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Abstract

An introduction to the marine biota, and how the biota interact with their physico-chemical
environment, is given in this chapter. In particular, food web and trophic level relationships are
discussed, from phytoplankton production through consumer organisms and the "microbial loop".
The effects of organism size and functional relationships within the food web paradigm are
emphasized, rather than taxonomic relationships. Examples initially given in terms of carbon,
nitrogen, or energy transfer through food webs are placed in context with radionuclide transfer
and the concept of biomagnification.

2.1. INTRODUCTION

Various members of the biota, from bacteria and phytoplankton to fish and whales, interact
with their marine environment in different ways; however, in one fundamental way all of the
biota are similar - they are living organisms, composed of both simple and complex organic
compounds put together in different ways to produce, utilize or exchange energy. In the process
of living in the sea, these organisms also take up, transform, redistribute, and lose radionuclides
discharged or deposited in the ocean. If the ocean were devoid of biological life, radionuclide
dynamics would be reduced to reasonably predictable behavior in a physical/chemical/geological
ocean; however, the multitude of different life forms complicate predictability of behavior and
distribution immensely. A brief introduction to the significant life forms in the sea, and to some
basic concepts of marine ecology, is in order here.

2.2. FLORA, FAUNA, PROTISITA AND BACTERIA

2.2.1. Compartmentalization by Size

A useful way to examine the biota as a whole is to roughly compartmentalize all organisms
into a size spectrum of different functional groups (Fig. 1). Sizes range from the tiniest marine
virus particles (perhaps 0.02 um in diameter) to blue whales with lengths up to 30 m. Marine
bacteria around 1 urn in size abound in certain environments, often in association with particulate
matter. Phytoplankton, the tiny green plant cells of the ocean, range from the picoplankton at 1-2
urn to larger phytoplankton up to about 200 um. Protozoans such as species of ciliates, flagellates
and amoebas overlap the phytoplankton in size, and in fact some share attributes with true
phytoplankton (photosynthetic pigments, for example). Organisms that bridge the animal-plant
kingdoms are often referred to as a separate kingdom, the Protista. Small marine animals such as
copepods and other small crustaceans, true marine worms, arrow worms, and small winged snails
generally comprise the zooplankton, or mesoplankton size group (perhaps up to 20 mm in length).
Macrozooplankton such as large euphausiids, mysids, shrimps, some jellyfish, and some fish
generally range from about 20-200 mm (these organisms are often classified as micronekton as
well). Larger organisms are the fishes, large squids, and other usually fast-swimming organisms
that can be caught only in high-speed trawls or other fishing gear. It is important to remember that
these functional compartmentalizations and size ranges are not precise, and there are exceptions
to this general classification scheme. However, the scheme represents a reasonable, introductory
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FIG. 1. Distribution of different taxonomic-trophic compartments of plankton in a spectrum of size
fractions, with a comparison of size range of nekton [2J.

way to think about the life forms in the sea, because size is often, though not always, indicative of
the role of organisms in the ecology of the ocean.

2.2.2. Links to Physical and Chemical Processes

A simple diagram of the coupling of physical, chemical, and biological entities that we
have discussed to date is shown in Fig. 2. Motion and mixing, an outcome of wind-driven
currents, thermohaline circulation and tidal effects on all scales, are the hydrodynamic engines
that supply nutrients to surface waters in regions of upwelling and oceanic divergences, and from
estuaries and other coastal areas. Water movements also act to control distributions of marine
organisms up through the size range of small Zooplankton. Solar radiation, the ultimate source of
heat in thermohaline mixing, also supplies radiation in appropriate wavelengths for
photosynthesis by the phytoplankton, which in turn is the basis of most food webs in the ocean.
Solar radiation and small particulates in the water (such as phytoplankton, for example) also
contribute to general optical properties of near-surface waters (such as penetration, absorption,
and scattering of light energy). The biota of the sea, and in particular the small-sized organisms,
thus are intimately connected to the physical and chemical environment in which they reside.
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FIG. 2. Connections between physical, chemical, and biological properties in the ocean.

2.2.3. Phytoplankton and Seaweeds - the Algae

The phytoplankton (picoplankton-sized through microplankton-sized plant cells) are at the
base of most oceanic food webs. These tiny chlorophyll-bearing cells convert inorganic nutrients
and carbon dioxide into the energy-rich compounds of life through photosynthesis. Though
individually very small, collectively they can color upper ocean waters green, reddish, or yellow-
brown depending on their predominant pigments: Seaweeds and kelps have many of the same
characteristics as phytoplankton, but are large and seldom free floating. All phytoplankton and
seaweeds contain at least one form of chlorophyll, but many species have other pigments which
mask the typical green chlorophyll color. Taxonomy of the phytoplankton generally depends on
five criteria: pigment composition, cell wall composition, storage products, the presence or
absence of flagellae, and certain aspects of the "fine structure" of the cell. The most important
algal groups in the ocean are profiled briefly below. Pictures of representative species of
phytoplankton can be found in many literature references (e.g., [1]).

2.2.3.1. Class Cyanophyceae

Representatives of this group are not true phytoplankton at all, but large-sized, often blue-
green colored bacteria (cyanobacteria). They are often grouped with the phytoplankton because of
their large size and photosynthetic capabilities. However, they are bacteria because their
photosynthetic pigments are not enclosed in organelles called chloroplasts, their nuclear material
is not in a well-defined nucleus, they manufacture a specialized type of starch as a storage
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product, and some species are capable of using atmospheric nitrogen (N2) as a nitrogen source for
metabolism. Large proliferations (blooms) of some cyanobacteria can be toxic to vertebrate
organisms ingesting these cells. Not all cyanobacterial blooms are blue-green, either: the reddish
color of the Red Sea has been attributed to large blooms of a certain species in this group whose
predominant pigment is the reddish-colored phycoerythrin rather than the bluish phycocyanin.

