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Biological Productivity in the Ocean

Learning Objectives

1.
Understand the trophic dynamics among organisms in an ecosystem.

2.
Explain the controls on productivity and how this determines the patterns of life observed in the ocean.

Chapter Outline

Food Webs and Trophic Dynamics

A. An ecosystem is the totality of the environment encompassing all chemical, physical, geological, and biological parts.

1. Ecosystems function by the exchange of matter and energy.

2. Plants use chlorophyll in photosynthesis to convert inorganic material into organic compounds and to store energy for growth and reproduction.

- Plants are autotrophs and the primary producers in most ecosystems.

3. All other organisms are heterotrophs, the consumers and decomposers in ecosystems.

4. Herbivores eat plants and release the stored energy.

5. Material is constantly recycled in the ecosystem, but energy gradually dissipates as heat and is lost.

B. The word “trophic” refers to nutrition.

1. Trophic dynamics is the study of the nutritional interconnections among organisms within an ecosystem.

2. Trophic level is the position of an organism within the trophic dynamics.

a. Autotrophs form the first trophic level and provide the organic matter and energy for all other trophic levels.

b. Herbivores are the second trophic level.

c. Carnivores occupy the third and higher trophic levels.

d. Decomposers form the terminal level.

3. A food chain is the succession of organisms within an ecosystem based upon trophic dynamics. (Who is eaten by whom.)

a. Food chains are rarely simple because organisms tend to feed at several different levels.

b. Omnivores eat both plant and animal matter.

c. A food web is a series of interconnected food chains.

4. An energy pyramid is the graphic representation of a food chain in terms of the energy contained at each trophic level.

- The size of each successive level is controlled by the size of the level immediately below.

C. As the primary producers, plants require sunlight, nutrients, water, and carbon dioxide for photosynthesis.

1. Sunlight and nutrients are commonly the limiting factor.

2. The formula for photosynthesis is:

Sunlight + 6 CO2 + 6 H2O ( C6H12O6 (sugar) + 6 O2.
3. Phytoplankton blooms are the rapid expansion of a phytoplankton population because light and nutrients are abundant.

D. Animals must consume pre-existing organic material to survive.

1. Animals break down the organic compounds into their inorganic components to obtain the stored energy.

2. The chemical formula for respiration is:

C6H12O6 (sugar) + 6 O2 ( 6 CO2 + 6 H2O + Energy.
3. The recovered energy is used for movement, reproduction, and growth.

4. The food consumed by most organisms is proportional to their body size.

- Generally, smaller animals eat smaller food and larger animals eat larger food, although exceptions occur.

5. The basic feeding style of animals are:

a. Grazers - consume plant material.

b. Predators - hunt and kill prey.

c. Scavengers - consume dead organic matter.

d. Filter feeders - filter the water for suspended food.

e. Deposit feeders - selectively or non-selectively consume food that is mixed in the sediments.

6. Population size is dependent upon food supply.

- There is a lag between the maximum abundance of food and the maximum population size.

E. Bacteria are the decomposers; they break down organic material and release nutrients for recycling.

1. Few bacteria are capable of completely degrading organic material into its inorganic components.

-Most operate in succession with other bacteria to decompose material in a series of stages.

2. Bacteria also serve as food for other organisms either directly or indirectly.

3. Two basic types of bacteria are:

a. Aerobic bacteria - require free oxygen to respire and decompose dead matter.

b. Anaerobic bacteria - bacteria which live in an oxygen-free (anoxic) environment, but obtain oxygen for respiration from other sources, such as SO4-2 (sulfate ion) and release H2S (hydrogen sulfide gas) as a by-product of decay.

4. Most bacteria are heterotrophs, but two types are autotrophs:

a. Cyanobacteria (blue-green algae) photosynthesize.

b. Chemosynthetic bacteria use chemical energy released in the oxidation of inorganic compounds to produce food.

F. Food chains transfer energy from one trophic level to another.

1. Biomass is the quantity of living matter per volume of water.

2. With each higher trophic level, the size of organisms generally increases, but their number and the total biomass decrease.

