Ecosystem Ecology
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I. Introduction
 Ecosystem: an ecosystem is an assemblage of organisms that live in a region, together with their chemical and physical environments.  This is also represented as the “biotic” and “abiotic” components of a habitat.  
Ecosystem ecology studies the flow of energy and matter through and between ecosystems – often using compartmentalized box models to describe these patterns.
II. Energy Flow
A. Productivity
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1. Gross Primary Productivity
This equals the total amount of solar energy fixed by plants.  This energy is fixed in the covalent bonds between carbon atoms in glucose during photosynthesis, as represented by the equation:

CO2 + H2O    –energy(   Glucose + O2
So, this represents the total amount of energy that plants have available for all their biological functions.  This defines the total energy budget for the plant, which can then be allocated to metabolism, growth, and reproduction.

2. Net Primary Productivity

This represents the energy stored by plants in new biomass – in growth and reproductive tissue.  As such, NPP = GPP – respiration.  Likewise, NPP + R = GPP.
Typically, this is measured by changes in the flow or amount of CO2 or O2 during day and night.  In day, a plant is both photosynthesizing and respiring; so the net change that is measured (CO2 uptake or O2 evolved) is a measure of NPP… net photosynthetic production after the effects of respiration are accounted for.  This is compared with the gas exchange occurring at night, when only respiration is occurring.  By adding night-time respiration to NPP, you can calculate GPP. (These values vary seasonally, also, and affect the composition of the atmosphere.)
There are several variables that affect NPP – essentially, anything that affects photosynthetic rate AND plant growth.  
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Light intensity affects NPP.  With no light, respiration is greater than NPP and a plant is expending energy, not storing it.  As light increases and photosynthesis increases, a point is reached where the expenditure of energy (burning of glucose) is equal to the gain in energy (production of glucose by photosynthesis).  This is called the compensation point of light intensity.  In aquatic systems, where depth directly correlates with light intensity, there is a ‘compensation depth’.  At these compensation points, plants can live but cannot grow.  As intensity increases (such as at shallower depths), NPP is greater than respiration and the plant is storing energy in biomass.  As intensity increases, the rate of NPP production increases; until a maximum ‘saturation point’ is reached.  At this point, even under ideal conditions with respect to all other variables, the plant is photosynthesizing at maximal rate and additional light cannot increase these metabolic rates.  Different types of plants have different saturation curves; C3 plants reach their compensation point at lower light levels and so can grow at low light intensities; but they saturate at low intensities, as well, and so cannot exploit high light environments.  C4 plants do the opposite – having high compensation points but high saturation vales, as well.
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Water affects NPP also.  NPP increases from low to intermediate levels of precipitation (3000-4000 mm/yr), but at higher levels of precipitation the soils are saturated, gas exchange declines, and NPP declines.
NPP increases with temperature, as a natural increase in metabolic rate.
Nutrients exert a more complex effect on photosynthesis and growth.  Plants need a variety of nutrients, and those adapted to particular habitats may have been selected for rapid uptake and efficient use of some nutrients (probably those in shortest supply).  Application of these limiting nutrients will stimulate growth dramatically.  However, application of other nutrients that are not limiting (and may be superabundant already) won’t increase growth at all.  Plants in low productivity environments have probably been stressed by low nutrient availability and have adapted by being more efficient.  Likewise, it seems that the tropical forest are more limited by phosphorus than temperate forests, perhaps because the bedrock is deeper (the ultimate source of phosphorus) and phosphorus is leaching from upper soil horizons.  
3. Net Secondary Productivity
This is the energy stored in animal biomass, and it again relates to an organisms energy budget.  Homeothermic, endothermic organisms spend a lot of energy on respiration to keep their internal temperatures high; as such they have far less energy to invest in growth and reproduction (net secondary production).
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We can model energetic pathways and their efficiencies through an animal by considering: 1) the biomass they remove from the environment;

2) the biomass the ingest;

3) the biomass that passes through the digestive tract without absorption across the wall of the digestive tract (egested, excreted waste)

4) the rest of the ingested material that IS absorbed and metabolized (Assimilated)

5) the assimilated energy lost in respiration

6) the assimilated energy stored as biomass and reproduction (NSP).

Assimilation Efficiency = A/I; the fraction of ingested energy that is assimilated.  This really reflects the nature of the foodstuff, and how easily it is digested by the animal.  Detritivores that feed on rotting plant material are eating mostly undigestible fiber – their efficiencies are about 15%.  Browsers, eating leaves and twigs, have assimilation efficiencies of 30-40%, and seed eating herbivores have efficiencies of 60-80%.  Organisms that have lower assimilation efficiencies must eat MORE material (increased ‘throughput’) in order to get the same amount of assimilated energy.

