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Implications of a Systen 
Approach to Oceanograpl 

Studies of marine biomes involve both rapid d: 

analysis and group cooperation at s 

John J. We 

Contemporary data acquisition and 
computer systems on board ships en- 
able oceanographers to examine data 
on a large number of variables while 
at sea. This ability to rapidly examine 
the changing parameters of a marine 
ecosystem, through either continuous 
monitoring or cooperative experiments 
aboard ship, has led groups of ocean- 
ographers to consider undertaking 
holistic studies of marine ecosystems. 
Sufficient data on the distribution of 
system variables can be processed fast 
enough for individual oceanographers 
to interact at sea rather than 2 years 
later, to plan group experiments while 
in the study area, and to begin to use 
simulation models as tools for the syn- 
thesis of incoming data. 

Approximately every 10 years, math- 
ematical models have been used to 
study marine ecosystems; this phenom- 
enon may reflect an increase in the 

ability to gather data as well as a pe- 
riodic need for synthesis. Until recently, 
however, models have stressed either 
individual populations or individual 

processes. The early models, based on 
individual laboratory populations, were 
developed in the 1920's (1) and 1930's 
(2) and were transferred to the pre- 
liminary oceanographic studies of the 
1940's (3) as data on marine ecosys- 
tems became available. In the 1950's, 
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an interim period of 
hand calculators, more 
(4) were constructed 
were generated on the 
of marine organisms. 

Although field studie, 
were carried out in the 
lack of generally access 
computers restricted mn 
to population studies. 
models of the 1950's w 
for the first time in the 

analog computers capa 
small-scale simulation 
scope and requirements 
ogy, or studies of total 
came apparent (7), a 
to the digital computers 
These computers made 

plex models of multi 
interaction (8), fisher 
(9), and nutrient flow 

trophic levels (10). The 
ulate has perhaps now 
the ability to measurn 
tems. 

Studies of total ma: 
were advocated as mai 

ago by the late W. C. A 

One of the more intellig 
versity presidents once sz 
seemed to be the study 
the pig left out. Modern 
ography have seemed to I 
times, the same definiti 
sty is so complicated and 
ful that it is not to be 
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attracts attention as compared with the 
less obvious oceanic pig. Fortunately, the 
emphasis given in the present symposium 
[1933] shows that the latter is not being 
entirely neglected even though as yet, no 
one seems able to see the whole pig. If as 
a result of my remarks you are tempted 

n[S to think that I have my attention fixed so 
low as to be able to see the pig's feet 

~4 ?~ ~ only, I assure you that the defect is more 
3y apparent than real, and is caused by the 

great ease of focusing on the littoral 
animal communities of the bottom, than 

ata upon those of the entire waters. ... . The 
subdivision of littoral regions into faunal 

ea. provinces . . . suggest[s] the biomes of 
modern workers.. . . Analysis of this 
complex challenges our best individual and 
cooperative power. Failure to recognize 

dlsh the essential unity of this animal-plant- 
environment relationship retards progress 
in oceanic studies . . . and consideration 
of their properties will help us to . . . 
perhaps throw some light upon the prob- 

slide rules and lems now awaiting solution in marine 
detailed models ecology. 
as more data Our environmental problems are even 

metabolic rates greater now (12) than they were in 
1933, but the implementation of sys- 

s of ecosystems tems studies has had to await the de- 
1950's (5), the velopment of an adequate technology 
sible high-speed and sufficient interest in a systems ap- 
lodeling efforts proach to oceanography. 
The population 
vere transferred 

1960's (6) to Marine Biomes 
ble of running 
models. As the The easily accessible intertidal re- 
of systems ecol- gions have been well described (13), 
ecosystems, be- and energy budgets of both organisms 
shift was made and communities have been prepared 
s of the 1970's. for areas such as mangrove forests 

possible com- (14), salt marshes (15), and rocky 
iple population coasts (16). The distribution of marine 
y management benthic communities has also been ex- 

within several tensively studied (17), and some ma- 
ability to sim- rine ecologists have concentrated on 

caught up with individual pelagic communities (18). 
total ecosys- Few oceanographers, however, have 

addressed themselves to studies of total 
rine ecosystems marine ecosystems on a scale com- 
ny as 40 years parable to studies of the terrestrial 
llee (11). biomes of grassland, tundra, desert, 

,ent of our uni- deciduous forest, coniferous forest, and 
aid that Ecology tropical forest (19). Efforts to build 
of the sty with simulation models as part of a systems 

studies of ocean- approach to upwelling ecosystems (20) 
ne to deserve, at have led to questions about total ma- 
on. The ocean's 
vast and beauti- rlne ecosystems and whether or not 

wondered that it the ecosystems of these coastal upwell- 
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Table 1. Estimated potential yield of fish per year in upwelling ecosystems (78). 

