Chapter 24 

ECOSYSTEM PRODUCTIVITY
An ecosystem is a community of organisms (biotic component) and the physical environment (abiotic component) interacting as a unit.

· The community and the habitat are intimately interacting by actions and reactions: everything is connected to everything else.

· Species may have a direct or indirect effect on other species.

The ecosystem represents a broader view or higher level of organization than community.

COMPONENTS OF ECOLOGICAL SYSTEMS

All ecosystems are composed of a biotic and an abiotic component.

The three basic structural and functional components consist of autotrophs, heterotrophs and inorganic and dead organic matter. 

1. Autotrophs are the energy-capturing base of the system.

2. Heterotrophs consist of consumers and decomposers. 

· Consumers eat mostly living tissue.

· Decomposers utilized dead organic matter and converted to inorganic substances.

3. Detritus is made of organic and inorganic substances in aquatic systems, and the soil matrix.

Inputs in the system are both biotic and abiotic.

· Abiotic inputs are inorganic substances (CO2, N, O2, etc.), mineral nutrients, organic compounds (proteins, carbohydrates, humic acid, etc.), precipitation, and radiant energy (heat and light).
· Biotic inputs include organisms that move into the ecosystem as well as influence imposed by other ecosystems in the landscape.

The driving force of the system is the energy of the sun, which causes all other inputs to circulate through the system. 

Consumers regulate the speed at which nutrients recycle through the system. 

Most ecosystems do not have distinct boundaries. Boundaries described in most cases are arbitrary subdivisions of a continuous gradation of communities. 

Ecosystems change with time: organisms live and die, immigrate and emigrate, etc. 

Ecosystems are subject to disturbances: floods, fire, storms, etc.

Ecosystems possess a trophic structure that provides the pathway for the movement of materials between the abiotic and biotic environment. 

THE NATURE OF ENERGY

Solar radiation involves light and thermal energy

Solar energy drives the movement of water between the earth and the atmosphere, and the water distribution in the environment.

Light is the energy source of photosynthesis, affects the distribution of organisms in land and water, and their daily activities.

ENERGY DEFINED

Energy is the ability to do work.

Work is what happens when a force acts through a distance, expressed as force x distance.

Kinetic energy is the energy of motion.

Potential energy is stored energy.

Chemical energy is the potential energy stored in the bonds of molecules. It is particularly important in living systems.

Chemical energy can be transformed into kinetic energy. 

· Calorie is the amount of heat necessary to raise 1 gram (1 ml) of water 1ºC at 15ºC.

· In the SI (Système Internationale) the unit used is the joule. 1 joule = 4.168 cal.

· The kilogram calorie or Calorie is used for large quantities: 1Cal = 1000 cal.

· A BTU or British thermal unit is the amount of heat required to raise 1 pound of water 1ºF.

· 1 BTU equals 252 cal.
LAWS OF THERMODYNAMICS

Thermodynamics is the study of energy and its transformations.

· System is the object being studied in thermodynamics.

· Surrounding is the rest of the universe other than the system.

· Closed systems do not exchange matter or energy with its surroundings.

· Open systems exchange matter and/or energy with the surroundings.

1. First law of thermodynamics.

· Energy can be transferred and transformed, but it cannot be created or destroyed. 

· Energy of the universe is constant.

· Energy-mass cannot be created nor destroyed.

· This law is also known as the Principle of Conservation of Energy.

2. Second law of thermodynamics.

· The entropy of the universe is increasing.

· Entropy is a measure of the disorder or randomness of a system.

· Every energy transfer or transformation increases the disorder in the universe. It increases the entropy of the universe.

· When energy is converted from one form to another, some of the usable energy is converted to heat and is dispersed in the surroundings.

· At every step of energy transformation there is a loss of energy capable to do work.

No one process that requires energy conversion is 100% efficient. Some energy is always lost in the form of heat, the random motion of molecules. 