- Rate of growth is inversely related to position in the food chain:

a. Low on the food chain, the individuals are small but reproduce rapidly.

b. High on the food chain, individuals are large but reproduce slowly.

3. The two major food chains in the ocean are:

a. Grazing food chain - herbivores consume autotrophs in the photic zone.

b. Detritus food chain - non-living wastes form the base of the food chain.

- Organic matter from the surface waters settles into the deep sea and enters into the deep-sea food chain when it is consumed by detritus feeders.

4. Only about 10-20% of energy is transferred between trophic levels which produces a rapid decline in biomass at each successive trophic level.

a. Most (80-90%) of the energy consumed by organisms is lost in movement or in growing non-nutritional structures, such as bone or shell.

b. The longer the food chain, the greater is the autotroph biomass that is needed to support it.

c. There must be a balance between the energy expended obtaining food and the energy obtained from the food.

- Not all potential food sources are practical for an organism to exploit.

General Marine Productivity

G. Primary production is the total amount of carbon (C) in grams converted into organic material per square meter of sea surface per year (gm C/m2/yr).

1. Factors that limit plant growth and reduce primary production include solar radiation and nutrients as major factors and upwelling, turbulence, grazing intensity, and turbidity as secondary factors.

2. Only 0.1 to 0.2% of the solar radiation is employed for photosynthesis and its energy stored in organic compounds.

a. The amount of light rapidly decreases with depth.

b. Net primary productivity is the amount of carbon converted into organic material above that required for the minimal survival of the autotroph.

- It is the amount of organic material available for growth and reproduction.

c. Compensation depth is the depth where net primary productivity equals zero.

- This is usually located where light intensity is about 1% of its surface value and typically occurs at a depth of about 110 m in clear ocean water.

d. Most of the light entering the ocean is converted into heat.

- Productivity is small below 0oC and above 40oC, but between these, productivity increases with temperature.

e. Despite decreasing solar radiation, productivity tends to increase poleward because of greater availability of nutrients away from the equator.

3. Nutrients are chemicals needed for survival, growth, and reproduction.

a. Macronutrients are elements or compounds required in large quantities and include phosphorus (P), nitrogen (N), and silicon (Si).

- Scarcity of macronutrients usually occurs over a broad region and limits growth on a regional scale.

b. Micronutrients are indispensable elements and compounds used in very small quantities.

- Because they are needed in small amounts, they rarely are scarce over a large region, but may limit growth locally.

c. Phytoplankton generally require phosphorus (P), nitrogen (N), and carbon (C) in the ratio of 116C:16N:1P.

1. Despite enormous demand for carbon, it is so abundant in sea water that carbon is never a limiting factor.

2. N and P are needed in much smaller amounts, but because of demand relative to their abundance, they can be a limiting factor.

3. Because decomposition releases nitrogen compounds more slowly than phosphorus and because much more nitrogen is required than phosphorus, nitrogen is usually the limiting nutrient.
4. Silicon can be a limiting factor for diatoms and silicaflagellates because they require it to construct their shells.

d. Dead organisms and waste material sink into the deeper water, removing the nutrients they contain from the productive surface zone.

- Decomposition eventually releases the nutrients into the deep water.

4. Upwelling and turbulence can return nutrients to the surface.

a. Upwelling is the slow persistent rising of nutrient-rich water toward the ocean surface.

- Upwelling occurs:

1. In the equatorial waters between the gyres, because Ekman transport pulls surface water to the north and south, inducing water from below to rise to the surface.

2. In coastal waters where persistent wind produces seaward Ekman transport of surface waters.

b. Near-shore turbulence from storms and strong tidal currents can mix nutrient-rich waters upwards.

- This is most pronounced if the sea floor is irregular and coastal currents are strong.

5. Over-grazing of autotrophs can deplete the population and lead to a decline in productivity.

6. Turbidity reduces the depth of light penetration and restricts productivity even if nutrients are abundant.

H. Productivity varies greatly in different parts of the ocean in response to the availability of nutrients and sunlight.