2.2.3.2. Class Rhodophyceae

The red algae are not often phytoplanktonic. They are mostly represented by coastal,
attached seaweed forms, some of which (such as Porphyra) are cultured commercially. Some red
algae are sparingly found fairly deep in some oceanic water columns. The predominance of a
special photosynthetic pigment, phycoerythrin, gives the red color to this group.

2.2.3.3. Class Bacillariophyceae

The diatoms are yellow-brown phytoplankton of major importance in the world ocean, and
in fresh waters as well. Yellow-colored xanthophyll pigments give these cells their characteristic
color. Diatom cells have a thin outer covering, or frustule, of silicon dioxide ("glass"). The
frustule comes in two halves (called valves, or thecae), with holes in each half communicating
from the water outside to the cellular membrane of the cell inside, for gas and nutrient exchange.
Storage products are often oils. Diatoms can be partitioned into two main groups, the centrics
(based on radial symmetry of the holes in each frustule) and the pennates (based on bilateral
symmetry). Variations on the basic centric and pennate constructs are common, including
attachment into chains of individual centric or pennate cells. Cell division of the vegetative stages
of diatoms is distinctive. The cell begins to divide within its frustule. As the process of dividing
into two cells continues, two new layers of silicon dioxide begin to form between the dividing
cell. One layer will form a new bottom valve to accompany the existing "parent" top valve, to
eventually enclose one of the two newly formed cells. The second layer will also form a new
bottom valve, to accompany the existing parent bottom valve (which becomes the top valve of
this second new diatom cell). Vegetative cell division is actually replication of the parent cells,
with no genetic differences from the parent cell. As cell division continues in the population, the
first line of cells (with the parent top valve) maintains the same general cell size as the parent.
However, the second line of cells becomes smaller and smaller with each successive division,
because each bottom valve becomes a top valve over a newly formed, smaller bottom valve.
Eventually the frustule of this second line must get too small to contain a functioning diatom cell,
and at that point the cell forms a resting stage (auxospore), goes through a sexual reproductive
phase (true exchange of genetic material), and emerges when environmental conditions are right
into a larger diatom cell with some genetic alterations from the original parental line. Vegetative
replication is the process whereby major diatom blooms are formed quickly under good
environmental conditions. When blooms die off and disintegrate, the frustules are left to sink, or
be transported in other ways, to the sea floor, sometimes to congregate as enormous sediment
deposits. Diatomaceous earth, used as a filter medium, is in fact mostly composed of the siliceous
remains of countless diatoms.

2.2.3.4. Class Chrysophyceae

This class also contains yellow-brown phytoplankton species, but these species do not form
silica frustules around the cells. However, one important oceanic group within the Chrysophyceae
contains the silicoflagellates which form silica skeletons which act as internal support for the cell.
These cells also have flagellae. Silicoflagellates usually are not abundant in the phytoplankton,
though at times major blooms do occur.
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2.2.3.5. ClassHaptophyceae

This class contains one very important oceanic group, the coccolithophorids. Under proper
conditions, these small flagellated cells exude calcium carbonate as tiny platelets (called
coccoliths) which cover the outer surface of each spherical cell. The design of each platelet is
often ornate, and specific to each coccolithophorid species. No conclusive reason is known for
this platelet formation, and in fact under many conditions the cells don't lay down coccoliths at
all, yet survive and reproduce very well. On occasion large blooms of platelet-forming
coccolithophorids can turn a patch of ocean milky in appearance. Large accumulations of
coccoliths occur in certain ocean sediments, and these coccolithophorid oozes have been used to
date sediment layers and to infer water temperatures and other properties of ancient seas.

2.2.3.6. Class Dinophyceae

Included herein are the dinoflagellates, a very diverse group of planktonic, bi-flagellated
organisms with representatives in almost all water bodies, fresh and salt. There are both
"armored" and "naked" forms, the armored ones covered with rather rigid platelets containing
calcium pectate, the naked ones without any covering over their outer cell membranes. Some
species, principally naked forms, create "red tides" through massive vegetative replication of cells
in a given area. Actually, red tides can be brown, yellowish, or even greenish, depending upon the
predominant dinoflagellate species in the bloom and the ambient environmental conditions. If
certain shellfish ingest massive quantities of these red-tide organisms, the toxins produced by the
dinoflagellates collect in the muscle tissue of the shellfish, without any apparent harm to the
shellfish. However, when these shellfish are eaten by a vertebrate animal (including humans), the
toxins are released and paralytic shellfish poisoning often occurs. The toxin is a potent nerve
toxin, and can be fatal. Certain dinoflagellates are bioluminescent, so that when large
concentrations of the cells are mechanically or chemically stimulated they produce a
phosphorescent glow in the water. There are many "phosphorescent bays" in tropical and
subtropical climates. Some species are symbiotic with corals (so-called zooxanthellae), producing
oxygen through photosynthesis for the coral polyps while gaining both protection and some
nutrition from the skeletal structures and feeding activities of the corals. Nutrition of
zooxanthellae, and other dinoflagellates, can be both autotrophic and heterotrophic; that is, cells
can convert light energy and dissolved inorganic elements into organic tissue via photosynthesis
(autotrophism, or "self-feeding"), and they can also take in dissolved organic matter and
metabolically extract energy and required elements from these organics (heterotrophism, or
"other-feeding"). A few species can actually capture and eat prey, and some are parasitic. The
dinoflagellates are perhaps the most diverse group in terms of both form and function, and thus
probably are more appropriately classified as Protista (see later) rather than phytoplankton.

2.2.3.7. Class Chlorophyceae

The green algae were originally thought to be rare in open-ocean environments, although
they are abundantly found as phytoplankton in many fresh waters, and as macroscopic algae
(seaweeds such as Ulva, Enteromorpha and Cladophora), along coastlines. In the ocean, green
algae are found as pico- or nanoplankton - very tiny species overlooked under light microscopy
but now recognized as being an important component of upper-ocean waters. They probably are
responsible for much of the photosynthesis in the open ocean, outside of major blooms of other
groups on occasion. Their predominant photosynthetic pigments are two forms of chlorophyll,
which give them their green color, and their main storage product is a chlorophycean starch.

