Ecosystem Ecology

I. Introduction
II. Energy Flow
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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 - 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.
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C. The Carbon Cycle

1. Overview:   As we mentioned at the beginning of the term, most of the carbon that was in the atmosphere has been transferred to the lithosphere – which is now the primary reservoir for C on the planet.  It is followed by dissolved CO2, dissolved organic matter, and then old dead stuff (fossil fuels, dead organic material). The living biosphere is a measureable reservoir, with about the same amount as the atmosphere.  

2. Effects of Life: Exchange CO2 with atmosphere; and in marine systems, detritus and limestone can be stored in sedimentary deposits and stored long term, rather than being respired back to the atmosphere. Colonization of land by land plants caused a dramatic reduction in atmospheric CO2, particularly when this productivity was fossilized in coal swamps of the Carboniferous (300 mya).

3. Effects of humans: Deforestation reduces flux FROM atmosphere, and burning fossil fuels increase flux TO atmosphere; adding a net of 8 GT/year (~ 25% that respired by all terrestrial life). Climate Change: The climate is changing, as measured by increasing global temperature, reduced ice and glaciers, increased sea levels, increased storms, and increased fires.  These all correlate with increased CO2.  CO2 has been increasing since the industrial revolution, as the result of human burning of fossil fuels.  While this is fundamentally a correlation in one replicate system (earth), the causal linkages between burning fossil fuel > production of CO2 > increasing CO2 in atmosphere > increasing greenhouse effect > increased temperature > and increased melting, sea level, storms, and fires are firm.  

IV. Productivity, Diversity, and Stability

A. Productivity
 1. Gross Primary Productivity = total amount of glucose produced by plants.

 2. Net Primary Productivity = GPP – Respiration.  So, NPP = amount of new biomass produced by plants.  Only this NPP is available for animals to consume, as we harped on before!

B. Diversity – Relationships with Productivity
1. Productivity increases diversity
 - Quantitative Effect:  With more NPP at the base of a trophic pyramid, the trophic pyramid can support more levels…meaning more species of predator.  And a consequence of this is that, with more predators, there could be more keystone effects that increase diversity at lower trophic levels.

 - Qualitative effects:  In all likelihood, the increase in NPP is not all the same type of plant material… so the increase in NPP probably also means an increase in the diversity of plants… that differ in qualitative attributes.  This would foster specialization and resource partititoning at higher trophic levels, increasing diversity.

2. Diversity increases productivity

 - Actually, with a little thought, this should seem impossible.  Suppose we consider ten plant species that differ in their NPP.  One will have higher NPP than the others.  So, if we want to maximize the NPP of a plant assemblage (let’s say this is a farmer’s field), it would seem that we should plant a monoculture of this most productive species.  How can removing individuals of our most productive species, and replacing them with individuals of a less productive species, increase total NPP?  We’ll get to this in a moment.
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 - Tilman et al. (2001). First, let’s consider how diversity can increase productivity randomly – without the forethought and planning of a human farmer who gets to pick and choose their plants.  Consider a set of 18 species that vary in NPP (4 species, each, of C4 grasses, C3 grasses, legumes, non-legume forbs; 2 species of woody plants).  Now, let’s say that we are going to seed 9 m x 9 m plots, with the species richness set at 1, 2, 4, 8, or 16 species, but the identity of those species determined by a random draw from our species pool of 18.  And, suppose we have ~30 replicates of each richness treatment.  So, we grow each species alone, and then in random combinations of 2, 4, 8, and 16 species sets.  There are three reasons why productivity may increase with diversity:

 - Sampling Effect:  As the number of species increases, there is a greater chance of randomly including the most productive species in the plot.  So, with only 2 species, there is only a 2-in-30 chance that a plot will include the most productive species… most plots will NOT, so the average productivity of two-species plots will be low.  As diversity increases to 16 species, the probability of including the most productive species in the random draw increases to over 50% (16/30)…so most diverse plots will include the most productive species and, therefore, will have higher productivity.  Of course, if this is ALL that is at work, then the productivity of diverse plots will never exceed the productivity of the most productive monoculture.

 - Niche Complementarity:  However, there are more biologically interesting relationships that are possible.  First, if the plants are grown at a density at which they compete, then we might expect more competitive inhibition of growth in a monoculture, where all individuals require the same balance of resources.  So, reducing the abundance of a productive species, and replacing them with another species that has different niche requirements, might allow both to grow better than they do in monoculture and actually increase total productivity.  In this case, a more diverse plot can exceed the production of the most productive monoculture.

