 @ 0.01 level = 3.355 

** significant at the 0.01 probability level (P < 0.01)
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Table 28. T-test analyses between 128 ppm HgSO, and the control over 

time where data from Table 18 were adjusted to account for 
possible errors in laboratory technique. 

  

  

  

Compound Concentration Time T-Value Degree of Freedom 

HgS0, 128 ppm 2 ~4.810 8 

HgS0, 128 ppm 4 -2.841 8 

Hgs0, 128 ppm 16 -2.871 8 

HgS0, 128 ppm 24 -3.624 8 

T-Value for Total Population 

HgS0, 128 ppm —4.644%* 35 

  

T value (two tailed) @ .05 level = 2.306 @ .O1 level = 3.355 

*k significant at the 0.01 probability level (P < 0.01)
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Table 29, T-test analyses between 256 ppm HgSO, and the control over 

time where data from Table 20 were adjusted to account for 

possible errors in laboratory technique. 

  

  

  

  

Compound Concentration Time T-Value Degree of Freedom 

Hgs0, 256 ppm 2 -1.451 8 

HgSO, 256 ppm 4 -5.398 8 

HgsS0, 256 ppm 16 -1.062 8 

HgSO,4 256 ppm 24 0.000 | 8 

T-Value for Total Population 

HgS0,, 256 ppm -3.488%*%* 35 

T value (two tailed) @ .05 level = 2.306 @ .01 level = 3.355 

**k significant at the 0.01 probability level (P < 0.01)
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Statistically significant effects and interactions due to the 

three factors (types of mercuric treatment compounds), the two primary 

levels (two concentrations or treatments within each factor) and the 

secondary levels (time-intervals) were found for the rates of CO» evolu- 

tion. These results are summarized in Table 30. Effects of each 

mercury compound were significantly different, the concentrations of 

these compounds were significantly different, and the time intervals 

were significantly different. There are significant interactions and 

the time intervals within them. There are significant differences in 

rates of CQO5 output among the three factors - compound treatments, 

concentration within treatments and time intervals within concentrations. 

Simple effects (Steel and Torie 1960:196) exist here -- the effects of 

one concentration of a particular mercury compound on 60, evolution rate. 

In addition, first order interactions occurred, measured by the 

rate of CO, evolution between compounds and within compounds (concentra- 

tions), and between compounds and time intervals (where these intervals 

are within concentrations); and second order interactions were found be- 

tween compounds, concentrations, and time intervals at 0.01 probability 

level (P<0.01). 

The needs of users as specified in the objectives for a suitable 

nethodology were largely achieved: 

Many large fresh soil samples from many experimental test sites 

can be utilized to accommodate known variances; sampling is not limited 

to one site by equipment. This technique can be used over many acres
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Table 30. Statistical summary of Analysis of Variance test evaluating 
the compound, concentration, temporal effects and interac- 
tion between comp/conc, comp/time interval, conc/time inter- 
val and comp/conc/time interval. 

  

  

  

  

Source of Degrees of Sums of Mean Computed 
Variation Freedom Squares Squares F 

1 (compds.) 2 20731.1 10365.6 8.9L KK 

2 (comes.) 1 8204.1 8204.1 7.05%* 

3 (time intervals) 3 120868.9 40289.6 34.63%* 

12 (1/2 inter.) 2 45682.1 22841.1 19.63** 

13 (1/3 inter.) 6 23263.7 3877.3 3.33%*% 

23 (2/3 inter.) 3 32516.1 10838.7 9.40** 

123 (1/2/3 inter.) 6 24000.2 4000.0 3.44% 

Within 

Replicates 192 223370.0 1163.4 

Total 215 498636.3 

  

T value (two tailed) @0.05 level = 2.306 @0.01 level = 3.355 

*significant at the 0.05 probability level (P<0.05) 

**significant at the 0.01 probability level (P<0.01)
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within walking time. Tests are done on fresh soil samples at field 

moisture levels. 