2.2.3.8. Class Phaeophyceae

This class is significant mainly because it contains many of the abundant seaweeds and
kelps along many coastlines - Ectocarpus, Laminaria, Nereocystis, Macrocystis, Alaria and
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Fucus are prominent genera. One generally phytoplanktonic species, Phaeocystis, sometimes
forms large blooms of sticky cell colonies which clog fishing nets and other sampling gear.

2.2.4 Zooplankton and Micronekton - the Major Animals

Although fishes and whales are large, visible animals, often with commercial value, it is the
zooplankton and smaller nektonic (free-swimming) animals which mainly comprise the animal
biomass of the ocean. These small organisms ingest particles, often concentrate chemical
elements and radionuclides in their bodies, and accelerate these chemical forms to ocean depths
in fecal debris, molts, and dead bodies, or through the mechanism of vertical migration and
release of elements at depth in the water column.

2.2 A.I Hard-Bodied Zooplankton

We can think of zooplankton basically as "hard-bodied" or "soft-bodied" forms. Of the
hard-bodied forms, the tiny copepods and their life stages (Phylum Crustacea, in the most recent
classification) are by far the most abundant group in the open sea (and in most fresh waters as
well). Some mysid shrimps and most marine amphipods (also Phylum Crustacea) are also open-
ocean (pelagic) organisms, larger than copepods but less abundant in the sea. There are estuarine
forms as well, often very abundant. Various species of euphausiids (Phylum Crustacea) and their
larvae are often extremely abundant in swarms. The largest euphausiid, Euphausia superba, is the
well-known krill of Antarctic waters, a prime food for baleen whales and penguins of the
Southern Ocean. The arrow worms (Phylum Chaetognatha) are not true worms, but are
ubiquitous, tiny predators in the plankton (a common genus is Sagittd). Polychaete worms and
their larvae, which are true worms (Phylum Annelida, Class Polychaeta), are represented by a
striking array of various body forms. In open-ocean waters the winged snails, or pteropods
(Phylum Mollusca, Class Gastropoda) are found, although usually not in great abundance. The
above taxa represent the great majority of hard-bodied zooplankton in the pelagic ocean. In
intertidal areas, some of the above taxa disappear, while organisms such as mussels (Phylum
Crustacea), barnacles (Phylum Crustacea), and members of the Phylum Echinodermata (starfish,
sea urchins) form a corps of hard-shelled organisms. While many of the intertidal forms in adult
stages are not zooplankton, and in fact are often attached to rocks, their larvae often make up
much of the coastal zooplankton.

2.2.4.2 Soft-Bodied Zooplankton

The soft-bodied, or "gelatinous", zooplankton are often as abundant as most of the hard-
bodied species in both pelagic and near-coastal (neritic) environments, but frequently they are
overlooked or ignored because they are hard to sample with traditional collection devices (nets,
trawls, etc.). They can be just as significant as the hard-bodied zooplankton with respect to uptake
of radionuclides and other chemical elements. At times pelagic tunicates (Phylum Chordata,
Classes Larvacea and Thaliacea) will be encountered in huge swarms near the sea surface,
ingesting or otherwise collecting all particulate matter in an area and rendering the ocean waters
extremely clean and clear. Larvaceans in the genus Oikopleura, for example, build large, fragile,
mucous "houses" around themselves, and these houses collect fine particles and debris (including
radionuclides). The houses are periodically discarded, and new ones rebuilt, so that these fine
sheets of discarded mucous often act as effective transporters of radionuclides and other materials
to depth as they sink. The salps and doliolids (Class Thaliacea) also can effect massive transport
of surface-ingested materials to depth, through egestion of fecal matter which sinks.
Siphonophores (Phylum Coelenterata, Class Hydrozoa) are curious, colonial "jellyfish" of the
open sea, often forming long, chain-like colonies of several specialized units for swimming,
feeding, and defense. A closely related hydrozoan, Velella velella, the so called "Sailor-by-the-
wind," sometimes forms extensive patches of concentrated individuals at the surface in pelagic
regions. The more familiar "jellyfish" (Phylum Coelenterata, Classes Hydrozoa and Scyphozoa
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particularly) are large medusae, the common bell-shaped forms one sees in both coastal and open-
ocean regions. Near-shore, and in inlets and bays, ctenophores or "comb jellies" (Phylum
Ctenophora) often abound. Some etenophore genera (Pleurobrachia, for example) collect food,
including other zooplankton, with long tentacles containing specialized adhesive cells, while
other genera (Beroe, for example) simply swim with mouth opening forward in order to ingest
particles in the swimming path.

2.2.4.3. Other Zooplankton

Also included with the zooplankton and micronekton are the larvae and early life stages of
all the groups mentioned above, along with the larvae and early life stages of forms with non-
planktonic adult stages, such as crabs, large shrimps, octopi and squids, and many fishes.
Zooplankton and micronekton thus are comprised of extraordinarily diverse species representing
many taxonomic classes within many of the animal phyla. To study each species with respect to
its potential for uptake, transformation, concentration, and release of radionuclides in the marine
environment would be a formidable undertaking, which is why most approaches to studying
radionuclide behavior in animal systems involve one or two species presumably representing a
larger functional group of organisms, or involve size (or other) groupings as depicted in Fig. 1.

2.2.5. Protista

Protists are small organisms (~ 2-200 \xm, Fig. 1) which often have characteristics of both
the Plant and Animal Kingdom, and are therefore often treated as a separate kingdom.
Commonly, some species within a group will have motility, feeding grooves, etc. like members of
the animal Phylum Protozoa, but also will have chlorophyll in chloroplast organelles and be
capable of photosynthesis like phytoplankton algae. Clearly some of the dinoflagellates and
coccolithophorids, discussed earlier under major phytoplankton groups, can be classified as
protists. Many forms classically treated as animals under Phylum Protozoa also qualify. In any
case, tiny animal-like and or plant-like organisms that are clearly not bacteria or obligate plants
can comprise large biomasses in the sea, and can be involved in transformations of organic
particles to dissolved organic matter, as grazers of tiny plant cells and bacteria, and as food for
larger zooplankton.