Effective period 
of upwelling Pelagic Demersal Whales 

Area over the fish fish 
whole ecosystem (100 tons) (10o tons) 

(months) 

Peru-Chile 12 11.5 0.6 
Angola-South Africa 9 3.9 1.1 
Dakar-Casablanca 8-9 3.0 0.7 
Baja California- 7-8 3.5 0.4 

Cape Mendocino 
Arabian Sea 6 3.5 0.7 
Oregon-Washington 3-4 0.8 0.6 
Gulf of Panama 3-4 0.2 0.1 
Antarctica 3-4 1.6 

ing areas constitute collectively a ma- 
rine biome. Are there food chains of 
persistent communities in these areas 
that can be recognized as a separate 
entity over sufficient geographic (cli- 
matic) and temporal (geological) 
scales to have evolutionary implications 
as to its structure, function, and main- 
tenance? 

The upwelling ecosystems are easily 
recognized, for the effects of coastal 
upwelling appear not only in the biota 
of the immediate marine environment, 
but in the geology of the sea floor and 
in the climate, geology, and communi- 
ties of ecosystems in adjacent land 
areas as well. A number of features 
(21, 22) characterize the upwelling 
biome: (i) an almost complete lack of 
rain in the adjacent terrestrial eco- 
systems, resulting in a coastal desert 
community; (ii) moderate humidity 
with frequent fog; (iii) high concen- 
trations of nutrients and organisms, 
with typical pelagic, intertidal, and 
benthic communities, as well as an 
emphasis on pelagic rather than de- 
mersal fisheries; (iv) a large bird 
population and, consequently, an ac- 
cumulation of guano deposits on the 
islands they inhabit; (v) a periodic 
mass mortality of marine organisms 
caused either by dinoflagellate blooms 
or anoxic conditions; (vi) deposits on 
the sea floor of sediments of high or- 
ganic content and characteristic accre- 
tions of phosphate; and (vii) deposits 
on the land -of sediments characteristic 
of a very dry climate (for example, 
sand and salt). 

With respect to the pelagic compo- 
nent of an upwelling biome, the same 
kinds of diatomaceous phytoplankton 
and clupeid fishes are found in the 
major upwelling areas along the coasts 
of Peru, California, Arabia, and north- 
west and southwest Africa. That im- 
mense fisheries are supported by these 
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ecosystems has been attributed to the 
fact that energy transfer is more effi- 
cient in short food chains such as these 
than in long food chains (23). Some 
organisms, such as Euphausia pacifica, 
are carnivores in the longer food chain 
of an oceanic ecosystem (24) and 
herbivores in the shorter food chain 
of a coastal ecosystem (25). A number 
of people have noted that clupeid 
fishes are found only near coasts (26), 
but none of them has been able to 
provide a hypothesis as to why these 
fishes are there or why some are herbi- 
vores in the short food chains of up- 
welling ecosystems. 

Plumes, or eddies of cold water 
drifting offshore, are characteristic of 
upwelling areas (27, 28). Two of these 
ecosystems, off Peru and northwest 
Africa, have been studied thus far in 
the International Biological Program, 
"Dynamics of biological production in 
upwelling ecosystems," and it has been 
found that nutrients and chlorophyll 
are distributed in the same pattern as 
the temperature plumes in these areas. 
Early studies of the 'California eco- 
system (29) indicate that the same rela- 
tion exists there between phytoplankton 
and upwelled eddies of water. This 
variation in water temperature in up- 
welling areas may be a key to the evo- 
lution of the short, productive food 
chains. 