Construction of equipment is not limiting; conductivity bridge 

and cell can be purchases with minimal costs. 

There are low overall costs, low equipment expense. 

Calibration is not difficult. 

The conductivity cell can be easily cleaned and filled with fresh 

solution for each reading. 

There is ease of collection; no sophisticated collecting, trans- 

porting, preserving, handling, processing, or procedures are needed. 

The atmosphere within the flask is nearly that of normal air; 

enough CO», is initially present to supply the level required by many 

microorganisms. 

The 0.5N NaOH solution within the center well can usually absorb 

all of the co, produced by appropriate size samples. 

The technique is flexible and thus, allows use of various.sized 

soil samples. 

Many samples can be run with reproducible results. The short incu- 

bation time minimizes change in microbial activity which arise due to 

the changing environmental conditions (e.g. aeration) resulting from 

sampling disturbance. 

The methodology is robust, simple and accurate enough for the 

purposes specified.



DISCUSSION 

This study was constrained by both a goal and finances. "Interest- 

ing" possibilities were always rejected because of lack of funds. The 

goal was single-minded; a decision was made in the initial planning 

stage that a particular need existed and that where decisions were to 

be made in the research, they were to be made toward meeting that 

need. No matter how enticing other "leads", the study remained, perhaps 

more developmental than research goal-oriented. 

This study was an attempt to develop a first stage diagnostic tool 

with wide application in studying soil activity and metabolism, forest 

soil communities, forest ecosystems, mineral or nutrient cycling, and 

energy flow. Even though the experiments did not duplicate field con- 

ditions or were not conducted directly in the field, they offered a 

method which makes possible studies under conditions in which one or 

two environmental variants may be studied and the indications of ecolo- 

gical unity and stability of a forest ecosystem can be obtained. It is 

more interesting to establish the existence of relationships between 

soil CO, evolution and ecosystem dynamics, than to worry about the 

exact factors or variants which may influence CO5- 

The macroscopic and microscopic soil inhabitants whose activity 

is primarily responsible for the evolution of co, do not exist in an 

isolated state but are a part of a highly complex soil emvironment 

that is regulated by natural forces and man's activities. Throughout 

150
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the study, the soil system was viewed as a dynamic whole, as a natural 

environment in which saprophilous macro and microorganisms play the 

essential (and poorly understood) role. 

Field and Laboratory 
  

Procedures and Techniques 
  

Although Witkamp (1972 personal correspondence) believed that 

"disturbed" soil may give off 2.5 to 3 times more COy than soil in 

situ, he stated that lab measurements can be relative expressions of 

community dynamics, providing there is uniformity of sample treatment 

and measurement under (simulated) field conditions. Total co, estimates 

from lab measurements could have relative but no absolute value. Thus 

lab measurements can be used as "relative criteria such as for compar- 

isons in time, between sites etc." 

Forest Trials 

In the forest sites, CO) evolution rates were higher in hardwood 

and pine forests than on clearings and pastures. Rates also increase 

as forest stands increase in age, and with forest succession. These 

rates are a function of the greater amount of organic matter present 

and being decomposed. Benoit (1971) noted, though, that decomposition 

is not the only limiting factor for CO) evolution. Higher temperatures 

favor CO evolution. Results are low not only on sampling dates with 

lower temperatures but on days when the soils were relatively wet. 

.
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There were sharp decreases in the co, evolution rates from the 

hardwood forest to the clearing (Table 3: 9.50 to 1.30 mg/10 dry wt/hr; 

22.06 to 6.48 mg/10 g dry wt/hr) and from hardwood forest to pasture 

(Table 7: 13.20 to 2.74 mg/10 dry wt/hr). Since clearings and pastures 

lack extensive vegetation and winds can sweep over such areas more 

easily than through forests, pasture plants must usually exist under 

lower concentrations of CO» than forest plants. In addition to and 

in support of this conclusion, Potter and Snyder (1916) pointed out 

that most of the co, of the air was believed to come from the soil, and 

Romell in Voigt (1962) and Lundegardh (1927) stated that forest soils 

generally evolve much more CO5 than agricultural soils or grasslands. 