2.2.5.1. Radiolaria and Forminifera

Two important marine groups, the radiolarians and foraminiferans, are usually given
taxonomic status within the animal Class Sarcodina, Phylum Protozoa; i.e., they are related to
amoebas. Radiolarians possess a thin internal skeleton made of silica, with a clear outer layer of
protoplasm. Elongated silica spines and pseudopods ("false feet") radiate out from the central
cell. The silica skeletons are intricate in design, and characteristic for each species. Countless
numbers of silica skeletons which sink to the sea floor are maintained in the sediments for long
periods of time, thus helping paleontologists record past events and rates of sedimentation from
studies of cores taken out of the sea bed. Foraminiferans possess intricate shells made of calcium
carbonate, through which tiny pseudopods extend. They also can proliferate in huge
concentrations and eventually sink to the sea bottom, where their shells accumulate.
Paleontologists also use foraminiferan layering in sediment cores to date past events, infer past
sea temperatures and estimate sedimentation rates in different ocean regions.

2.2.5.2. Ciliata andFlagellata

The ciliates (Class Ciliata, Phylum Protozoa) represent another major protozoan group in
the ocean. There are many, but the tintinnids are noteworthy in that each cell has a rigid, tubular
outer sheath, or lorica, many of which are often found in plankton samples, minus the cellular
protoplasm of the living protozoan. In addition to the ciliates, many flagellated protists, the so-
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called microflagellates, are present in the ocean, particularly in coastal areas. Ciliates and
microflagellates are commonly found in association with tiny flakes or masses of amorphous
organic matter, called "marine snow," floating and sinking in all reaches of the world ocean.

2.3. FOOD WEBS AND TROPHIC RELATIONSHIPS

The organisms of the sea are interconnected with one another through their processes of
gaining nutrition and excreting waste products; hence, feeding (trophic) relationships help
establish a framework of interdependence among organisms which is commonly called a food
web. Food webs are not self-contained, of course, as energy ultimately must enter a food web
from some external source (the sun is the ultimate energy source in all food webs except those
few driven by energy from the earth's interior at hydrothermal vents on the deep sea floor). In
addition, inorganic nutrients must at least occasionally be resupplied to upper waters via
upwelling or other means, to renew the limiting elemental "building blocks" of organic tissue
(elemental nitrogen upwelled as nitrate, for example). Understanding of basic trophic dynamics
and food web structure is usually critical to understanding radionuclide distribution and transport
in the sea, as radionuclides are usually taken up, transformed, and excreted in much the same
ways that non-radioactive elements are. The rates may differ, but the processes remain largely the
same.

2.3.1. Primary Production and Phytoplankton Processes

2.3.1.1. Photosynthesis

Most food webs begin with the conversion of light energy and inorganic elements into
organic molecules, through photosynthesis. Photosynthesis is the process whereby phytoplankton
capture light energy penetrating the ocean, via their photosynthetic pigments (chlorophylls and
accessory pigments), and transform that light energy into chemical energy (ATP) and "reducing
power" (NADPH2) in the cell. The ATP and NADPH2 is then used to chemically combine
absorbed CO2 with other compounds in the cell, to form the energy-rich organic compounds of
life - carbohydrates such as sugars and starches (CH2O is the basic structural formula), and
eventually fats, proteins and nucleic acids. Oxygen is given off as a bi-product of photosynthesis.
The simplified photosynthetic equation is usually written as

CO 2 + H 2 O C h l ) [CH2O]n + O 2 •
light

2.3.1.2. Nutrient Uptake - Autotrophic Nutrition

Nutrient uptake is the general process whereby phytoplankton absorb dissolved nitrogen,
phosphorus, silicic acid (if needed for frustule formation), and other required trace elements (iron,
zinc, manganese, copper, cobalt, etc.). Chemical energy derived through photosynthesis is then
used to assemble these elements into organic molecules - amino acids, lipids, etc. - which then
become the proteins and fats of the cell. The process of taking up and utilizing dissolved
inorganic nutrients, and transforming them intracellularly into energy-rich organic molecules, is
called autotrophy.

2.3.1.3. Elemental Ratios in Cells

Phytoplankton tend to build protoplasm in the ratio 106C:263H:lllO:16N:lP:0.7S. That is,
on average, for every mole of phosphorous in cell constituents, there are 106 moles of carbon,
263 moles of hydrogen, 111 moles of oxygen, 16 moles of nitrogen, and 0.7 mole of sulfur.
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Lesser mole quantities of trace metals are also present in the average healthy cell, and of course
the above ratio of elements is a working average, not meant to apply strictly to every collection of
cells in all areas of the ocean at all times. Nevertheless, if one incorporates the simple
photosynthetic equation with nutrient uptake in the same ratios as average protoplasmic ratios, the
following balanced chemical equation would result (ignoring sulfur for the moment):

106 CO2 + 16 NO3- + HPO4 + 139 H2O = [C106 U263 Oi 11 N i 6 P] + 138O2 + 16OH".

This is a nearly complete equation for composing and decomposing phytoplankton, using nitrate
(NO3-) as the sole nitrogen source and orthophosphate as the phosphorus source. If the nitrogen
source varies (ammonium, NH4"1", as the source, for example), the stoichiometry of the equation
changes. Likewise, accounting for sulfur and trace metal metabolism would alter the equation
somewhat. However, the main point is that the enormous phytoplanktonic biomass of the sea,
through uptake and metabolism of nutrients by living cells, and through subsequent cell
decomposition and return of those nutrients to the water, actually controls the seawater
abundances and turnover rates of those nutrients in the ocean. Likewise, introduction of trace
quantities of radionuclides into ocean waters puts these radionuclides into a biological uptake and
decomposition cycle if the phytoplankton have any metabolic or absorptive affinity for the
radionuclides; that is, most radionuclides are not introduced into a totally physical-chemical
world, behaving in accordance with strict physiochemical laws, but in fact are usually put through
biological cycles involving whole food webs. Distributions and behaviors of radionuclides in the
ocean are thus often made complex by the complexities of the organic world into which the
radionuclides have been taken.