Energy lost in a transfer cannot perform work. This energy ends up as heat contributing to the disorganization and randomness of the molecules.

Entropy or disorder in a closed system tends to increase spontaneously over time.

Heat is the energy of random molecular motion. Molecules and atoms change their kinetic energy because heat flows in or out of them.

· The heat content of that sample of gas is the sum of its energies, internal and external, except nuclear energy, of all its molecules.

· The internal energy of a molecule consists of the motions of the nuclei and electrons of the atoms of the molecule. The motions of the nuclei are not to be confused with nuclear energy, which is inside a nucleus.

Heat energy is less organized and has high entropy (S). It is the uncoordinated movement of molecules.

Living systems are orderly and require energy in order to maintain their orderliness. 

In open systems, as long as there is a constant inflow of energy and matter to the system, and a constant outflow of entropy (heat and waste), the system maintains a steady state. 

· Life is an open system maintained in a steady state. 

Energy flows into ecosystems in the form of light and leaves in the form of heat after a series of transformations within the ecosystem.

Organisms increase the entropy of the universe by releasing small molecules and heat into their surroundings. These molecules and heat energy come from the more organized molecules of food: starch, proteins, etc.

CYCLING OF ENERGY IN ECOSYSTEMS

Visible light is the portion of the electromagnetic spectrum between 400 and 740 nm.

These wavelengths are known as the photosynthetically active radiation or PAR.

· Near infrared: 740 to 5000 nm.

· Far infrared or thermal radiation: 5000 to 100,000 nm.

· Ultraviolet – A: 315 to 380 nm.

· Ultraviolet – B: 280 to 320 nm.

PRIMARY PRODUCTION

Energy accumulate in plants through photosynthesis is called primary production.

This energy is stored in chemical bonds. 

Gross primary production (GPP) is total energy stored by autotrophs in an ecosystem. 

· New organic matter is being made.

The stored energy left after plant respiration is the net primary production (NPP).

· NPP (net primary production) = GPP (gross primary production) - R (respiration)

Productivity is the rate at which organic matter is created by photosynthesis, g dry wt/m2/year.

Productivity is the name used for production rates. The rate at which energy accumulates as biomass.

· Production rates = production per time unit, e.g. kilocalories per square meter per year, Kcal/m2/year or grams of dry weight per square meter per year, 

g dry wt/m2/year.
·  Kilocalories/square meter/year or grams of dry weight/square meter/ year.

Gross primary productivity is the total photosynthesis in a time period.

Secondary production is the energy stored in consumers.

· It is assimilated energy.

· No new organic matter is made.

· It refers to the energy stored after the consumer's respiration has already been subtracted.

The accumulated organic matter found on a given area at a given time is the standing crop biomass. 

Biomass can be defined as the mass of organisms per unit area and is usually expressed in units of energy (e.g., joules m-2) or dry organic matter (e.g., tons/ha or grams dry wieight/m2).
Biomass is amount present at any given time, g dry wt/m2.

· Productivity is a rate; biomass is not a rate.
Biomass does not include any plant tissue eaten by herbivores or lost through death prior to the period of measurement. 

ENVIRONMENTAL CONTROLS ON PRIMARY PRODUCTIVITY

Temperature and moisture control primary productivity.

Primary productivity is a function of the rate of photosynthesis and the total surface area of leaves that are photosynthesizing. 

Extremely cold and hot temperatures limit the rate of photosynthesis. 

Within the range of temperatures that are tolerated, rates of photosynthesis rise with temperature. 

Most biological metabolic activity takes place within the range 0 to 50° Celsius. There is little activity above or below this range. The optimal temperatures for productivity coincide with 15 to 25° Celsius optimal range of photosynthesis.

The growing season is the period when temperatures are sufficiently warm to support photosynthesis and net primary productivity. 

Warmer temperatures support both higher rates of photosynthesis and a longer growing season, resulting in a higher net primary productivity. 

The amount of water available to the plant will therefore limit both the rates of photosynthesis and the amount of leaves that can be supported. 