The difference is probably associated with greater porosity and more 

uniform humidity of forest soils. In clearings and pastures the perio- 

dic desiccation and the high light intensity must act very unfavorably 

on the microbiological processes and activities in the soil surface. 

Close correlations existed between the change in CO» evolution 

rates and the ages of the hardwood forest stands. The clearings and 

the lower aged stands had higher rate changes than the other hardwood 

forest stands. As for the pine and hardwood sites, they had about the 

same change. The magnitude of change in the pine site was slightly 

more than in the hardwood site. As forest succession advances, mean 

rates of CO evolution increase, while magnitudes of change decrease. 

Mature forests change little. If magnitude of change in rate of CO, 

evolution can be taken as an indication of the susceptibility of a site
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to disturbance, then it can be said that clearings or pastures can not 

withstand as much environmental disturbances (e.g. meteorological, 

biological, or chemical) as mature hardwood forests. Further, the 

older forest stands studied are less subject to disturbances than younger 

ones. The rate and course of decomposition of the soil organic matter 

is important for a number of reasons. Since the organic layer serves 

as a storehouse of chemicals, then decomposition of litter is of 

considerable interest because of the intimate association of litter 

decay with nutrient cycles. The minerals, contained in the organic 

Matter are released during decomposition. Productivity of an ecosystem 

refers to soil richness (Odum and Odum 1959, Buckman and Brady 1969:7). 

Soil fertility is, to a degree, dependent upon the amount of organic 

matter and microorganismal activity. Whittaker (1970) discussed the 

significant function of decomposers in CO production. It is the re- 

ducers, their activity measured by CO, evolution or resulting in 

corresponding co, evolution, that close nutrient cycles and continue 

productivity at a relatively high level based on this circulation 

(Whittaker 1970:101). As much as 90% of the net primary productivity 

("the rate of storage of organic matter in plant tissues in excess of 

the respiratory utilization by the plants during the period of measure- 

ment,'’ Odum 1971:43) remains unharvested as living plant tissue, and 

must be utilized as dead tissue by saprobes and soil animals (Whittaker 

1970).
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The main points when referring to the forest floor dynamics of 

an ecosystem can be expressed by the equations: 

decomposition = CO, + + minerals (1) 2 

production = decomposition + storage (2) 

Reasons why it is useful to measure forest soil CO» can be 

deduced from this equation. If the three components change their 

values in the same direction according to the fertility of a soil, 

co, evolution may give a relative value about the productivity of 

an area. The measurement of CO evolution rate should permit an indi- 

rect estimation of net primary productivity (Wanner 1970). 

In sites where storage is nearly negligible, e.g: fields, 

meadows, pastures, and clearings, soil co, evolution may tell some- 

thing about the micro floral and faunal activity in the soil. If soil 

CO evolution is low, there must be very low productivity, for there is 

no storage of organic matter. Thus, by studying both sides of the . 

equation, one can get an idea of the productivity of different commun- 

ities and in general, of soil fertility (Leith and Ouellette 1962). 

Leith and Oulette (1962) believed the eutrophic condition gives the 

highest respiration rates. This is understandable considering the 

activities of the microorganisms. The better the environmental con- 

ditions are for the microorganisms the more and better developed they 

will be. It follows, therefore, that factors which may influence 

saprophilous microorganisms, hence CO evolution, could also influence



155 

soil fertility, net primary productivity, mineral cycling dynamics 

and/or energy flow/dynamics and vice versa. Southwood (1966) gave 

tables relating respiration and energy transfer. 