2.3.1.4. Heterotrophic Nutrition

Some phytoplankton (notably dinoflagellates), in addition to performing photosynthesis and
taking up dissolved inorganic nutrients, also can take up dissolved organic molecules directly
from the water. The ability to take up and utilize dissolved amino acids, carbohydrates and other
organics is called heterotrophy, as opposed to the process of autotrophy. Radionuclides
incorporated into organic molecules in the water are thus potentially available to be recycled back
into the biological world through heterotrophy.

2.3.1.5. Primary Production in the Ocean

Autotrophic phytoplankton, because they require light energy to drive the reduction of
inorganic molecules to organic ones, are restricted to oceanic surface layers with ample light from
the sun. The euphotic zone is that layer from the water surface to a depth in which almost all
penetrating light is absorbed by the water itself and by photosynthetic organisms. The euphotic
zone varies from very shallow depths in regions of muddy river discharge into the coastal ocean
(perhaps several meters depth at most) to depths of 120 m or so in the clearest open-ocean water.
The major productive zone of the ocean thus is just a thin layer of surface water overriding a huge
volume of basically unlit water below (the average depth of the world ocean is about 3500 m).
However, the major supply of nutrient to this thin, lighted region is from waters below, through
upwelling and divergence zones (with local supply from land runoff and river discharge). The
plight of most phytoplankton is thus to optimize cell divisional growth in the face of light energy
coming down through the surface but nutrient supply coming from deeper in the water column.

2.3.1.5.1. Vertical Distribution of Primary Production

An example of a "typical" vertical distribution of the rate of primary production (photo-
synthetic rate) through the euphotic zone, with vertical distributions of water temperature,
salinity, water density, light, nitrate, and photosynthetic pigment (chlorophyll) measured at the
same time, is given in Fig. 3. The water column to 50 m depth is well-mixed, as noted by
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essentially non-varying vertical distributions of temperature, salinity, and density to 50 m (Fig.
3A). There is virtually no measurable nitrate in this mixed layer, but below 50 m the nitrate
concentration increases steadily (Fig 3B). The nutrient reservoir to supply the phytoplankton is
thus largely below 50 m. The incoming light at the surface decreases to about 1% of its surface
intensity at about 60 m, a depth which we can call the effective bottom of the euphotic zone. The
photosynthetic pigments in the upper 50 m are more or less constant (chlorophyll concentration
only slightly changing), but there is a prominent pigment spike centering about 55 m, with a
subsequent decrease below this spike. This pigment spike is likely due to three things: 1)
increased pigment per cell at the base of the euphotic zone, because the plants invest energy into
making a lot of pigment to harvest the small amounts of light penetrating to 55 m; 2) increased
concentrations of these heavily pigmented cells because their density matches that of the
increasing water density below 50 m; and 3) below 50 m there begins to be a supply of nitrate to
support the increased cell concentrations. But what about the distribution of the primary
production rate (here in terms of the amount of carbon, as CO2, fixed via photosynthesis per cubic
meter of water per hour)? The rate distribution over the complete euphotic zone does not follow
the distributions of any of the other variables completely. Below about 50 m the rate curve tends
to follow the light curve but not the nitrate distribution. This indicates that the amount of light is
mainly controlling the primary production rate below 50 m, even though some light is still
available (the euphotic zone reaches to about 65 m), and even though nutrient supply is actually
increasing below 50m. The pigment peak at 55 m is thus made up of pigment-rich cells whose
rate of photosynthesis is actually less than the rate for less-pigmented cells shallower than 55 m.
The depth of maximum primary production in Fig. 3B is about 40 m, where no measurable nitrate
appears in the water, and where cells have less chlorophyll than those below, but where the light
flux is ideal for photosynthesis. The non-measurable nitrate level does not mean that cells are
doing without nitrogen. It likely means that other sources of nitrogen (such as ammonium) are
meeting the nitrogen needs of the cells above 50 m, and/or that some nitrate from below 50 m
actually is moving upward but is being utilized by the cells as fast as it moves up, thereby leaving
no measurable nitrate in the water.

The decrease in primary production rate from about 40 m depth to the water surface (Fig.
3B) is caused by light that is too intense for optimal photosynthesis. Light that is too intense can
deactivate enzymes required in carbon fixation, and at times even "bleach" the photosynthetic
pigments themselves. The typical depth distribution of primary production rates through the
euphotic zone on a bright, sunny day is thus one of reduced rates near the surface, causing
photoinhibition, optimal rates at some depth in which light and nutrient inputs are the best, and
reduced rates below the optimal depth because of inadequate light.

2.3.1.5.2. Light Effects on Primary Production

A plot of primary production rate (photosynthetic rate) vs. light intensity illustrates the
plasticity of cell populations with respect to their utilization of light energy (Fig. 4). Cells pre-
conditioned to very little light ("shade"), such as cells residing near the bottom of the euphotic
zone, usually have a lot of chlorophyll a in order to use the small amount of light penetrating to
depth. Often the primary production rate per unit of cellular carbon for these cells (i.e., carbon
fixed in photosynthesis per unit of cellular carbon) is relatively high at low light levels, as the
cells are quite efficient at light capture. At the same time, the primary production rate per unit of
chlorophyll a is much lower, because a lot of chlorophyll a is needed to capture the small flux of
light energy at depth. Conversely, in high light ("sun"), the cells do not need to invest strongly in
light-harvesting chlorophyll a because light energy is not in short supply. Therefore, primary
production rate per unit of cellular carbon by "sun" cells is not so efficient as that at low light, but
reaches a maximum at relatively high light intensities. Primary production rate per unit of
chlorophyll a for these sun-adapted cells is higher than that for the shade-adapted cells at all light
intensities except the very lowest ones. One must recognize the wide range of photosynthetic
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FIG. 4. Typical photosynthetic rate response to light intensity by marine phytoplankton cells
acclimated to high or low light conditions. Note that rates are normalized to both cellular carbon
(C) and chlorophyll (Chi).

possibilities available to natural phytoplankton communities in the ocean. Interpretation of
possible effects of radioactivity on natural populations is complicated by this wide range of
natural variability due to light effects alone!