- Net Production Efficiency = P/A, and describes the fraction of energy stored as biomass relative to the energy assimilated.  Obviously, this also described the fraction of assimilated energy that is burned for respiration.  Those organisms with a very high metabolic/respiratory rate (small birds, bats, small mammals) have a very low production efficiency – often storing less than 1% of the energy they assimilate.  Other terrestrial endotherms (like mammals) are betwnn 6-10% efficient.  Insects and fish are about 50% efficient, and some sessile, sedentary poikilotherms can have a production efficiency as high as 75%.
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B. Trophic Pyramids

Ecological Efficiency - this equals the fraction of net productivity produced at one level that is stored at a higher level.  So, what fraction of NPP is stored as NSP by herbivores?  Often, this is between 5-20%.  If we take 10% as an average, this means that 1000 kg of plants can produce 100 kg of rabbit, which can support 1 kg of hawk… that’s about 1 hawk, by the way.  That’s why top predators are rare, as we have discussed.

[image: image7.png]*Predators:
Acari
(Mesostigmata),
Nematoda
(Mononchidae)

“Fungirores:

Nematoda,
o Orbasids,
Collmbol

“Microhidetriivores:
Enchytracidae, Scisdae, Oribatide



C. Detrital Foodchains

The amount of NPP that is assimilated by herbivores varies dramatically across habitat types. In temperate forests, only 1.5-2.5% of the NPP is assimilated by herbivores; in oldfields it is 12% and in plankonic communities it can be 60-99%.  The rest of the NPP stored in an organism at the end of its life enters the detrital food chain (or the fossil record).  Thus, decomposers like bacteria and fungi get the bulk of the NPP in terrestrial systems.  This energy is shunted through a separate trophic pyramid of bacteriovores and fungivores, to insects, to insectivorous mammals and birds.  So, although this energy is shunted through the detrital web, it can come “in through the side door” and enter the typical trophic pyramid. Indeed, in terms of maintaining higher trophic levels, these detrital links are critical and often outweigh the direct links from plants to herbivores.
D. Human Concerns

The NPP is the food for all organisms, including us. Understanding where we are in terms of food demand and food production, and how we bridge that gap, forms a major part in explaining how humans are affecting the planet.   Our population has increased from 1 billion people in 1850 to over 7.7 billion today (world population clock). The strategies we have used to feed all these people have had global effects. Current Global NPP (dry mass) = 224 billion tons.  59% is terrestrial, and of this, 35-40% is controlled by humans, either eaten directly or fed to animals we will consume. Obviously, we are driving many species extinct as we convert natural grasslands and forest to agriculture. If one species is using 35-40% of the food, there is not much left for the other 2 million species. The good news is that the rate of growth is declining; but it is still positive, so the population is still growing.  Current estimates are that we will reach about 9 billion in 2050.  What effects will we have on natural ecosystems as we increase our share of NPP to 55-60%?
During the last 50 years, our population has more than doubled, from 3 billion in 1960 to 7.2 billion. We did a great job meeting the food needs of humans, actually INCREASING per capital food production over that same interval.  We did this by increasing grain production four-fold, and increasing meat production 5-fold.  So, with “only” a doubling in populations, these disproportionate increases in total food production meant that per capita production increased, too.

But there are some warning signs that this ‘run’ is coming to an end.  Per capita increases have plateaued or declined recently.  Fish catch, which increased with population over the last 50 years, have depleted most fisheries.  Industrial fishing fleets now covers more area at greater cost to catch the same number of fish… suggesting that fish are far less abundant than they used to be.  Farming fish has increased dramatically, so much that we now produce more tonnage of farmed fish than beef!  This is good, because fish (as ectotherms) have greater production efficiency than mammalian cattle.  But it bad because it means that we are using MORE NPP to feed MORE cattle and now even MORE fish!  As countries become wealthier, the meat content in their diet increases.  Given the inefficiencies of energy transfer, this means that we use MORE NPP (that we could have eaten, ourselves), to feed heterotrophs that waste much of that energy on their own metabolism… giving us less food.  When we add the additional energetic costs of RAISING and CARING for these animals, the inefficiencies become even more dramatic. When we consider the total energetic efficiency,

We put IN 100 calories of energy to raise 18 calories of chicken.  Or 6 calories of beef.  But when we put in 100 calories of energy to raise soy, we get back 414 calories of energy.  
And, even though food production per capita has increased dramatically, it is still BELOW what a person needs for a minimally healthy diet.  This is estimated as 400 kg/year, so on average, humans on the planet are not getting enough to eat.  Still, the per capita increase over the last 50 years, in the face of a doubling population, has been impressive.  How did we do it?