A significant external biological factor which could influence 

co, evolution is predation. Engelman (1961) and Moulder (1970) 

found that spiders are among the most numerous and comprise the highest 

biomass of enthomophagous predators in nature. They play a signifi- 

cant role in the energy dynamics of forest cryptozoan communities; 

respiratory energy losses equaled 1.23 K cal/m2.yr.. Small and medium 

sized spiders were most important in the energy drain upon the sapropha- 

gous trophic level of the cryptozoan community. Cryptozoans exerted 

a powerful regulative force upon the microflora by their grazing on 

bacterial and fungal conlonies. Thus, if C09 is a measure of the 

energy dynamics of a forest, then spider predation could influence 

CO, evolution and hence energy dynamics. 

Soil, vegetation and organisms are integrated parts of the same 

dynamic system. The composition, fertility and productivity of a . 

forest soil ecosystem can thus be affected by all the modifications of 

the environmental factors which may result from man's management activ- 

ities (e.g. clearcutting, logging or thinning of stands, silvicultural 

practices, tree planting, slash burning, litter removing, pasturing, 

and organic waste disposal). Krauss and Mejstrik (according to Wilde 

1946) have shown marked changes in the composition of the soil in 

their forest soil studies. "The significance of soil reaction in
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thinnings and selective logging has been generally overlooked in both 

forest writings and practice. Yet, this factor in many instances 

determines the success or failure of silvicultural cuttings" (Wilde 

1946:79). The soil reaction influences not only the distribution of 

trees, but also the distribution of woody and herbaceous plants - the 

vegetation of the ground cover, i.e. the vegetation which often enters 

into vigorous and successful competition with natural tree reproduc- 

tion. It is possible that massive harvesting of unspecified nutrients 

as a result of some activities like timber harvesting could remove 

sufficient nutrients to change significantly the condition there. 

Analysis of CO, May reveal the order of change resulting from such 

practices. Widespread changes in forests may cause serious atmospheric 

changes in C05. 

Without activity of decomposers, large quantities of organic mat- 

ter would pile up in the forests. According the Ellenberg (1971) this 

“natural garbage" would make it impossible, ultimately, for plant 

roots to reach mineral soil. As a result, the productivity of soils 

might drop. Ail ecosystems must maintain mineral cycling. These 

cycles can be altered by man tc his advantage or disadvantage. 

Wilde (1958:439) utilized the term "soil sickness" in his studies 

and discussions. He observed that "even though many areas of this coun- 

try have been occupied by forest vegetation more or less continuously 

for thousands of years, there is little evidence of soil deterioration 

in the absence of man's interference. In light of all this, implications
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are clear. By measuring co, evolution of the soil, one can tell 

when terrestrial ecosystems are "sick". 

Mercury Trials 

When the three mercuric compounds (treatments) were compared with 

their controls, there was a difference between the mean C09 evolution 

rates of the treated soils were generally lower than the control CO» 

evolution rates. Comparisons of changing CO) evolution rates were 

performed for each concentration of each compound against its control. 

Regardless of whether or not adjustment was made, treatments of soil 

with 128 and 256 ppm HgCly did not inhabit CO. evolution rate not did 

treatment with 128 ppm HgO. Treatment with 256 ppm of HgO and 128 

ppm and 256 ppm HgS0, did depress CO, evolution rate.’ 
2 

The differential effects of the three mercuric compounds and 

their concentrations on soil biota, hence COy evolution, can be attri- 

buted to their particle size, solubility and hygroscopic properties. 

All three were applied in powder form. Of the three, HgClo had the 

larger particle size. Hence it became less evenly distributed through- 

out the soil over the 24 hour incubation period. It can less readily 

absorb, retain moisture and become soluble. Because it had larger 

particle size and was less soluble, very little was distributed, 

went into solution, or came into contact with soil biota and influenced 

CO, evolution. The concentrations applied made little difference. 