 - Positive Effects: Finally, species may exert positive direct and indirect effects on one another.  Legumes, for example, nutrify the soil by increasing the amount of available nitrogen.  So, plots that include legumes should have all species do better and thus increase productivity.  The greater the diversity, the more likely it is that such beneficial species are included in the plot.  This can also cause productivity to increase above the lelve of the most productive monoculture.


So, when Tilman did these experiments, he saw that average productivity increased with diversity.  This could be caused by any of the three mechanisms.  But he also saw that MANY of the polycultures had productivity higher than the most productive monoculture.  THESE EVENTS can only be explained by niche complementarity or positive effects.  In fact, in both years, AVERAGE NPP of total or aboveground biomass in 16-species plots exceed the NPP for the most productive monoculture.  And these were random sets – imagine what a thoughtful farmer could do?

Other results from Cedar Creek:

Higher diversity plots had lower rates of disease (“Dilution Effect”), higher abundance and diversity of herbivorous and predatory insects (“qualitative effects”), less variation in year to year productivity (greater stability), and stored more carbon in the soil.


Well, Indigenous peoples have had a long time trying different combinations.  Native Americans grew corn with squash and beans – these three species were called the “three sisters”.  The corn is the most productive crop, but total productivity of a field is increased by adding squash that shades the roots and reduces water loss, and by adding beans that add nitrogen to the soil and grow up the corn stalks.  However, industrial agriculture shifted to monoculture to increase the ease and speed of harvest of large farms – so there were economies of scale that favored monoculture in the industrial farming age.
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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).



 - Cutsinger et al. (2006): These same patterns actually occur when you increase genetic diversity, too!  Using clones of goldenrod, they demonstrated that productivity increased with increasing clone diversity/plot…in a manner that could not solely be explained by random sampling.  In addition, diversity in genetic diversity increased diversity in herbivorous and predatory insects, too.

C. Effects on Stability

1. Types:

 - Resistance: ability of a system to withstand disturbance

 - Resilience: ability of a system to return to its initial state after a disturbance

[image: image8.jpg]


2. Relationships with Diversity

 - More diverse communities are less susceptible to a single type of disturbance (pathogen, pest, fire, etc.) because there are many species with different niches and characteristics that are unlikely to be sensitive to the same thing. Indeed, as richness increases, communities become less variable in their NPP, and in the respiration of soil biota.  Less variable means more stable – With respect to resilience, things may be more complex.  A simple system is easier to restore than a complex system with many species… you are unlikely to get it back with the same species composition.  Fisheries seem to recover, but rain forests don’t recover to the same state, probably because they are self-regulating and self-determining systems.  Rain forests water themselves and also contain most the nutrients in the system.  Cut it down and the nutrients leach from the system, and there is less evapotranspiration to the air, and no volatiles to act as condensation nuclei… so rain declines.  With less rain and poorer soils, grasses dominate and the frequency of fires increases… which stalls succession and prevents rainforest regrowth.  So there may be multiple stable states…and once you change a huge area to grassland, it stays grassland.

D. Importance

 - We will need stable, productive food supplies and stable, productive ecosystems to provide constant ecosystem services.  Stablility and productivity are both increased by……DIVERSITY.  Unfortunately, just when we are placing the greatest demands on our ecosystems, we are causing the 4th great mass extinction event in the planet’s history.  Not a good combination.
Study Questions:

1) What is the major reservoir for carbon, and how did it get there?

2) What amount do humans “contribute” annually, through burning of fossil fuels and deforestation?

3) Describe the link between anthropogenic burning of fossil fuel and global warming.

4) Describe three predictable correlates to climate change that are occurring now.

5) Describe the quantitative and qualitative ways that increased productivity can increase diversity.

6) List the three ways that increased diversity can increase productivity.  How did Tilman test this idea, and what did he find?

7) Describe Cutsinger’s experiment and conclusions.  

8) Define the two types of stability.

9) Why might rainforests not return after a huge clearcut?  What are “multiple stable states” and how can rainforests and grasslands both be stable ecosystems in the same place? 13) Why has water use grown more rapidly than population?  Describe 2 reasons.

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

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