2.3.2. Element Cycling through Food Webs

As indicated earlier, nutrients are often the limiting factor to phytoplankton growth in
surface waters. Nutrient profiles often show no measurable nutrient in surface waters, but near the
bottom of the euphotic zone (or below it) there begins a strong nutricline (zone of rapid increase
in nutrient concentration with increasing depth) (Fig. 3), which leads to a vast reservoir of
nutrients in the deep sea. Once again, the main "job" faced by phytoplankton is to optimize
growth when their required light energy enters through the ocean surface, but their required
nutrient comes from the ocean depths. Recognition of this major problem allows us to postulate a
simple, general model of cycling of a nutrient element in the ocean (Fig. 5).

2.3.2.1. Simple Cycling Model

Let us presume that phytoplankton, restricted to the euphotic zone, require dissolved
element A for growth, and so they remove A from surface waters. Element A must be replaced
from the deep-ocean reservoir into surface waters if phytoplankton are to continue to grow. If this
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FIG. 5. Generic representation of nutrient cycling through dissolved and particulate phases in a
water column containing a euphotic zone.

does not happen, element A becomes limiting, and phytoplankton growth must cease. Some of the
phytoplankton in the euphotic zone die and sink, or are eaten by zooplankton which produce fecal
matter or cast exoskeletons which sink, or migrate to deeper waters where some die or are
consumed. All of these processes remove element A, as particulate organic matter, from the
euphotic zone. Those zooplankton which migrate to deeper waters and stay alive will release
dissolved A, via their metabolism, before migrating back into surface waters. The organic
residues which sink to deeper waters are ultimately decomposed and remineralized, thus adding
further to the deep reservoir of dissolved A. Dissolved A then can be moved back into surface
waters via upwelling or other processes, to begin another cycle. Insofar as element A is a
radionuclide dissolved in waters below the euphotic zone, and is taken up by phytoplankton, the
model in Fig. 5 would apply as well.
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2.3.2.2. Intermediate Cycling Model - New and Recycling Production

Seldom would conditions be as simple as in Fig. 5, however. Element A is assumed to be in
one chemical form, for example, and zooplankton are treated simply as grazers of phytoplankton,
with no impact on cycling of element A other than to remove it, as "phytoplanktonic A," from the
euphotic zone. If we replace the generalized element A with nitrogen, the cycling becomes more
complex (Fig. 6). Note that the simple model of Fig. 5 is still retained in Fig. 6; that is, nitrogen
as dissolved nitrate (NC>3') in the euphotic zone is utilized to make phytoplankton nitrogen (the N
in phytoplankton proteins, pigments, etc.), which in turn becomes the N in zooplankton fecal
pellets, the N in dead cells which sink, etc. This organic N is eventually remineralized below the
euphotic zone to dissolved NO3" again, which is then available through mixing and upwelling to
resupply the euphotic zone with more NO3" for phytoplankton uptake. However, zooplankton also
excrete dissolved ammonium (NH4+) into the water (Fig. 6), both within the euphotic zone and
below it during vertical migration. Ammonium is the most reduced form of dissolved nitrogen in
the sea, whereas nitrate is the most highly oxidized form. Below the euphotic zone, some of the
ammonium can be oxidized back to nitrate. Within the euphotic zone, phytoplankton utilize
ammonium nitrogen more efficiently than they utilize nitrate. Thus, NH4"1" forms the basis of an
efficient euphotic-zone recycling system - zooplankton eat phytoplankton, and excrete NH4+ to
produce more phytoplankton. Some losses are always encountered in such a system, again mainly
through the sinking loss of particulate N to deeper waters and the vertical migration of
zooplankton. Replacement of dissolved N from waters below the euphotic zone (usually as nitrate
but possibly as ammonium or nitrite), must continue to take place in order to keep the whole
system in balance. Oceanographers call all dissolved nutrient regenerated within the euphotic
zone (such as the NH4"1" from zooplankton excretion), recycled nutrient, and the phytoplankton
production it supports is recycling production. The dissolved nutrient which must be brought up
from the reservoir below the euphotic zone to replace that in particulate form which sinks out of
the euphotic zone, is called new nutrient (such as the NO3" brought up via advection and mixing),
and the production it supports is new production. One will observe that both the excreted NH4+

and the upwelled NO3" are actually "recycled"; however, the euphotic-zone recycling of NH44" is
very much more rapid than the recycling of NO3" via remineralization from organic debris in
deeper waters, and so "recycled nutrient" and "recycling production" are reserved for the rapid
euphotic-zone processes. Studies have suggested that in the generally stable upper-water columns
of most mid-ocean regions, euphotic-zone recycling supplies 90-95% of the nutrients to support
phytoplanktonic production, and new production is only 5-10%. In upwelling and divergence
regions, however, new production may account for 40-70% of total phytoplanktonic production,
and recycling production 30-60%. It should be noted that recycling production is significant in all
oceanic areas researched to date, even in regions of intense coastal upwelling where new
production may predominate but is not exclusive.