Distributions of pilchard (30), her- 
ring (31), sardines (32), and ancho- 
veta (33) appear to be associated with 
temperature gradients. This parameter 
may be important in maintaining dy- 
namic speciation in the oceans (34). 
It is possible that these relatively 
primitive, very distinct teleost fish 
(35) have developed the ability to use 
the cold-water plumes characteristic 
of upwelling areas to locate, feed, and 
stay with the phytoplankton blooms in 
the upwelled water. Echograms have 

indicated dense schools of anchoveta 
in plumes off the coasts of Peru and 
Chile during weak periods of upwell- 
ing (33, 36). As the upwelling season 
intensifies (37), the plumes become 
more diffuse and the fish populations 
disperse along the entire coast (38). 
Similarly, schools of sardines and an- 
chovies have been observed to migrate 
north (39) along the coasts of Cali- 
fornia and northwest Africa, 'following 
the seasonal movements of the cold 
isotherms of the upwelling centers 
(40). 

On the basis of low diversity-high 
instability hypotheses (41), the low 
diversity of these pelagic components 
(42) would .argue against the develop- 
ment of a persistent community in the 
upwelling areas. Low diversity-high 
instability theories purport that such 
communities, involving reputedly sim- 
ple trophic relations, undergo time lag- 
induced oscillations in population 
density of sufficient magnitude to gen- 
erate unstable behavior and possible 
extinction of individual species or com- 
munities. However, the low diversity 
upwelling ecosystems may contain con- 
trol mechanisms other than the inherent 
food web complexity, which is pre- 
sumed to 'be a buffer to perturbations of 
high diversity ecosystems. If these up- 
welling ecosystems contain sufficient 
feedback links or interactions to reduce 
population oscillations (such as grazing 
stress dependent on food density, or 
temporal isolation of trophic levels 
through spatial heterogeneity of the 
upwelling area), then they may still 
constitute a marine biome. 

The food chains of upwelling eco- 
systems do not appear to be controlled 
by predators, as are some terrestrial 
food chains (43); periods of low or 
high predator stress apparently do not 
change the structure -of these food 
chains. When periods of El Nifio, or 
incursions of warm water occur along 
the coast of Peru, the anchoveta move 
offshore or remain in the deeper, cold 
water; thus birds, their, natural, major 
predators, are no longer able to feed 
on them (38, 44). However, there does 
not seem to be too much change in the 
anchoveta populations during these 
periods of low predator stress (45); 
the factor limiting the population of 
the avian predators may be nesting 
space (46) rather than the availability 
of food. In contrast, man has appar- 
ently preyed so intensively on sardines 
off the California coast that they may 
be replaced in their niche by anchovies 
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(47). Even so, there has been little 
apparent change in the clupeid compo- 
nent of the food chain of this eco- 
system during at least the last 1000 
years (48). 

There are other feedback mecha- 
nisms, however, which may be respon- 
sible for maintaining the phytoplank- 
ton-clupeid communities. In the Peru- 
vian ecosystem, nutrients are recycled 
directly in the form of anchoveta ex- 
cretions (49). The value of a simula- 
tion model is quite clear in this case. 
An ;attempt to obtain a mass balance 
of nitrogen to account for the observed 
phytoplankton biomass (50) reinforced 
the idea that ammonium is an impor- 
tant source of nitrogen for phytoplank- 
ton (51). The measured uptake of 
15N-labeled niltrate did not account for 
all of the phytoplankton growth in the 
model; when the measured input of 
ammonium from fish gill excretions 
(52) was added to the nutrient uptake 
expression of the model, a mass bal- 
ance was obtained. 

Because of their large biomass, an- 
choveta are more important than zoo- 
plankton in regenerating nutrients off 
the coast of Peru (50). In addition, 
the anchoveta apparently experience a 
vertical, diel migration in the plume 
areas (33), and may follow a pattern 
of feeding in surface water at night and 
resting in the subsurface sources of 
upwelled water during the day. The 
possible nutrient "short circuit" and the 
diel alternation of grazing stress in the 
surface layer of :a structured environ- 
ment could be factors contributing to 
the stability and high productivity of 
these short food chains, at least in the 
Peruvian ecosystem. During periods of 
intense upwelling, when plumes are no 
longer distinct centers of herbivore 
populations and nutrient recycling, 
the phytoplankton biomass off Peru 
is approximately half as large as it is 
during the periods of weak upwelling 
(53). 