If HeCl, treatment had been continued the salt granules would have 

probably dissolved and become more evenly distributed. Hg0O, with a
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smaller particle size, has a higher tendency to become evenly distri- 

buted. It took 256 ppm to influence the soil microorganisms and inhibit 

CO evolution rates. 

Mercuric sulfate had the finest particle size and was the most 

hygroscopic. At both concentrations it was the most evenly distributed 

within the soil and soluble. Consequently, because of this faster 

rate of distribution, effects on soil biota and inhibition of CO 

evolution rate were noticed at both the lower concentration (128 ppm) 

and higher concentration (256 ppm). 

The fact that it took relatively high concentrations (normal 

Hg levels in soil are 1 ppm) of the mercury compounds to show effect on 

the soil co. evolution rates could mean that the microorganisms and 

the soil itself are rather resilient. Soluble inorganic salts of 

mercury inorganic mercurials such as (e.g. HgClo, Hg0, HgSO,) have 

long been known to be toxic; oxides may especially be potentially 

hazardous (Goldwater 1971). Generally, though, according to Goldwater 

(1971:18;21), inorganic mercurials (chlorides and oxides) are not | 

important factors in contamination of the environment, and discharge 

of mercury into the atmosphere, either as vapor or as particulate 

matter is not likely to become a serious general hazard. 

In another light, Whittaker (1970:100) believed that soil micro- 

organisms, especially reducers, function as "enzymes" of the community. 

2+ 
It is a fact that Hg is a toxic cation (Fruton and Simmonds 1958:908).
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This suggests that since reducers function as "enzymes" of the 

soil community, according to Whittaker (1970), their activities can 

still be inhibited. Whether these activities are inhibited or not could 

depend on the type, kind, susceptibility to disturbance and stability 

of the soil community.



RECOMMENDATIONS 

Before an aliquot of NaOH is taken for conductance measurement, 

the solution should be stirred with the conductivity cell to 

evenly mix Na’ ions. 

Multiple observations from one flask are not necessary. More 

soil samples should be processed from different study sites and 

one reading per flask should be taken; one reading from each of 

three or more flasks with the soil processed from one container. 

For most ecosystems, a representative sample size is large 

because the variability in natural ecosystems is great. This 

implies that the need for numerous replicates in order to obtain 

conclusions with a reasonable degree of precision and accuracy. 

Careful considerations of the climate, time of day and year, soil 

and ambient temperatures and moisture conditions and fluctuations, 

soil type and texture should be made before setting up the sampling 

procedure and methodology. If one relates data on climatic factors 

and soil when interpreting results, better evaluations can apparently 

be made and differences can be ascribed concerning CO, production, 

evolution rate and soil microbial activity and fertility. 

It should be realized that measurements of co, evolution rates are 

for soils only under established standards and set of conditions, 

and particular environment under which the experiments or studies 

were performed. 

160
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5. Organic matter content of soils could be determined to draw compar- 

isons between amount of C present and the amount or rate of co, 

evolved and whether a treatment depresses microorganismal decompo- 

sition. 

6. Other limiting factors (e.g. pH) for CO evolution should be 

studied and considered in analyzing results. 

7. co, measurements should be made for soil samples taken near areas 

where soil is constantly exposed to mercury fallout from stack 

coal burning combustion sources. Studies on type and concentration 

of mercury should be carried out and compared with laboratory test. 

These are examples of the kinds of information which must be 

supplied to make possible more accurate, detailed analyses and evalu- 

ations. Measuring and studying the differences between different 

forest or terrestrial soil community sites and the effects of environ- 

mental factors on processes of ecosystems is a formidable task. The 

present study may provide a helpful foundation and frame of reference 

for future investigations. | 

Such studies are needed to better understand how one factor inte- 

grates many others and that by careful monitoring of such a factor, 

insights may be gained for predicting the consequences of changes 

caused by man in nature.