The influence of temperature and water availability is interrelated. 

It is the combination of warm temperatures and adequate water supply to meet the demands of transpiration that results in the highest values of primary productivity. 

PATTERNS OF PRIMARY PRODUCTIVITY IN ECOSYSTEMS

Variation among ecosystems

The most productive terrestrial ecosystems are tropical rainforests with high rainfall and warm temperatures. Their productivity ranges between 1000 and 3500 g/m2/year.
Temperate forests with lower temperatures and rainfall range between 600 and 2500 g/m2/year.
Temperate grassland productivity is around 500 g/m2/year.

Arctic and alpine tundra have a productivity of 0 to 200 g/m2/year.

Productivity of the open sea is generally quite low. 

Productivity in the open waters of the cool temperate oceans tends to be higher than those of the tropical waters as a function of nutrient supply. 

In areas of upwelling like such the tropical coast of Peru, productivity can reach 1000 g/m2/year.

Coastal ecosystems and continental shelves have higher productivity than the open ocean.

The distribution of primary production in the global ocean:
· Open sea, pelagic zones - low

· Equatorial zones - high, especially toward the eastern boundaries; lower on the west.
· Coastal regions; neritic zone - high

· Arabian Sea - high

· Circumpolar region - mostly moderately high

Swamp and marshes have net productivity of 900 to 3300 g/m2/year.

Estuaries and coral reefs have a net productivity between 1000 and 2500 g/m2/year. This is due to the input of nutrients from rivers and tides in estuaries, and the changing tides in coral reefs.

High productivity results from an energy subsidy to the system. This subsidy may be a warmer temperature, greater rainfall, circulating or moving water that carries in food or additional nutrients. In the case of agriculture the subsidy comes from fossil fuel for cultivation and irrigation, fertilizers, and the control of pests. 

Sugar cane has a net productivity of 1700 to 1800 g/m2/year; hybrid corn 1000 g/m2/year; and some tropical crop 3000 g/m2/year.

Temporal changes within ecosystems

The annual net production of ecosystems changes with time.

In general, primary productivity in terrestrial ecosystems increases initially during succession or stand development, followed by a decline as the stand becomes more matures.

The decline in productivity has been attributed to the changing balance between photosynthesis and respiration. This hypothesis has been questioned by recent studies.

The efficiency with which gross production is converted to net production depends on how much energy the plant populations of the ecosystem use in their own maintenance.

· Data suggests that plant respiration lies between 20 and 75% of gross production.

· Net production is then 25 - 80%.

· Mature forests have higher respiration rate probably related to maintaining a larger biomass, while maintaining a constant leaf area.

· Tropical forests tend to have higher respiration rates. This may be related to higher temperatures in the tropics.

· Grasslands, crops and algal communities tend to have lower respiration rates.

Recent studies show that woody tissues have a very low respiration rate to account for the decline in net productivity. 

A new hypothesis proposes that the decline in net productivity is due to reduced photosynthesis with plant age, decreased nutrient supply with stand age, and increased reproductive effort and increased mortality of older individuals. 

The decline in productivity is the combination of reductions in both photosynthesis and respiration. 

Productivity also varies from year to year as a result of variations in the physical environment.

· Productivity is influenced by nutrient availability, temperature, water supply, herbivory and disturbances such as fire.

ENERGY ALLOCATION

Plants allocate the energy they fix to aboveground and subterranean growth: stems, leaves, roots, flowers, fruits and seeds.

The amount allocated varies with the type of plant and season. 

Plants first invest in vegetative growth then in reproduction. The energy for growth may come after the plants has produced enough vegetative growth, or from storage tissue where energy was stored during the previous growing season. 

· Annuals eventually send 90% of their production to growth and ripening of seeds. 

· Perennials translocate the energy remaining after the growth of fruits and seeds to roots. 

· Bulbous plants use stored energy for flower and seed production, and then send photosynthates to roots to build up capital for next year’s bloom. 