2.3.2.3. Complex Cycling Model - The Microbial Loop

Until recently the significant roles played by very tiny phytoplankton, and by bacteria and
microzooplankton, were not well recognized. The roles of the bacteria and microzooplankton
have now generally been described in what is known as the microbial loop (Fig. 7). Note that the
model from Fig. 6 is embedded in Fig. 7. In the microbial loop portion of Fig. 7, bacteria take up
dissolved organic matter (given as dissolved organic nitrogen, DON, here) as their source of
nutrition. Microzooplankton (mainly ciliated and flagellated protists) eat the bacteria, and thus
help control bacterial populations. Microzooplankton in turn are eaten by the larger zooplankton,
and this process couples the microbial loop to the more "traditional" phytoplankton-zooplankton
food chain seen in Fig. 6. Both micro- and macrozooplankton (as well as phytoplankton) excrete
DON, thus regenerating that pool for the bacteria and completing the microbial loop. In addition,
particulate residues from the microbial loop (dead organisms, fecal matter, etc.) add to the
particulate matter that sinks out of the upper water column. Thus, the microbial loop adds another
layer of complexity to the pathways possibly taken by any chemical constituent in the ocean,
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including radionuclides. One might substitute radioactive zinc (Zn65), for example, for the N used
as an example in Fig. 7. The rates of uptake and loss, denoted by the arrows in Fig. 7, would be
different for Zn65 and N, and the concentrations of Zn65 and N in bacteria, zooplankton, dissolved
organic matter, etc. would be different, but the pathways likely would be very similar if not
exactly the same. Thus, conceptual models of the biological, chemical and physical connections
in the ocean are very useful tools to help us understand the distributions, transformations and
outputs of radionuclide additions to the marine environment.

2.3.2.4. Global Distribution of Food Web Entities

Because of the distribution of nutrients in the euphotic zone, and to some degree the
distributions of light energy, microbial activity, and grazing zooplankton, the average primary
(phytoplanktonic) production and biomass patterns tend to follow the major upwelling,
divergence, and deep-mixing patterns of the world ocean (e.g., [4]). Primary production has been
considered to be about an order of magnitude less in the open-ocean gyres, because stability of
the water column prevents much infusion of new nutrient into the euphotic zone. However, some
recent data suggest that production in the open ocean has been underestimated in the past because
the picoplankton have been poorly sampled in production studies. Global zooplankton
distributions tend to mirror the primary production distributions; that is, zooplankton tend to be
where their primary food source is being produced at the greatest rate. So also do the major
fisheries tend to follow these patterns.

2.3.2.5. Food Webs and the Trophic Level Concept

The general concept of the food web emerges from our previous discussion of how
phytoplankton, zooplankton and microbes link together to both use and produce inorganic and
organic matter. Early concepts considered only simple food chains with simple trophic levels;
i.e., phytoplankton in Trophic Level I consumed by zooplankton in Trophic Level II, in turn
consumed by micronekton in Trophic Level III, in turn consumed by juvenile fish and squids in
Trophic Level IV, which are finally consumed by carnivorous fish in Trophic Level V. On a
functional basis the food-chain/trophic level concept still applies, as we'll see later, but on a
species basis it does not. Why? Because few species, throughout all their developmental stages,
fit neatly into one trophic level. One can imagine the early larval stages of a euphausiid species
feeding on phytoplankton, for example, but the adult of that same species feeding carnivorously
on smaller zooplankton. Thus, the concept of the food web is more realistic when dealing with
species. However, in a practical sense, food webs are hard to deal with. Where does one begin
experimentation in such a complex mix, to find major pathways of radionuclide movement
through the web, for example?

2.3.2.5.1. Organization by Taxa and Size

Grouping by major taxonomic classification (not species) and by organism size classes aids
in re-establishing a trophic level scheme on which experimentation can be done and large-scale
transformations can be measured (Fig. 8). Thus, cyanobacteria and phytoplankton, the autotrophs,
support a field of small heterotrophs (flagellates, ciliates, and zooplankton), with the smaller
autotrophs supporting the smaller heterotrophs, and the larger autotrophs supporting the larger
heterotrophs. The phytoplankton and cyanobacteria also create particulate and dissolved organic
matter (POM and DOM) which, as we have seen, nourish heterotrophic bacterial populations. The
small heterotrophs are eaten by larger flagellates, ciliates and zooplankton, and so on up the size
scale until one reaches the largest fish. It should also be noted that the inorganic minerals
(nutrients) are accounted for in this scheme, being taken up from the water by the autotrophs and
by some of the protists that can feed both autotrophically and heterotrophically, and ultimately
being returned to the water from all other heterotrophic levels.
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2.3.2.5.2. Organization by Metabolic Processes

Another way to examine trophic level relationships is to examine relationships conceptually
by metabolic processes only (Fig. 9). In this scheme, all reference to taxonomic groupings is
removed, and comparative metabolic processes at different trophic levels are visualized in terms
of a rate multiplied by a mass term. Such a scheme should help us organize our thinking into what
similarities exist among the different trophic levels, and therefore what process comparisons can
be made. One can follow energy from the sun through its passage from one trophic level to the
next, with some of it being degraded to heat at each trophic level, or one can follow any element
(carbon, nitrogen, a given radionuclide) from its inorganic state in the atmosphere or ocean
through its passage from one trophic level to the next, to its eventual recycling back to the
inorganic state.