SUMMARY AND CONCLUSIONS 
  

A comprehensive literature review of soil CO) was developed. Soil 

was diagrammed and described multidimensionally including: transition 

between living and dead forms, organic matter characteristics, rate of 

change in dead organic matter, influence of macro and micro fauna on it 

over time and the physico-mechanical, chemical, abiological, and biologi- 

cal interactions with CO. evolution. In ecosystems large amounts of 

carbon are fixed through primary production. Dead plant and animal 

materials are decomposed, primarily by bacteria, fungi, and actinomy- 

ctes, to co, and minerals. Generally, the more organic matter in soil, 

the greater the CO, evolution. Evolution rates are complex phenomena, 

significantly influenced by soil temperatures, moisture, and pH. 

While roots and arthropods produce some C05» greatest amounts result 

from activity of microorganisms. 

Ten-gram field soil samples, incubated in flasks in a water 

bath were allowed to evolve COj for about 85 hours. A center-well 

in each flask contained 3 ml of 0.5 N NaOH which absorbed CO,. 

Amounts absorbed were determined by a micropipette/conductivity cell 

and conductivity bridge. 

The method developed was tested. Results of tests under the 

conditions studied were: CO, evolution rates were higher in hardwood 

and pine forests than in forest clearings and pastures. co. 

162



163 

evolution increases with the age of hardwood forest stands. Dif- 

ferences between sites studied masked differences in temperature and 

moisture conditions on the sites. 

Between-site comparisons were made. Differences in the magnitude 

of change in CO, evolution were found consistent with ecological 

theory. In the sites studied, differences were believed indicative 

of the probability of a site regaining previous rates of mineral 

cycling and energy flow following climatic disturbance or stresses. 

Within limits, CO, evolution rates increased as soils dried, 
2 

decreased with saturation. 

Three mercurial compounds were applied to forest soils to 

simulate mercury emissions from coal burning industries. Treatment 

with 128 ppm and 256 ppm HgCl, and 128 ppm HgO did not inhibit CO, 

evolution. 

A methodology, reflecting current developments, has been 

developed and tested for rapidly, efficiently, and effectively 

monitoring amounts and rates of CO evolution from soils. The 

method underwent only limited tests and the results are valid only 

for those conditions studied. The method was designed for rapidly 

monitoring ecosystem change, making robust comparisons of areas, and 

gaining information about ecosystem structure and dynamics from one 

integrating index.
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Appendix Table 2. Computer program used to develop linear regression 

equation for COg determination and measurement. 

  

load (mgCO,) 

list 

1. 

4. 

7. 

10. 

13. 

16. 

19. 

22. 

25. 

28. 

31. 

34, 

37. 

start: 

11; 

11; 

GET LIST (ck); 

GET LIST (cond); 

GET LIST (drywet); 

GET LIST (hrs); 

ckc=ck*cond3 

PUT EDIT ( 'ADJ. COND. = '. ckc) (SKIP(1), A,F(8,2)); 

mgCO5=(logl0(ckc)-4.96563) /-.01288; 

mgdw=mgC0./ (drywgt*10) /hrs; 

PUT EDIT('MgCOy = ',mgCO,,' , Mg/dry wgt/hr ; 2? 

mgdw) (A,F(8,4),A,F(8,6)); 

GO TO 11; 

END start; 

 



183 

Appendix Table 3. Conductivity value adjusted with cell factor or 

constant (c) taken into account for the weighed 

amounts of Na, CO3 used to generate known amounts 

  

  

  

of CO». 

