
maize came into the Lake Patzcuaro Ba- 
sin, through tribute and through market 
exchange. Tzintzuntzan was the center 
of a tribute network that covered the en- 
tire Tarascan territory. Except from 
zones of unusual resources (such as near 
the copper and silver mines), a major 
item of tribute was maize. Maize was 
used for religious offerings and state 
gifts, and also to maintain the army and 
the king's household. The amount of 
maize obtained in this way was apparent- 
ly insufficient to maintain the Lake Patz- 
cuaro Basin population, and residents 
are known to have traveled outside the 
basin to exchange lake products for 
maize (5). This exchange of maize for 
lake products demonstrates not only the 
need for maize from outside the basin 
but also indicates that a significant pro- 
portion of the maize exchanged in the 
Pitzcuaro markets of Tzintzuntzan and 
Pareo also must have come from outside 
the basin. 

Tzintzuntzan was both administrative 
and market center for the Lake Patz- 
cuaro Basin. In wielding power not only 
on behalf of the city of Tzintzuntzan but 
more importantly on behalf of the Lake 
Patzcuaro Basin, the governing elite de- 
veloped and intensified Tzintzuntzan's 
centralizing political functions which 
they used in widening their economic 
and political base in the Tarascan king- 
dom. In the development of these func- 
tions, Tzintzuntzan differed from the flo- 
rescent Aztec capital of Tenochtitlan, in 
part because of ecological differences be- 
tween the Lake Patzcuaro Basin and the 
Basin of Mexico. For these reasons, un- 
derstanding the development of the Ta- 
rascan political system is important for 
understanding the evolution of state sys- 
tems in Mesoamerica. 
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class measurements. 

3. S. Gorenstein and H. Pollard, "Report to the 
National Science Foundation-National Endow- 
ment for the Humanities" (1980). 

4. Studies have documented that the bulk of the 
modern and historic Tarascan diet consisted of 
80 to 85 percent maize [Plan Lerma Asistencia 
Tdcnica, Operaci6n Patzcuaro (1968); D. 
Brand, Quiroga: A Mexican Muncipio (Smith- 
son. Inst. Inst. Soc. Anthropol. 11 (1951]. Pro- 
tohistoric Mesoamerican diets are commonly es- 
timated at 65 to 80 percent maize [W. Sanders, 
in The Valley of Mexico, E. Wolf, Ed. (Univ. of 
New Mexico Press, Albuquerque, 1976), p. 101; 
F. Ivanhoe, Rev. Mex. Estudios Antropol. 34, 2 
(1978); R. Santley and E. Rose, World Archaeol. 
11, 2 (1979)]. Other cultigens such as amaranth, 
beans, and squash supplemented this diet [see 
(5)] and with maize produced an agricultural 
dietary contribution equivalent to 80 to 95 per- 
cent of the diet. Forest, lake, and marsh prod- 
ucts made up the other 5 to 20 percent. 

5. Relacidn de Michoacan (1541) (Aguilar, Ma- 
drid, 1956). 

6. G. E. Hutchinson, R. Patrick, E. Deevey, Geol. 
Soc. Am. Bull. 67, 1491 (1956). 

7. The presence of irrigated land is documented in 
the early Hispanic period (5), and the precise lo- 
cation and extent of irrigable land have been 
projected from the hydrographic reconstruction; 
the higher lake level of the early Hispanic period 
severely restricted its extent. 

8. Houselot gardens have been omitted. This un- 
dercounting is more than matched by the in- 
clusion of land directly under settlements in land 
class measurements. 

The current edge-on presentation of 
Saturn's ring plane and the recent Pio- 
neer 11 encounter have caused renewed 
interest in the E ring, which is external to 
the planet's visible rings. The existence 
of a ring extending to twice the diameter 
of the A ring was first reported by Feibel- 
man (1) during the last edge-on passage 
(1966 to 1967). A somewhat similar re- 
port was given by Kuiper (2) in 1974. 
Originally called the D ring, and various- 
ly referred to in the literature as the DI, 
E, or Z ring, it has now become estab- 
lished as the E ring. 