· Woody plants invest energy into more items including growth of leave, flowers, fruit, new cambium, new buds and final deposits of starch in roots and bark. Initially the greater percentage of the energy goes to the production of leaves and twigs. As the tree ages, more energy is allocated to the growth of branches and stems.

Net primary production represents the storage of organic matter in plant tissue in excess of respiration.

Accumulation is the increase of compounds that do not directly support growth.

· E.g. starch, fructose, nitrogen in the form of specialized proteins, mineral ions.

Accumulation occurs when the supply exceeds the demand for growth and maintenance. 

By recycling materials from aging tissues, the plant can retain compounds that otherwise would be lost to litter. 

With limited energy budget and changing needs through its life history, a plant has to divert resources from one use to another during the year. 

Failure to maintain a balanced energy budget kills the plant. 

· Early in its life history, a plant spends net production on growth: new leaves and stems.

· Once a plant has built its vegetative growth, it diverts energy from and often at the expense of growth to a reserve from which it can draw energy when needed.

· Later in the life cycle, the energy is spent on flower and fruit production.

Resource allocation differs greatly between annuals, perennial herbs, and woody plants.

The pattern of energy allocation for trees change with the age and size of the individual.

· Initially, the greater percentage of energy fixed photosynthesis goes to the production of twigs and leaves in order to capture more energy.

· As the tree increases in size, the energy is diverted to the production of stems and branches. As a result, the biomass contained in leaves and twigs declines with tree age and size. 

ROOT-SHOOT RATIOS

A high root-to-shoot ratio (R/S) means that most of the production goes into the supportive function of plants and that most of their active biomass is below ground. 

Plants with large root biomass are more effective competitors for water and nutrients, and can survive better in infertile and dry soil.

Plants with low R/S ratio have most of their biomass above ground and fix more energy, resulting in higher productivity. 

· Sedges and grasses of the tundra have a high R/S biomass of 5 to 11.

· Prairie grasses have an R/S ration of about 3.

· Deciduous forest in New Hampshire has an R/S ration of 0.213.

Changes in R/S ratio reflect the response of plants to stress, e.g. grasses may concentrate more of their production to roots when they are heavily grazed.

BIOMASS DISTRIBUTION

Strong sunlight inhibits photosynthesis. The highest photosynthetic activity is at some depth below the surface in aquatic ecosystems, and below the canopy in terrestrial ecosystems.

Light intensity decreases with depth in aquatic ecosystems. At a certain point the light received by the phytoplankton is just sufficient to meet respiratory needs and production equals respiration.  This point is known as the compensation point.

SECONDARY PRODUCTION

Net primary production is the energy available to heterotrophs in the ecosystem.

In reality, much of the primary production is unreachable, indigestible or not may be dispersed outside the ecosystem by wind, water, humans, etc.

The assimilatory efficiency of the organisms varies a great deal; most of what is consumed may pass through the digestive track undigested. 

Once consumed, energy is diverted to maintenance, growth, and reproduction or is passed from the body as waste products (feces, urine, and fermentation gases).

The energy in feces is passed to detritivores.

Of the energy left after the elimination of waste, part is used in maintaining the heat required for metabolism above basal or resting metabolism.

After the maintenance and respiration are met, the remaining energy goes to secondary or consumer production.

Energy ingested = energy assimilated + energy lost in feces + energy lost in urine
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Energy assimilated = secondary production + respiration + nitrogenous waste
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The production of nitrogenous waste requires energy and is part of the homeostasis of organisms.

Nitrogenous waste and fecal waste are difficult to separate and are usually considered together as (F + U).



C = P + R + (F + U)

Secondary production is then P = C – R – (F + U).

Environmental constraints on primary production will affect secondary production.

Efficiencies are ratios of output to input.

The ratio of assimilation to consumption or ingestion, A/I, is the assimilation efficiency.

· This index is a measure of the efficiency of the consumer at extracting energy from the food it consumes. 