The water circulation patterns of up- 
welling areas may provide indirect 
feedback loops. Subsurface counter- 
currents have been observed in the 
major upwelling areas (54), and a 
shallow, 25-meter current flowing south 
was found under the northward Ekman 
drift, off the coast of Peru (55). Ex- 
periments in which trace metals and 
chelators were added to this water (56) 
suggest that, if the source of upwelled 
water is the northern, "self-fertilized" 
section of the ecosystem, enrichment 
will not increase the growth of phyto- 
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plankton. However, if the source of 
upwelled water is offshore and to the 
south, where the productive Ekman 
layer no longer overlies it, then enrich- 
ment will enhance phytoplankton 
growth. The surface circulation may 
serve -as an additional means of reseed- 
ing phytoplankton populations in the 
upwelling plumes. A warm eddy with 
a high concentration of chlorophyll 
appeared to be returning shoreward off 
Point San Juan, Peru (20). This flow 
may be a secondary source of phyto- 
plankton; mixing occurs across the in- 
terface between the offshore and on- 
shore plumes. These possible feedback 
loops suggest that phytoplankton pro- 
duction, at least off Peru, may be di- 
rectly related to both the circulation 
and the herbivores of the upwelling 
ecosystem. 

Peru's upwelling ecosystem is the 
richest in the world (Table 1). It is the 
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only ecosystem in which the centers 
of upwelling do not appear to migrate 
up the coast and in which fish may be 
the dominant herbivore. As mentioned 
previously, the clupeids apparently fol- 
low the isotherms in at least two of 
the other major ecosystems, in which 
the pulse of energy migrates from the 
equator toward the poles. Fish are 
rheotactic (57), and it is possible that 
they swim against opposing currents in 
such upwelling ecosystems, not only 
as a response to temperature, but also 
in order to follow the centers of high 
productivity. If so, this behavior could 
be, in terms of evolution, a somewhat 
primitive feedback loop. Not all sub- 
populations of these clupeids migrate 
from one end of the ecosystem to the 
other (58), but there appears to be a 
minimum amount of total energy input 
distributed over the entire upwelling 
system, and perhaps a minimum num- 
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Fig. 1. A systems approach to the understanding of upwelling ecosystems. 
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Fig. 2. A map produced by a seagoing computer of the surface chlorophyll distribu- 
tion (measured in micrograms per liter) off Point San Juan, Peru. 

ber of feedback loops, required to 
maintain the phytoplankton-clupeid 
communities. The 6-month period of 
monsoon-induced upwelling along the 
African and Indian coasts of the 
Arabian Sea (59) may be the mini- 
mum amount of energy required to 
maintain a large clupeid fishery. The 
Washington-Oregon extension of the 
California ecosystem is relatively poor, 
perhaps because of either the short up- 
welling season or heavy inputs of fresh 
water from rivers, and supports sal- 
mon, a small herring fishery, and an 
equally important demersal fishery 
(60), in contrast to other upwelling 
ecosystems. The Gulf of Panama's 
clupeid stocks are even smaller and 
are not supported solely by upwelling, 
for during some periods of the year 
the anchoveta are iliophagous, feeding 
on the benthic algae of the mud flats 
(61). The phytoplankton of the Ant- 
arctic upwelling ecosystem is even less 
diverse than that of subtropical upwell- 
ing systems (28). Although upwelling 
provides adequate nutrients, this eco- 
system receives only 3 to 4 months of 
radiant energy (62), which is evidently 
an insufficient input to allow for a 
food chain involving clupeid fish. 

The above material is admittedly 
speculative and is intended to be a 
general holistic consideration of what 
might be some of the functions of both 
spatial heterogeneity and the role of 
low diversity elements of a pelagic food 
chain in maintaining a persistent com- 
munity. Certain intertidal animals (63) 
and plants (21) are characteristic of 
the upwelling ecosystems, and the 
benthic communities are typically a 
low diversity (64) and high productiv- 
ity (65) component as well. Not all 
ecosystems may need high diversity in 
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order to be stable and persistent, and 
not all precepts of terrestrial ecology 
may be valid in marine ecosystems. The 
upwelling ecosystems, because of their 
similar climatological and geological 
features and their similar biological 
and physical structure, may tentatively 
be considered to constitute a marine 
biome analogous to a terrestrial biome. 

The complexity and length of the 
food chain determines the appearance 
and behavior of an ecosystem (66). If 
the short food chains of upwelling eco- 
systems do constitute a marine biome, 
then one might expect to recognize 
biomes in the longer, more complex 
food chains of other marine ecosystems. 
An upwelling biome would be relatively 
easier to study, but perhaps outwelling 
(67) ecosystems [that is, those non- 
upwelling coastal ecosystems, coral reef 
ecosystems (68), polar ecosystems (69), 
and oceanic ecosystems (70)] might be 
considered marine biomes to be studied 
in the future as well. 