WE FARMED A GREATER AREA.  This is “extensification”.  As the population increased, we have converted native grasslands to agriculture, and forest and semi-desert to agriculture. Indeed, we have already cut 47% of the historically forested areas down. But there is only so much arable land on earth.  What is left is so marginal (desert), or so wet (tropical forest), that it is very expensive to convert.  So, the rate of habitat conversion has been declining recently – only marginal areas are left.  Yet, the population has been growing, so the arable land area per capita has been declining.  So how could we increase food per capita, with less land per capita?
WE HAVE INCREASED YIELD/UNIT AREA.  This is “intensification”.  Yield per unit area has more than doubled in the last 50 years – this was the “green revolution”.   But if you grow more crop, then more nutrients leave the soil into those plants.  If those plants are exported from the system (rather than decompose), Then the nutrients are exported, too.  The more crop we grow per unit area and per unit time, the faster the nutrients are exported from the soil – causing soil degradation.  The only way to maintain high yield is too ADD nutrients in fertilizer.  And indeed, that’s what we have done to maintain the yield.  The doubling of the yield per unit area has required a 7-fold increase in fertilization… not just to augment natural levels, but to replace what was there.

Where do we go from here?  Our single species uses 40% of the terrestrial NPP of the plant.  We are responsible for the 5th largest mass extinction event in earth history, as we convert habitats to agriculture and outcompete organisms for food. Our population is projected to increase to 9.0 billion in the next 40 years, efficient food production will be an important issue.  Couple this with maintaining existing natural systems and we are going to be crunched for space; making efficiency all the more important.  Obviously, eating lower on the food web provides humans with more energy; and it saves WATER, too (because it takes more WATER to make 10 lbs of steak than 10 lbs of grain… given the 10% efficiency, it would take 100 lbs of grain and the water needed to grow that grain, to make 10 lbs of steak… not counting the water the cattle need to maintain themselves!).  So, in terms of space, we’ll get more food by eating the grain we grow rather than feeding it to cattle.  Likewise, it takes lots of energy to TAKE CARE of cattle.  Unfortunately, the world-wide consumption of meat protein is increasing, not decreasing – putting more stress on our landscapes, and on our gas, oil, and energy reserves.
III. Biogeochemical Cycles

A. Overview

 - Ecosystem ecologists model the flow of energy between biotic and abiotic components of the ecosystem using box models.  These models attempt to quantify reservoirs, where a particular material accumulates for some period of time, and fluxes, which are exchanges that occur between reservoirs.  Typically, the abiotic reservoirs are huge relative to the biotic reservoirs.  So, material and energy tend to move slowly through the abiotic reservoirs, with small fluxes to the biotic component of an ecosystem. By contrast, material tend to move rather quickly (on a geologic scale) through biotic components.  So, the relationship can be likened to a large and small gear; the small gear spins much more rapidly than the large gear – and a small amount of energy or matter transferred from the ‘large gear’ can change the status of the small gear dramatically.

 - The transfer of energy parallels the transfer of matter; evaporation and condensation cause the exchange of latent energy between media, and the breaking of bonds between carbon, as carbon is transformed by respiration, photosynthesis, and combustion, represents the exchange of energy, as well.
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B. The Water Cycle

1. Overview

- The ocean is the major reservoir, with over 97% of the water in the system.  The other 3% is largely bound in glacial ice, with less than 0.01% of the Earth’s water running over the surface of the Earth and bound in the biosphere.

- Basically, evaporation exceeds precipitation over the ocean, representing a net flux to the atmosphere of 40 GT/year.  This is balanced by greater precipitation over land than evaporation.  The 40 GT that represents net precip over land runs back to the ocean as fresh water in lakes, rivers, and the water table.  Water in ice and aquifers (groundwater) is largely static over ecological time – however these fluxes due to global warming and aquifer pumping are now becoming significant and measureable…it eventually winds up in the ocean.  The ocean is the “big gear” a huge reserve, ‘spinning’ slowly, with a geologic scale residence time.  The biosphere and atmosphere and surface flow are small gears, spinning rapidly and rapidly returning this small amount of water to the ocean.

2. Major Effects of Life

 - Evapotranspiration transfers water from soil to the atmosphere, decreasing the rate at which it is transferred to the ocean and thus keeping it available to the terrestrial biosphere.  In fact, many plants also emit volatile chemicals that act as nucleation sites for condensation – increasing the likelihood that rain will occur.  So, forests increase the transfer of water to the atmosphere, and also increase the probability of precipitation.
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3. Effects of Humans
   1. Quantity of Human Use

 - humans control the flow of 50% of the freshwater runoff… using 70% for agriculture, 20% for industry, and 10% for personal use.  This has increased dramatically over the last 50 years, increasing five-fold while population growth has only increased 2.5 times. So, per capita water use has increased, largely to grow the per capita increase in food production.  Unfortunately, the population has been growing in the tropics – where it is hot and the potential evapotranspiration is high.  So, this means even more water must be used to grow even the same amount of food as in the temperate zone.  So, population has increased, largely in the tropics.  To feed this population, food production has increased – even increasing per capita.  This has caused an increase in water use, too; both on a per capita basis (with food production) and on a ‘per kilo of crop’ basis, for climatological reasons. Another cause of increased water use is an increase in meat in the global diet – particularly beef.  Beef uses 15-30x as much water per kilo of food than grain – largely because of the low secondary production efficiency of mammals.  50% of the water used on animal production is for the inefficient production of beef and dairy cattle. How have we increased water use?  By commandeering a larger fraction of surface runoff behind dams, and by pumping water from aquifers.