The ratio of production to assimilation, P/A, is called the production efficiency.

· This index is a measure of the efficiency of a consumer in incorporating assimilated energy into new tissue (growth), or secondary production. 

The ratio of production to consumption, P/I, indicates how much energy consumed by the animal is converted into production. 

· It is a measure of the efficiency with which energy is made available to the next group of consumers.

Homeotherms use about 98% of the energy they consume in metabolism, and only about 2% in secondary production.

Poikilotherms on the average convert about 44% of their assimilated energy to secondary production (P/A). They turn a greater proportion of their assimilated energy into biomass.

Poikilotherms have an efficiency of about 42%, whereas homeotherms have an average efficiency of over 70%. Poikilotherms have to consume (A/I) more calories than homeotherms to obtain sufficient energy for maintenance, growth, and reproduction.

Most ecosystems have an efficiency of less than 5% maximum.

The efficiency for the entire biosphere is probably 0.2%.

FOOD CHAINS

Energy is passed along the ecosystem in a series of steps of eating and being eaten known as a food chain.

All organisms that obtain their energy in the same number of steps from the autotrophs or primary producers belong to the same trophic level in the ecosystem. This is a functional definition.

Energy enters the system through fixation by producers and then is transferred to herbivores, then to carnivores, etc.

The food chain is usually represented by a series of arrows pointing from the species that is eaten to the species that eats it.

· Grass → deer → wolf → vultures

There are two major food chains in an ecosystem:  grazing and detritus food chains.

They are distinguished by the source of food or energy for the initial consumers.

1. Grazing food chain.

Autotrophs or living plants are the primary source of energy for the initial consumer.

Producers store energy in their tissues to be used in respiration for growth, reproduction and maintenance. 

This energy eventually is given off as heat.

Herbivores eat plants to obtain energy for locomotion, maintenance, reproduction and other activities.

Andrews et al. (1975) found that on a heavily grazed prairie, cattle consumed 30 to 50% of the above ground net primary production; in both lightly and heavily grazed plots, about 40 to 50% of energy consumed by the cattle is retuned to the ecosystem and the detritus food chain as feces. 

One study (Andrews et al., 1975) has shown that belowground herbivores consumed 81.7% of the total herbivore assimilation on an ungrazed prairie, 49.5% of slightly grazed prairie and 29.1% of a heavily grazed prairie. 

· 90% of the invertebrate herbivory took place below ground.

· The herbivores consisted of nematodes and beetle larva.

The amount of energy available to herbivores is only a fraction of the energy stored by producers. 

In most ecosystems grazers or browsers do not harvest the plant tissue with high efficiency.

The amount of energy available to the next higher trophic level is only a fraction of the energy stored in the previous level.

The amount of energy available to the second and third carnivore level is so small that very few animals can be supported if they depended on that source alone.

The size of the food items and consumers has a considerable influence on the direction a food chain takes, because there are an upper and lower limits to the size of food an animal can capture.

In a general way, food chains involve animals of progressively larger sizes. 

A general rule of thumb is that the energy transferred to the next trophic level is reduced by a magnitude of 10.

· Of 1000 kcal consumed by herbivores about 100 kcal is converted to herbivore tissue, 10 kcal to the first carnivore, 1 kcal to the second carnivore level.

Food chains are usually short. Why?

Possible explanations:

· The energy available to a predator at the quaternary or quintary level is very small. Patches of habitat may not be large enough or the animal requires too much energy and/or time to gather enough food.

· Design constraints. A predator of a lion or tiger will have to be fierce and fast enough to hunt them.

· Optimal foraging. Carnivore flesh is not much different from herbivore flesh. There are many more herbivores than carnivores.

· Long chains take longer to recuperate and reach equilibrium when disturbed.

Trophic levels are difficult to define because many species operate at different trophic levels, parts of organisms become detritus, etc.

2. Detritus food chains

Detritus food chains occur in all ecosystems and are the major pathway of energy flow.