The optical thickness of the E ring, de- 
rived from the 1966 Allegheny Observa- 
tory (University of Pittsburgh) photo- 
graphs, was estimated by Smith et al. (3) 
to be 10-6 to 10-7. Although the imaging 
photopolarimeter on the Pioneer 11 
spacecraft did not detect the E ring di- 
rectly because of its faintness, its exis- 
tence was inferred from particle mea- 
surements (4), trapped radiation data (5), 
and magnetosphere measurements (6). 

Because of the difficulty of presenting 
very faint images in halftone reproduc- 
tions, the original photographs of the 
1966 observations were never published, 
but microdensitometer scans derived 
from them were shown (1). Recently, 
two different methods of image process- 
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ing were applied to the 1966 photographs 
in order to enhance the faint image of the 
E ring (Figs. 1 and 2). Figure 1A, a 30- 
second exposure taken on 27-28 October 
1966, shows the visible rings edge-on; 
Fig. 1C, a 2-minute exposure taken 
on 14-15 November 1966, shows four 
satellites west of Saturn and two east of 
Saturn (additional satellites were photo- 
graphed outside the field shown); and 
Fig. 1E shows a 30-minute exposure, al- 
so taken on 14-15 November. All prints 
were enlarged to the same scale. Figure 
1, A, C, and E, shows x5 enlargements 
that were scanned 1 : 1 by means of a 
Tech/Ops image quantizer operated in 
the derivative mode to enhance edge 
contrast. The scanning aperture, re- 
ferred to the original negative, was 25 by 
25 ,um (width and height). The resulting 
patterns are presented in Fig. 1, B to F. 
Figure 1G is identical to Fig. 1F, but was 
scanned in the reverse direction. In addi- 
tion to the overexposed disk of the plan- 
et, a straight line is seen extending to the 
west of the planet on the 30-minute ex- 
posure taken on 14-15 November (Fig. 
1, E to G). The line extends to roughly 
twice the diameter of the visible rings 
shown in Fig. 1A, and is interpreted as 
being the E ring. 

The second method for image en- 
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Abstract. Saturn's E ring is revealed by image processing of direct photographs of 
the 1966 edge-on presentation of the planet's ring plane. Two different techniques 
were used: scanning with an image quantizer operated in the derivative mode and 
computer-enhanced background subtraction from digitized images. 
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Fig. 1. (A) A 30-second exposure of Saturn 
taken on 27-28 October 1966. The planet is 
slightly overexposed and the visible rings are 
seen edge-on. (B) The same print as in (A), 
processed by the image quantizer in the deriv- 
ative mode to enhance contrast. (C) A 2-min- 
ute exposure of Saturn taken on 14-15 No- 
vember 1966. The planet is considerably over- 
exposed, but four satellites are seen on the 
right (west) side. (D) The processed version of 
the image shown in (C). (E) A 30-minute ex- 
posure of Saturn taken on 14-15 November 
1966. The planet is very overexposed. A very 
faint thin line can be seen to the left (east) side 
on the original. The superimposed circle rep- 
resents the size of the planet's disk. (F) The 
processed version of the image shown in (E). 
The E ring is seen quite clearly extending to 
the east. (G) The same image as in (F), but 
scanned in the reverse direction. All images 
are printed to the same scale. 

Fig. 2. Computer-generated image of 
the 30-minute exposure taken on No- 
vember 14-15 1966; the circularly sym- 
metric overexposed image of Saturn 
has been subtracted. The E ring is seen 
to the left (east) and satellites to the 
right. The vertical streak indicates 
where the digitized image was sampled 
for subtraction. 
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hancement was to subtract a circularly 
symmetric image of the overexposed 
disk of Saturn so that the resultant image 
revealed the E ring. The original nega- 
tive of the 30-minute exposure for 14-15 
November was digitized with a Photo- 
metric Data System microdensitometer 
in a raster scan mode with a 10-,m step 
and spot. The digitization was done in 
units of photographic density and no cor- 
rection for the nonlinearity of the photo- 
graphic emulsion was made. The digital 
image was displayed and manipulated 
with the Astronomical Data Analysis Fa- 
cility image display system (7) of the 
Laboratory for Astronomy and Solar 
Physics. Since the overexposed disk of 
Saturn is almost circularly symmetric, a 
vertical slice was taken through the 
middle of the image and rotated about its 
axis of symmetry to create a second im- 
age, which was then subtracted from the 
original image. The result of this sub- 
traction is shown in Fig. 2. The edge-on 
ringlike structure is seen in the left half 
of the image, tilted about 2.5? from the 
horizontal. The presence of the satellites 
in the right half of the image clearly 
shows the success of the technique in re- 
moving most of the circularly symmetric 
overexposed image of the disk of Saturn. 