1. In the tropics and subtropics sunlight is abundant, but it generates a strong thermocline that restricts upwelling of nutrients and results in lower productivity.

- High productivity locally can occur in areas of coastal upwelling, in the tropical waters between the gyres and at coral reefs.

2. In temperate regions productivity is distinctly seasonal.

a. In winter, the water column is isothermal and mixes easily.  Nutrients are abundant at the surface but limited sunlight restricts productivity.

b. In spring, sunlight becomes more abundant and there is a diatom bloom.

c. By summer, productivity declines as:

1. A thermocline develops and prevents vertical mixing and re-supply of nutrients.

2. Usage depletes the nutrients in the surface water.

3. Grazing by herbivores greatly reduces the population of phytoplankton.

d. In the fall, productivity initially increases as the water becomes isothermal and nutrients again become abundant, but then declines because the amount of sunlight decreases.

3. Polar waters are nutrient-rich all year but productivity is only high in the summer when light is abundant.

Global Patterns of Productivity

I. Primary productivity varies from 25 to 1250 gm C/m2/yr in the marine environment and is highest in estuaries and lowest in the open ocean.

1. In the open ocean productivity distribution resembles a “bull’s eye” pattern with lowest productivity in the center and highest at the edge of the basin.

- Water in the center of the ocean is a clear blue because it is an area of downwelling, above a strong thermocline and is almost devoid of biological activity.

2. Continental shelves display moderate productivity between 50 and 200 gm C/m2/yr because nutrients wash in from the land and tide- and wave- generated turbulence recycle nutrients from the bottom water.

3. Polar areas have high productivity because there is no pycnocline to inhibit mixing.

4. Equatorial waters have high productivity because of upwelling.

J. It is possible to estimate plant and fish productivity in the ocean.

1. The size of the plankton biomass is a good indicator of the biomass of the remainder of the food web.

2. Annual primary production (APP) is equal to primary production rate (PPR) times the area for which the rate is applicable.

APP = PPR x Area (to which applicable )
3. Transfer efficiency (TE) is a measure of the amount of carbon that is passed between trophic levels and is used for growth.

- Transfer efficiency varies from 10 to 20% in most food chains.

4. Potential production (PP) at any trophic level is equal to the annual primary production (APP) times the transfer efficiency (TE) for each step in the food chain to the trophic level of the organism under consideration.

PP = APP x TE (for each step)

5. Although rate of productivity is very low for the open ocean compared to areas of upwelling, the open ocean has the greatest biomass productivity because of its enormous size.

6. In the open ocean the food chains are longer and energy transfer is low, so fish populations are small.

- Most fish production is equally divided between area of upwelling and coastal waters.

7. Calculations suggest that the annual fish production is about 240 million tons/yr.

8. Over-fishing is removing fish from the ocean faster than they are replaced by reproduction and this can eventually lead to the collapse of the fish population.

Biological Productivity of Upwelling Water

K. Upwelling of deep, nutrient-rich water supports large populations of phytoplankton and fish.

1. The waters off the coast of Peru normally are an area of upwelling, supporting one of the world’s largest fisheries.

2. Every three to seven years warm surface waters in the Pacific displace the cold, nutrient-rich water on Peru’s shelf in a phenomenon called El Niño.

3. El Niño results in a major change in fauna on the shelf and a great reduction in fishes. 

- This can lead to mass starvation of organisms dependent upon the fish as their major food source.

Questions

Review of Basic Concepts

1.
 Describe how energy and matter flow through an ecosystem. Which of the two is recycled and which is not?

The flow of energy through an ecosystem is unidirectional, meaning that solar energy is converted into chemical energy by photosynthesis and is eventually dissipated into the environment as heat as it is transferred from trophic level to trophic level.  As plants and animals are consumed, matter is moved up the food chain.  At any point in the food chain the death of an organism initiates bacterial decomposition, whereby complex organic molecules are transformed into simpler nutrients which can then be reused by plants in photosynthesis.  Therefore, unlike energy, matter is recycled through food chains and webs of an ecosystem.