Implementation and Implications 
of a Systems Approach 

If there is an upwelling biome, what 
would the study of these ecosystems 
involve? The systems approach used 
in the International Biological Program 
studies of upwelling ecosystems is illus- 
trated in Fig. 1. Interaction of environ- 
mental data, experimental work, data 
analysis, and simulation models is es- 
sential for investigation of total eco- 
systems. The flow of information is 
cyclic where a simulation model's initial 
inability to adequately describe experi- 
mental and field results is necessary 
feedback for ongoing work. Construct- 
ing a model of an upwelling ecosystem 

is the best method of channeling infor- 
mation within subprograms and of 
maintaining the continuity of data re- 
quired for the various process sub- 
models (71) that make up the ecosys- 
tem model. The interactions among 
the physical, chemical, and biological 
components of the program are shown 
in Fig. 1. Existing submodels are com- 
pared with the real world, and the 
discrepancies that occur with each pass 
through the cycle are used in designing 
the next set of field and laboratory 
efforts, in improving the next set of 
process submodels, and in updating the 
system model. 

The adoption of this approach im- 
plies a new way to view oceanography 
and a new way to do oceanography. 
The field and theoretical results of 
studies on upwelling ecosystems over 
the last 3 years have demonstrated the 
necessity for experimental oceanog- 
raphy based on computers capable of 
rapid data analysis and on simulation 
modeling both aboard ship and ashore. 
Requirements for a computing facility 
aboard ship are particularly stringent, 
for the system must be capable of 
acquiring data in real time, of data 
editing of both underway and batch in- 
put, of graphic display of historical 
data, of presentation of ongoing labo- 
ratory experiments aboard ship, and of 
running simulation models. 

A real-time awareness of the eco- 
system allows the systems oceanog- 
rapher, while in the field, to plan 
tactical responses to temporal and 
spatial variations of upwelling ecosys- 
tems. The ability to view the ocean 
while one is there, rather than a year 
later, is essential to a systems approach. 
Figure 2, which shows the distribution 
of chlorophyll off Point San Juan, Peru, 
is an example of the maps of biologi- 
cal, chemical, and physical features 
that can be made while at sea. As the 
research vessel moves over the study 
area, seawater is pumped continously 
from a 3-meter depth through a series 
of temperature and salinity sensors, a 
fluorometer for determining the con- 
centration of chlorophyll, and an Auto- 
analyzer array for analyzing nutrients. 
The data are reduced, interpolated, and 
contoured on a CalComp plotter-the 
ship's track is indicated by the crosses 
in Fig. 2 (20). These maps can then 
be used by oceanographers in the field 
for planning the next set of stations 
and experiments aboard ship and for 
comparison with the output of ongoing 
simulation models. 

SCIENCE, VOL. 176 



In addition to viewing what appears 
to be the real world, one must be able 
to view what is hypothesized to be the 
real world. Synthesis of data at sea is 
essential. Interpretations of simulation 
results cannot easily be based on reams 
of paper from a slow line printer or 
plotter, however, and the use of com- 
puter graphics terminals has been ex- 
plored for fast presentations of both 
model output and different combina- 
tions of underway environmental data. 

Figure 3 is a series of time-frame 
photographs taken of the output of a 
sewage outfall simulation model (72) 
that is displayed on a cathode ray 
graphics terminal interfaced to a labo- 
ratory computer. The vertical isopleths 
represent decreasing concentrations of 
ammonia downstream from a diffuser 
at the lower left-hand corner of each 
frame; the horizontal isopleths repre- 
sent increasing concentrations of phyto- 
plankton after 12, 24, 36, and 48 
hours of simulated time. The vertical 
lines at the right of each frame are 
the boundary conditions for the am- 
monia and phytoplankton. The pre- 
dicted growth of phytoplankton down- 
stream from the sewage diffuser after 
48 hours can be seen from one frame 
to the next in the growth of phyto- 
plankton at right angles to the nutrient. 
As yet, this model is unvalidated, and 
field studies will be carried out in the 
near future. This simple model, how- 
ever, serves as an example of the utility 
of fast graphic display. 