Coronagraph-type photographs made 
on 1 November 1979, microdensitometer 
tracings of them obtained at Pic du Midi 
by Dollfus (8-10), and photographic ob- 
servations by Laques and Lecacheux 
(11) verify the existence of the E ring. 
Observations by Smith et al. (12-14), 
made with a charge-coupled device 
(CCD) camera in November 1979 and 
February 1980 at Catalina Mountain, 
Arizona, appear to confirm it unequivo- 
cally (15). 

Note added in proof: The Space 
Telescope Wide-Field Camera Instru- 
ment Definition Team reports the de- 
tection of the E ring to at least 8 Saturn 
radii on both sides of the planet; a CCD 
camera was used at the U.S. Naval Ob- 
servatory in March 1980 for these obser- 
vations. (15). 
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In order to evaluate the benefits of ni- 

trogen fixation to higher plants, it is es- 
sential to know the amount of energy 
consumed in this process. Although 
there is increasing information about the 
energy requirement for nitrogen fixation 
in legume root nodules (1, 2), as far as we 
know there have been no such studies 
of actinomycete-induced root nodules, 
which occur in eight families of dicots; 
the term "actinorhizal" is now being 
used for this association (3). Actinorhizal 
nodules are very different from legume 
nodules not only in the nature of the 
endophyte but also in other character- 
istics including anatomy, the lack of leg- 
hemoglobin, and higher partial pressures 
of oxygen in the region of the nodule 
containing the endophyte (4). Thus one 
would not necessarily expect the two 
kinds of nodules to be equally efficient in 
energy usage. Nevertheless, we have 
found that both the absolute rate of nitro- 
genase activity and the energy cost of ni- 
trogen fixation are similar in the two 
types of nodules. This finding should 
give encouragement to efforts to develop 
new nitrogen-fixing plants, since it in- 
dicates that there is flexibility in the 
means of obtaining an efficient sym- 
biosis. 

We estimated the amount of energy 
consumed in nodules during nitrogen fix- 
ation in terms of the rate of CO2 evolved 
from nodule respiration; nitrogenase ac- 
tivity was simultaneously measured in 
terms of the rate of C2H2 reduction (5). 
The ratio of CO2 evolution to C2H2 evo- 
lution provides an estimate of the energy 
required for nitrogen fixation. Field pop- 
ulations of plants were examined so that 
a wide range of species could be studied 
and to avoid the abnormalities that are 
possible in greenhouse-grown plants. 
The rates of CO2 and C2H2 evolution in 
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these field-collected nodules were quite 
variable (Table 1), but there was no cor- 
relation with the type of endophyte, 
which confirms earlier reports (6, 7). The 
ratio of CO2 evolution to C2H4 evolution 
was much less variable, with values 
ranging from 3.4 to 5.6 for legume nod- 
ules and from 2.8 to 8.7 for actinorhizal 
nodules. If the higher ratios for Cea- 
nothus and Myrica are disregarded (8), 
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the range for actinorhizal nodules is from 
2.8 to 3.8; if the value for Melilotus is 
disregarded, the range for legumes is 
from 3.4 to 4.5. Additional measure- 
ments will undoubtedly reveal lower ra- 
tios for the species studied, but the ratios 
are not likely to be much lower because 
the lowest values found approach theo- 
retical limits (discussed below). 

The values in Table 1 generally agree 
with earlier results for the energy re- 
quirement for nitrogen fixation by le- 
gume nodules (1). However, Pate and his 
co-workers have found values equivalent 
to 1.2 moles of CO2 per mole of C2H2 re- 
duced in both peas and cowpeas (2). 