One can use carbon as an example of element recycling through our process scheme (Fig. 9).
Carbon (as CO2) exchanges between the atmosphere and sea surface. Of the dissolved CO2 in the
water, some diffuses into phytoplankton cells to provide the carbon for the intracellular carbon
reduction in photosynthesis. Of the light energy impinging on the sea surface, some is reflected
and backscattered out of the water, but much of the rest is generally available to phytoplankton as
photosynthetically active radiation (PAR).The phytoplankton utilize only a portion of the
available light energy penetrating the water column, the rest eventually being degraded to heat
energy. As we have noted earlier, the autotrophic phytoplankton take some of the CO2 diffused
into the cell, and some of the light energy absorbed by the photosynthetic pigments, and perform
photosynthesis. In Fig. 9, photosynthetic rate is equivalent to gross production rate (aP), where P
= the standing stock of existing phytoplankton carbon (|J.gC per liter of seawater, for example)
and a = the fractional rate of incorporating new carbon into P, via photosynthesis. For example, if
P = 10 u.gC liter1 and a = 0.05 h r 1 (i.e., 5% per hour), then gross production rate (aP) over the
first hour of production would be 0.05 (10) = 0.5 |j.gC liter-l hr l . The phytoplankton respire some
of this carbon (rP), with r = the fractional rate of respiring carbon from P. If for example r = 0.01
hr 1 (i.e., 1% per hour), then respiratory loss rate (rP), occurring simultaneously with gross
production rate (aP) over the first hour, would be 0.01 (10) = 0.1 |ugC liter1 hr1 . Net production
rate can be viewed as the difference between rates of gross production and respiration; thus, (a-
r)P = 0.04 (10) = 0.4 u.gC liter1 hr1 . Net production rate is the rate of accumulation of
phytoplanktonic carbon that is available to be passed along as food to the next trophic level. If
one is interested in following energy rather than carbon, one simply uses a measure of energy
(calories) to measure rates and stocks. How one views excretion of dissolved organic matter
(DOM) from organisms in trophic level I (Fig. 9) is a matter of viewpoint. For example, one
might consider that the organic molecules that are eventually excreted are in fact part of net
production ~ after all, they are organic, manufactured by autotrophs via photosynthesis and
subsequent intermediary metabolism. However, because they are dissolved, they are not available
to particle-eaters in Trophic Level II, just as respired molecules are unavailable. These excreted
molecules do "feed" bacteria in the microbial loop, however (Fig. 7), so in this sense they are as
much a part of net production of carbon (or energy) as the part that remains in particulate form.
This shunt into dissolved excretory products accentuates the point of coupling between microbial
loop processes and "conventional" trophic level processes; i.e., conventional trophic level
processes after Trophic Level I involve only particulate transfers of organic matter, whereas
microbial loop processes begin with incorporation of dissolved organic matter.

At the second trophic level, some of the particulate net production from the first trophic
level is ingested by zooplankton [gP, where g = fractional rate of uptake of cellular carbon (or
calories) from trophic level I] (Fig. 9). Note that the ingestion term is an intake term, functionally
equivalent to the intake term in the first trophic level (CO2 diffusion into, or light energy intake
into, phytoplankton cells). Of the food carbon (or calories) ingested, some is ultimately
assimilated through the gut walls of the grazing zooplankton (aP) and some is ultimately egested
as fecal matter [(g-a)P]. Functionally, assimilation rate in Trophic Level II is equivalent to gross

50



production rate (e.g., assimilation of C from CO2) in Trophic Level I. The egested material is
either consumed by other particle-eaters or remineralized by bacteria, fungi, etc. in the water
column, or it sinks to the sea floor of shallow seas or continental shelves, where it is either
consumed and reworked by bottom-dwelling organisms or is remineralized by bacteria, fungi, etc.
on or near the bottom. Some of the food carbon (or calories) assimilated into tissues of second-
trophic-level consumers (aP) becomes substrate for respiration (rP), and, as in Trophic Level I, is
not available to third-trophic-level consumers. That carbon (or calories) not respired is considered
to be growth, or net production [(a-r)P], functionally equivalent to net production at the first
trophic level. Again, excretion of dissolved organics becomes the coupling to microbial loop
processes, with DOM not available to be passed directly along the particulate trophic pathway.
The trophic pattern in Fig. 9 can be extended through as many trophic levels as desired, because
the functional relationships remain the same even though taxonomic species may change
radically.

2.3.2.5.3. Radionuclide Metabolism and Biomagnification

What does all the above have to do with radionuclides? If the radionuclide is an isotope of
a metabolically important element (Fe59 or Zn65, for example), one might expect that it would
follow the same pathways as carbon (Fig. 9). In some sense this is true. Zn65; for example, is
taken up by phytoplankton in the same manner as stable zinc, and Zn is an element required in
certain key cellular enzymes of cells. Phytoplankton thus incorporate Zn65 as net production
much as they incorporate C14 as an isotope of stable carbon. However, zinc is not respired as
carbon is, so that particular avenue of loss to the cell is not available. Zinc (and thus Zn65) is
excreted by phytoplankton, however, and thus can enter the microbial loop as DOM heavily
invested with Zn atoms. Zinc (and thus Zn65) can accumulate heavily in cells not only as
metabolically bound Zn (as part of an enzyme, for instance), but also as loosely bound Zn
(adsorbed to membrane surfaces, for example). In our functional sense (Fig. 9), this loosely
bound Zn is still "net production" unless (or until) it is excreted or otherwise depurated from the
cell as dissolved organic matter or even as zinc atoms. In this sense zinc (and Zn65) does not
behave in exactly the same manner as the non-trace element carbon. This propensity of cells to
concentrate zinc (and other trace elements, with their radionuclides) both tightly (metabolically)
and loosely (non-metabolically), means that concentrations of zinc far and above its concentration
in the water can be passed along to Trophic Level II. Furthermore, from the large amounts of Zn
consumed as particles by second-trophic-level organisms, even larger concentrations of
metabolically and non-metabolically bound Zn accumulate as "net production" in Trophic Level
II. This pattern of more or less continuous increase in zinc (and Zn65) concentration per unit
biomass with increasing trophic level is called biomagnification, and points up a major difference
between the trophic level dynamics of many trace elements (and their radionuclides) and of basic
"building block" elements such as carbon and nitrogen. Carbon and nitrogen basically are
conserved in biological tissues at all trophic levels in accordance with stoichiometric ratios that
vary relatively little between bacteria and whales, whereas trace elements (including even the
non-metabolically-useful, high-atomic-weight transuranic elements and their radionuclides) are
often biomagnified through food webs. We will examine this more fully in the next chapter;
however, a fundamental appreciation for trophic-level processes on a functional basis (Fig. 9)
allows one to understand the role of biology and "the organic world" in elemental (and
radionuclide) uptake and transfer. Furthermore, this "functional biology" can be placed in context
with the physico-chemical world in which it is embedded (Figs. 5, 6, 7).
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