Computer-animated movies (73) are 
another valuable means of condensing 
data, and a preliminary movie has been 
made by filming the output from the 
above sewage model. Visualizing the 
time-dependent behavior of system 
variables as abstracted by a simulation 
movie appears to be a powerful tool 
for studying the transient behavior of 
marine ecosystems. Computer graphics, 
whether in the form of plots, cathode 
ray tube display, animated movies, or 
a combination of the three, are essen- 
tial at sea in an attempt to unravel the 
complexities of upwelling ecosystems. 

As the ocean's processes become 
more visible, the capacity for scientists 
to interact at sea becomes much 
greater. More time is available for 
analyzing incoming data and one can 
begin to relate individual expertise to 
other activities aboard ship. The em- 
phasis is then shifted away from going 
to sea to collect samples; instead, one 
can go to sea to perform environ- 
mental experiments. Such a changing 
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emphasis implies increased group co- 
operation and the eventual redesigning 
of research vessels to house larger sci- 
entific groups. 

Once true group cooperation is 
achieved, research vessels equipped for 
sophisticated experiments will probably 
follow. The concept of group coopera- 
tion is of more immediate importance, 
for it implies a subtle refocusing of in- 
dividual scientific activities. No one 
person can study a total marine eco- 
system, nor can the dynamics of the 
ecosystem be understood by each in- 
vestigator doing his "own thing" inde- 
pendent of others. Group cooperation, 
however, cannot be achieved by listing 
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a group of people on paper or by 
agreeing to agree on a multidisciplinary 
study in the same area (74). Joint 
goals must be defined-they must be 
truly interdisciplinary, lead to a solu- 
tion to the questions posed, and, per- 
haps most important, reconcile the in- 
dividual scientist's interests within the 
framework of the group effort. All dis- 
ciplines must be equally important in 
the study or it must be clearly stated 
in the beginning which group is sup- 
posed to be performing the service 
function. 

Further, group studies require more 
funding, and it must be remembered 
that these large sums of money carry 

Time = 24 hours 

Time = 48 hours 

0 2700.0 5400.0 0 2700.0 5400.0 

x-y plane (meters) 
Fig. 3. A time sequence of the output of a simulation model of the phytoplankton 
(dashed line) and nutrient (solid line) concentrations (measured in 10-6 gram atomic 
weight per liter) in an x-y plane downstream from a hypothetical sewage diffuser, 
as displayed on a cathode ray graphics terminal. 
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'with them the specter of agency-di- 
rected research, which is not necessarily 
the case in projects carried out by indi- 
vidual investigators. Indeed, most if not 
all practicing scientists have been 
trained in the prima donna school of 
individual competence, research, and 
recognition. Participation in large 
group exercises implies some loss of 
independence and increased bureauc- 
racy. In the long run, the success of 
and the predictive payoff from true 
multidisciplinary research will depend 
to a large extent on the willingness of 
individual scientists to try to commu- 
nicate and cooperate in this kind of 
research. As more funds for these mul- 
tidisciplinary studies become available, 
the opportunities for group research 
will increase, and presumably society's 
reward structure for scientific activities 
will be stretched to include group as 
well as individual activities. 

Prospectus 

If there are marine biomes, if one 
adopts a systems approach, and if this 
is a manageable and personally reward- 
ing activity, what kind of success can 
be expected from this approach to 
oceanography? There are those, of 
course, who feel that this is not a very 
fruitful approach: "One can play God, 
by calling forth a theoretical sea where 
specific species of phytoplankton grow 
and are fed upon by specified species 
of prey. One turns loose the computer 
and makes it predict the state of the 
universe in a given number of weeks" 
(75). Such skepticism is perhaps 
justified in the light of the panacea 
promised by some modelers (76) who 
have little data to test their prognosti- 
cations. 

Unfortunately, most of our environ- 
mental problems occur at the systems 
level of complexity (77) and these 
problems cannot be solved either by 
ignoring parts of the system, in a piece- 
meal approach, or by ignoring the en- 
tire system, in castigation of modelers. 
If mercury is being discharged into an 
estuary, one cannot necessarily deter- 
mine the amount of it in benthos tissue 
by studying only phytoplankton, and a 
prediction of the distribution of mer- 
cury cannot be made without a work- 
ing hypothesis or model. If models are 
put in their proper perspective as one 
of the necessary tools of studies of 
marine ecosystems, and if these models 
and their individual components are 
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tested in the field, it should eventually 
be possible to use a family of systems 
models as a guide both to an under- 
standing of the dynamics, and to the 
piediction and management of pertur- 
bations of marine coastal areas. With- 
out a systems approach, it is not im- 
mediately clear that systems problems 
can be solved. 
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Third Lunar Science Conference 

Primal igneous activity in the outer layers of the moon 

generated a feldspathic crust 40 kilometers thick. 