2.
Why is nitrate rather than phosphate likely to limit plant production in the ocean?

The conversion of nitrogen that is complexed to an organic molecule to nitrate, an inorganic nutrient, is a three-step process involving at least three species of bacteria.  The conversion of phosphorus bound in organic matter is basically a one-step process accomplished by one bacterial species.  Hence, it’s more likely that nitrogen in organic matter will sink below the photic zone before it is reconstituted into nitrate by bacteria.  This implies that nitrogen rather than phosphorus is usually the critically limiting nutrient in many marine ecosystems.

3.
Why is energy transfer between trophic levels such an inefficient process?

Most of the energy released by consuming and digesting food is used for the manufacturing of non-trophic tissue, for cell and tissue maintenance, and for respiration.  Only 5 to 20 percent of it is surplus and used in biological growth or reproduction.

4.
Contrast a detritus food chain with a grazing food chain. How are they linked?

A grazing food chain is tied directly to living plants which sustain the base of the chain.  A detritus food chain, in contrast, depends on dead organic matter, detritus, which is indirectly and more distantly dependent on primary producers.

5.
What critical role(s) do bacteria play in the food cycle of the sea?

Bacteria are critically important to all ecosystems, because they conduct nutrient regeneration, the decomposition process whereby organic detritus is broken down into inorganic nutrients.  In the absence of bacterial decomposition, nutrients would not be recycled and production in most ecosystems would be radically reduced, if not virtually impossible.

6.
How and why does primary production vary with distance from land?

Generally, primary production decreases with distance from land because (1) rivers are the primary suppliers of nutrients to marine ecosystems and (2) water depth increases with distance offshore, making it likely that essential nutrients caught up in organic molecules will sink below the photic zone and not be recycled.  Furthermore, far offshore in the centers of circulation gyres, downwelling predominates, a process that removes already scarce nutrients from the surface water.

Discovering with Numbers

1.
 Assume a three-step food chain (diatoms-copepods-small fish). If the transfer efficiency is 15 percent (0.15) between the plants and copepods and 10 percent (0.10) between the copepods and small fish, determine the quantity of fish that can be supported by 1,000 grams of diatoms.

All we need do is to multiply the amount of plant biomass by the two transfer efficiencies and this will yield the total biomass of fish.  So,

(1,000 g)(0.15)(0.10) = 15 grams of fish.

2.
If the diatoms in Question 1 are fixing carbon by photosynthesis at the rate of 50 gC/m2/day, estimate the daily primary production over an area of 100,000 square meters (105 m2). Now estimate the amount of carbon fixed by the diatoms over the total area for a year.

First we’ll determine the total daily production across the entire area.  It is

(50 gC/m2/day)(105 m2) = 50 gC/day.

Now, since there are 365 days in a year, the annual plant production is

(50 gC/day)(365 days/yr) = 18,250 x 105 gC/yr = 1.83 x 109 gC/yr
3.
Given that a fishery harvests the small fish in the three-step food chain described in Questions 1 and 2, estimate the average daily (gC/day) fish production across the 105m2 area.

As in question 1 above, all we need to do is to multiply the total annual production by the two transfer efficiencies as follows:

(1.83 x 109 gC/yr)(0.15)(0.10) = 2.75 x 107 gC of fish.

4.
 Assume that only 40 percent of the annual fish production can be harvested in the 105m2 area described in Question 3 if this fishery is to be sustainable from year to year. At what rate in gC/yr can fish be harvested from the region?
(2.75 x 107 gC/yr)(0.40) = 1.1 x 107 gC/yr of fish will maintain the fisheries over time.

5.
 Assume that during one year the fishery in Question 4 is affected by an event like El Niño, which reduces diatom production to 10 gC/m2/day for that year. How many gC of fish can be caught for that year in order to maintain a sustainable harvest?

We simply do the entire calculation using 10gC/m2/day as follows:

(10 gC/m2/day)(105 m2)(365 days/yr)(0.15)(0.10)(0.40) = 2.19 x 106 gC/yr of fish.
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