Two thirds to ¾ of the energy stored in grassland ecosystem that is ungrazed by cattle is returned to the soil as dead plant material, and less than ¼ is consumed by herbivores.

Dead organisms and excreta are the beginning of a food chain through which more energy flows than in the grazing food chain.

Bacteria and fungi are the most important components at the base of the food chain.

Bacteria and fungi are eaten by herbivorous mites and collembolans, which in turn are eaten by carnivorous invertebrates, then by small vertebrates (birds, shrews).

· Bacteria, fungi → herbivorous mites, collembolan, snails → carnivorous invertebrates (spiders, beetles, ants) → small vertebrates (birds, shrews) → large carnivores (hawks, coyotes)

· Two-thirds to three-fourths of the energy stored in a grassland ecosystem that is ungrazed by cattle is returned to the soil as dead plant material and less than one-fourth is consumed by herbivores (Hyder, 1969).

· Of the quantity consumed by herbivores, one half is returned to the ecosystem as feces.

Through predation, detritus food chains feed into grazing food chains at higher consumer levels.

Supplementary food chains

Parasites and scavengers form supplementary food chains in the community. 

Parasites often have a complex life cycle. They are passed from one host to another by predators. 

Ectoparasites may be transmitted from one host to another directly. 

Insects can transmit parasites through the blood stream or plant fluids. 

Parasites can in turn be hosts of other parasites.

INTERACTIONS BETWEEN MAJOR FOOD CHAINS.

The detritus and grazing food chains are linked through the input of waste material for the input of waste materials and dead organic matter from the grazing food chain.

The energy flow in the grazing food chain is unidirectional.

The energy flow in the detritus food chain is not unidirectional.  The waste materials and detritus in each of the consumer tropic levels are recycled, returning as an input to the detritus at the base of the food chain. 

Predation interconnects these two chains. 

MODELS OF ENERGY FLOW

See diagrams on page 498, Figure 24.25.

ECOLOGICAL PYRAMIDS

Consumers at the lower end of the chain are the most abundant. In successive links of consumption, carnivores decrease rapidly in number and increase in size until there are very few carnivores at the top. A pyramid of numbers can be created.

Ecological pyramid represent the number of individuals at different trophic levels. The number usually decreases but not always. The diagram that results by placing on trophic level over the previous one results in a pyramid most of the time. 

Sometime the number increases at the next trophic level, e.g. fleas on a dog.

Not everything in a lower level gets eaten. Some of what gets eaten is not assimilated. 

At all levels energy is lost in the form of heat.

There are three types of pyramids: pyramid of number, pyramid of biomass, and pyramid of energy.
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ECOSYSTEM PRODUCTIVITY

Net primary productivity (NPP) is a measure of net energy gain by autotrophs. It is the amount of energy converted to organic matter. It is the source of energy for subsequent trophic levels, the consumer levels. 

NPP limits the flow of energy through the grazer and detritus food chains, placing an upper limit on secondary productivity. 

Total ecosystem productivity includes both primary and secondary productivity.

The Net Ecosystem Productivity (NEP) is the total live plant biomass (NPP), live animal biomass, and dead organic matter.   
	Estimated Net Productivity of Certain Ecosystems (in kilocalories/m2/year)

	Temperate deciduous forest
	5,000

	Tropical rain forest
	15,000

	Tall-grass prairie
	2,000

	Desert
	500

	Coastal marsh
	12,000

	Ocean close to shore
	2,500

	Open ocean
	800

	Clear (oligotrophic) lake
	800

	Lake in advanced state of eutrophication
	2,400

	Silver Springs, Florida
	8,800

	Field of alfalfa (lucerne)
	15,000

	Corn (maize) field, U.S.
	4,500

	Rice paddies, Japan
	5,500

	Lawn, Washington, D.C.
	6,800

	Sugar cane, Hawaii
	25,000


http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/B/Biomes.html#Grasslands