Detachment of root nodules, as done 
in our field measurements, may some- 
times cause substantial reductions in ni- 
trogenase activity (9). To test whether 
this could have any effect on our con- 
clusions, we studied the effects of nodule 
detachment on CO2 and C2H4 evolution 
by actinorhizal (Alnus rubra) and legume 
(Glycine max) nodules. Figures 1 and 2 
show that for representative nodules ex- 
cision has no effect on the ratio of CO2 
evolution to C2H4 evolution for the first 3 
hours after excision, although there was 
a modest decrease in the absolute rate of 
CO2 and C2H4 evolution by nodules of 
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Table 1. Results of measurements of nitrogenase activity (measured as C2H4 evolution) and CO2 
evolution in root nodules. Nodules were collected from the field between 19 and 30 August 
1978, except as noted. Sites 1 and 2 were 1 mile apart. All collections were made in central 
Massachusetts. Nodules that were much larger or smaller than typical were excluded. Detached 
nodules (25 to 100 mg total) were placed in a 10-ml plastic syringe which contained a moist piece 
of filter paper, and the syringe was then capped with a rubber serum stopper. The assays were 
initiated (25 to 60 minutes after collection of the nodules in the field) by flushing the syringes 
with air and adding 10 percent C2H2. After incubating the nodules for 25 to 40 minutes at 22?C, 
gas samples were taken for analysis of CO2 and C2H4 with a gas chromatograph (Carle model 
AGC 111) equipped with a thermal conductivity detector. The column (3.1 m by 1.7 mm, inside 
diameter) was packed with Porapak N, the carrier gas was helium, and the oven temperature 
was 40?C. Data are means + standard errors of the mean; N, number of assays. 

C2H4 C02 
[,umole [,tmole C2/ 

Species N hour-1 g-' hour-' g-1 H 
(fresh (fresh 

weight)] weight)] 

Actinomycete-induced nodules 
Alnusrugosa, site 1 7 12.1 ? 3.2 41.4 + 7.8 3.4 
Alnus rugosa, site2 5 21.5 + 1.9 80.9 ? 5.4 3.8 
Ceanothusamericanus 6 1.8 ? 0.1 15.8 ? 1.9 8.7 
Ceanothusamericanus, 6 11.1 ? 1.8 42.0 ? 5.7 3.8 

4 September 1979 
Comptoniaperegrina 4 7.1 + 0.7 21.2 + 1.8 3.0 
Elaeagnus umbellata 5 12.7 + 0.9 35.9 + 2.9 2.8 
Myrica gale 4 6.1 + 1.6 46.2 + 6.0 7.6 
Myrica gale, 3 July 1979 3 12.1 + 2.3 42.4 + 8.1 3.5 

Rhizobium-induced nodules 
Amphicarpa bracteata 5 9.5 ? 0.4 42.0 + 3.4 4.4 
Apios americana 5 10.4 + 2.6 47.3 + 6.9 4.5 
Desmodium sp. 5 12.0 ? 0.7 41.4 + 1.8 3.5 
Melilotus sp. 8 5.8 ? 0.7 32.7 + 4.6 5.6 
Phaseolusvulgaris 5 13.1 + 0.5 51.2 + 2.7 4.0 
Robinia pseudoacacia 

Nodules < 1 yearold 4 9.8 ? 1.6 43.9 + 6.1 4.4 
Nodules > 1 year old 4 4.8 + 0.6 20.9 ? 1.7 4.3 

Trifolium pratense 2 25.7 ? 4.4 107.0 ? 19.0 4.2 
Vicia sp. 4 23.2 + 1.6 78.1 ? 5.3 3.4 
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Energy Requirement for Nitrogen Fixation in 

Actinorhizal and Legume Root Nodules 

Abstract. The ratio of respiration to nitrogenase activity was measured in five 
species of actinorhizal root nodules and eight species of legume nodules. The two 

types of nodules could not be distinguished on the basis of this ratio; this evidence 
thus indicates that the energy cost of nitrogen fixation is similar for both. 
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