C04 

Mean Cell Adjusted 

Na, co. Conductance Constant Conductance 

(Appendix Table 1) 
mg/3ml mg/1im1 micro mhos/cm 
NaOH NaOH yi Xx c Yq 

0.00 0.00 7000 13.1 91700.0 

0.90 0.30 6690 13.1 87639.0 

2.90 0.96 6385 13.1 83643.5 

4.90 1.63 5942 13.1 77840.2 

6.90 2.30 5790 13.1 75849.0 

8.90 2.97 5480 13.1 71788.0 

10.79 3.60 5236 13.1 68591.6 

15.77 5.26 4590 13.1 60129.0 

19.92 6.64 3850 13.1 50435.0 

24.90 8.30 3460 13.1 45326.0 

29.88 9.96 2863 13.1 37505.3 

35.28 11.76 2430 13.1 31833.0 
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Appendix Table 4. Data for preliminary calibration curve showing the 

relationship between conductivity and the amount 

of CO, absorbed from within closed flask over time 

  

  

  

(Fig. 3). 

Time Conductance CO 
(min.) (mhos/cm) (mg) 

5 73360.0 7.772 

10 58295.0 15.5278 

15 55020.0 17.4774 

20 48470.0 21.7513 

25 45850.0 23.6251 

30 43230.0 25.6091 

35 40610.0 27.7172 

40 38645.0 29.3895 

45 37335.0 30.5523 

50 36025.0 31.7567 

55 34387.5 33.3253 

60 31767.5 35.9974 

90 (1 1/2 hr) 30130.0 37.7819 

120 (2 hr) 29475.0 38.5230 

180 (3 hr) 29147.5 38.8997 

240 (4 hr) 28165.0 40.0559 
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Appendix Table 5. Data for (Fig. 5) calibration curve showing (a) 
change in rate of CO 9 evolution with time and 

(b) total amount of C02 evolved with time (Fig. 4) 

  

  

  

Rate of 

Adjusted Total amt. CO» evol. 

Time Conductance COy (mg/10 g dry wt/ 
(hrs) mhos/cm (mg) hr X 107>) 

20 84713.77 2.9252 23.5 

44 76853.77 6.2054 22.6 

68 72923.77 7.9783 18.8 

92 71831.23 8.4873 14.8 

116 70958.77 8.8994 12.3 
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Appendix Table 6. Data for (Fig. 5) the results of a preliminary 

test showing the reduction in rate of CO) variation 

with period of incubation 

  

  

  

Time Amount of CO» Rate CO, evolution 
(hrs) (mg) (mg/h) 

3 1.339 0.446 

9 2.845 0.316 

27 5.049 0.187 

51 7.397 , 0.145 

81 9.884 0.122 
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MONITORING co, EVOLUTION 

FROM MERCURY TREATED AND NATURAL 

FOREST SOILS 

by 

Andinos P. Damalas 

(ABSTRACT) 

Plants fix large amounts of carbon. Dead plant and animal 

material is decomposed to co, and minerals. Greatest amounts of 

soil CO, evolution result from microorganismal activity. 

Ten-gram field soil samples, incubated in flasks were allowed 

to evolve C0, for about 85 hours. A center-well in each flask 

contained 0.5 N NaOH absorbing the CO5. Amounts absorbed were 

determined by a conductivity cell and conductivity bridge. 

On sites studied CO, evolution rates were higher in hardwood and 

pine forests than in forest clearings and pastures. CO, evolution 

increases with the age of hardwood forest stands. Differences 

between all sites studied masked differences in temperature and 

moisture conditions on the sites. Within limits, CO, evolution rates 

decreased with saturation and increased as soils dried. 

Differences in the magnitude of change in CO, evolution were 

found and are believed to be indicative of the ability of sites to 

recover from certain stresses.



Application of three mercurials to forest soils simulated mercury 

emissions from coal burning industries. Treatment with 128 ppm and 

256 ppm HgCl, and 128 ppm HgO did not inhibit CO, evolution. Treat- 

ment with 256 ppm HgO and 128 ppm and 256 ppm HgS0, depressed co, 

evolution. 

A methodology has been developed and tested for rapidly, 

efficiently, and effectively monitoring amounts and rates of CO 

evolution from soils. It may be useful for estimating ecosystem 

change, making robust comparisons of areas, and gaining information 

about ecosystem structure and dynamics from one integrating index.
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