   2. Dams

 Dams create reservoirs that increase water availability at the site and provide water through seasonal droughts.  In addition, dams regulate the flow of seasonally destructive rivers, and to provide hydro-power.  But dams change the system dramatically – flooding upstream areas, reducing oxygen concentrations, increasing eutrophication, adding toxins, decreasing water availability downstream, starving downstream sites of nutrient-rich sediments, and increasing the salinity of estuaries and decreasing their fisheries productivity. 

   3. Overtapping Rivers
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Figure 1. Colorado river discharge at the Southerly International Boundary (SIB) 1910-1998 (—). Undepleted
discharge () reflects estimated undepleted discharge of the Colorado and Gila rivers at the SIB. Sources:
measured discharge prior to 1935 from Morrison et al., 1996; measured discharge 1935-1998 from IBWC;
undepleted Colorado River flow from U.S. Bureau of Reclamation; undepleted Gila River flow based on annual
estimate from U.S. Bureau of Reclamation (1952).
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 - Many of the major rivers on the planet are “overtapped”… a situation in which humans are drawing off all of the water in the river, so that the river does not complete its journey to the ocean for months at a time.  The Colorado is one of the lagest rivers in North America… and almost all the water is diverted in a typical year.  In 1996, no water was recorded at the final gauging station in the US for the entire year.  The Yellow River in China, and the Aral Sea, are other cases in point.  Once the 4th largest inland sea in the world, the major rivers feeding the Aral Sea were diverted in the 60’s to promote agriculture in the USSR. The fisheries industry collapsed as salinities shot upward.  The water was added too quickly to the land, increasing salt concentration in the soil, which reduced plant productivity.  The exposed salt flats created wind-borne salts that led to health problems downwind.

 - Diversion of the Ganges and Indus for agriculture caused increased salinity in their estuaries, killing mangroves that stabilize the sediment and great storm breaks, and provide nursery areas for commercially important fish.

 - And obviously, countries and states downstream don’t like having their water cut off.

 - Water shortages, largely caused by the necessary expansion of agriculture into marginal land where more water is needed to grow food, will be a more significant limitation to human populations than oil shortage….because water is not a substitutable resource.

   4. Overtapping Groundwater (aquifers)

China, India, and the U.S. are extracting significantly more water from their major aquifers than the rate of recharge can balance.  In the indus valley, shared by India and Pakistan, the water table is falling at about 0.7m per year.  As the water table drops, people need more pipe and stronger pumps to extract it – placing an economic burden on subsistence farmers, in particular.

In the U.S., the huge Ogallala aquifer has been overtapped in places, with water levels dropping 1 ft/year now.  Farm productivity in north Texas has dropped as irrigation has declined due to dropping water tables.

Conclusion: To increase food production, we use intensification (that requires more water and fertilizer) and extensification into marginal areas (which require even MORE water and drought resistant plants).  As we create huge reservoirs in desert, and as we spray water in arid environments, we increase the water evaporating to the atmosphere, increasing that flux.  Likewise, by increasing the flux from aquifers, we increase there ate that water is transferred… ultimately to the ocean.  When it reaches the ocean, it stays there a LONG time.  Most environmentalists, agronomists, and politicians realize that water shortages may be the most immediate threat to long term global stability.

Study Questions:
1) Relate gross productivity, NPP, and respiration to an organism’s energy ‘budget’.
2) Describe one way to measure GPP and NPP.
3) How does light intensity affect NPP; what are compensation and saturation pts?

4) How does water avail affect NPP?

5) How does nutrient addition affect NPP, and why might adding a nutrient have no affect?

6) Draw the flowchart for removed, ingested, assimilated, productivity, excreted, and respired energy by an animal.

7) Describe two factors that influence NSP.

9) How do production efficiencies affect trophic pyramids?

10) How do detrital webs add energy to trophic pyramids, and how important can these effects be (quantitatively)?

12) Provide two energetic reasons why humans should eat plants rather than animals. Why does raising beef require more land transformation than raising grain?  
13) Why has water use grown more rapidly than population?  Describe 2 reasons.

14) Describe two positive and two negative effects of dams.

15) What are the major issues with groundwater use?
16) What was the green revolution, and what were the two strategies that were used to increasefood production?