Lunar Sample Analysis Planning Team 
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Two years ago the first scientific in- 
vestigations of returned lunar samples 
were reported at the Apollo 11 Lunar 
Science Conference (1). Samples from 
the first mission to the moon had been 
in the hands of investigators for 3 
months or less, and the picture of the 
moon that emerged at that time was 
necessarily restricted in scope. We 
learned that Tranquillity Base is under- 
lain by basaltic rock that erupted onto 
the mare surface 3.7 X 109 years ago, 
rock that is generally similar to terres- 
trial basalts but with important differ- 
ences: titanium and other refractory 
elements are enhanced in abundance, 
sodium and other volatile elements are 
depleted, and the water content and 
oxidation potential of the lunar basalt 
lava are orders of magnitude lower 
than those of analogous terrestrial lavas. 
The existence of other types of rock 
on the moon was only glimpsed, and 
the structure and evolution of the moon 
remained a mystery. 

By now five round-trip missions to 
the moon (including the Soviet Luna 
16) have returned some i76 kilograms 
of samples. Hundreds of man-years of 
scientific effort and thousands of pages 
of journal space have been devoted to 
investigation of the samples and to 
other aspects of the lunar problem. 
Our understanding of the moon has 
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increased proportionately. The Third 
Lunar Science Conference, held at the 
National Aeronautics and Space Ad- 
ministration Manned Spacecraft Center 
in Houston from 10 to 13 January 
1972, provided an opportunity to take 
stock of the advances made and prob- 
lems outstanding (2). 

Crust of the Moon 

Unquestionably the most important 
gain made is that we now know there 
is a lunar crust: We know the principal 
types of rock that comprise it and, 
broadly speaking, their distribution 
over the surface of the moon. We know 
the thickness of the crust in one region. 

There are three principal classes of 
crustal rock. One is mare basalt, rich in 
iron and sometimes titanium; the Tran- 
quillity Base rocks are examples. An- 
other is noritic rock (KREEP), rich in 
radioactive elements and refractory 
trace elements. The third is aluminum- 
rich anorthositic rocks (3). The most 
abundant lunar material of this class 
appears to be anorthositic gabbro, con- 
taining 70 percent plagioclase, although 
rocks with greater plagioclase content 
are also present. 

All three rock types are represented 
among the large rock specimens col- 
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lected by Apollo astronauts, but our 
confidence that these are the principal 
crustal rock types is based on the analy- 
sis and classification of thousands of 
glass and rock fragments in soil sam- 
ples from the various landing sites. The 
soils, being mixtures of particles exca- 
vated, pulverized, and dispersed over 
the lunar surface by meteoroid impacts, 
are the best random samples of crustal 
material available. Minor numbers of 
particles having other compositions are 
also present in the soils: granitic and 
ultrabasic rock fragments, and glasses 
compositionally similar to howarditic 
meteorites. 

We are informed of the surface dis- 
tribution of basalt, norite, and anortho- 
sitic rock by two remote sensing in- 
struments that the orbiting Apollo 15 
Command and Service Module (CSM) 
trained on the moon. An x-ray spec- 
trometer detected fluorescent magne- 
sium, aluminum, and silicon x-rays 
generated on the lunar surface by im- 
pinging shortwave solar radiation, and 
reported variations in the x-ray inten- 
sity ratios Al/Si and Mg/Si along the 
ground track of the CSM. A gamma- 
ray spectrometer sensed the natural 
decay of potassium, uranium, and 
thorium in the lunar soil and reported 
the abundances of these elements (Fig. 
1). The ground resolution in both ex- 
periments was about 150 kilometers in 
diameter. Generation of x-rays was 
confined to the upper millimeter of the 
soil layer; gamma rays from as deep 
as 10 to 20 centimeters in the soil were 
detected. 

The Al/Si x-ray intensity profile 
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