
(8). We added SOD to the ground water 
sample (13 mg liter-') and compared the 
H 2 0 2  accumulation rate and the absolute 
concentration of H 2 0 2  to that in a sample 
to  which no SOD had been added. The 
accumulation rate with SOD was about 
double the rate in the control. After 
sunlight irradiation (1.0 watt-hour m -2), 
the H 2 0 2  concentrations were 2.8 x 
1 0 - 6 ~  and 5.4 x I O - ~ M  in the sample 
without and with SOD, respectively. 
Thus, we  conclude that 0 2 . -  is a precur- 
sor in the sunlight-induced production of 
HzOz in natural waters. 

It is also possible that organoperox- 
ides might be formed. Catalase decom- 
poses H 2 0 2  and organic peroxides at  
different rates (9). Therefore, we could 
distinguish between these two peroxide 
species on the basis of a comparison of 
the rate of catalase decomposition of 
oxidants formed in situ relative to  that of 
added H 2 0 2 .  

Two samples of a ground water were 
exposed to sunlight for a total irradiation 
of 1.85 watt-hour m-2, a t  which time 
they were brought in out of the sun and 
the H 2 0 2  was measured. In both cases 
the final H 2 0 2  concentration was 1.4 x 
I O - ~ M  to  1.5 x 1 0 - 5 ~ .  To a third flask 
of ground water that was not irradiated, 
stock H 2 0 2  was added to give a 
1 . 1  x I O - ~ M  solution. These three solu- 
tions were then allowed to stand in the 
laboratory for 1 hour; no change in H 2 0 2  
concentration occurred. Catalase ( I  mg 
liter-') was added to one of the flasks 
that had been exposed to sunlight and to 
the one to  which H 2 0 2  had been added, 
and the H 2 0 2  concentrations were moni- 
tored in all flasks for 75 minutes. The 
H 2 0 2  concentration was constant over 
the period in the control solution (that is, 
the one t o  which no catalase had been 
added). The solutions to  which catalase 
had been added showed very similar 
decay curves with time. Had organoper- 
oxides been present then, we would have 
expected an intermediate decay rate. 
These data suggest that the measured 
concentrations are indeed attributed to  
H 2 0 2  and not to  organic peroxides. 

Both H 2 0 2  and 02.- are known to 
affect biological systems (10) and geo- 
chemical cycles (11). At the concentra- 
tion reported herein, it is very likely that 
H 2 0 2  and 0 2 . -  are important factors in 
the maintenance of the Eh (redox poten- 
tial) of natural waters high in organic 
matter. In addition, the occurrence of 
H 2 0 2  and 0 2 . -  implicate other reactive 
transients (for example, OH- and organ- 
ic radicals and metastable intermediates 
of many transition metals and nonmetal- 
lic elements) in the overall chemistry of 

natural waters. Whether these transients 
exert significant effects on surface water 
quality remains to  be shown. 
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Adaptations for Climbing in North American 
Multituberculates (Mammalia) 

Abstract. A recently discovered skeleton of Ptilodus exhibits several specializa- 
tions for climbing. A survey of postcranial bones of Cretaceous and early Cenozoic 
rnultituberculates from North America reveals similar locomotor specializations. 
Multituberculates possessed distinctive tarsal adaptations for a range of pedal 
mobility characteristic of arboreal mammals that descend trees headjrst.  The 
divergent hallux could move independently of the other digits. The long robust tail of 
Ptilodus possessed musculoskeletal features that, among living mammals, are 
associated with prehensility. 

Multituberculates are an extinct. hol- 
arctic group of nontherian mammals that 
ranged in geologic history from the Late 
Jurassic to early Oligocene. They are 
particularly diverse in Late Cretaceous 
and Paleocene strata, where they are 
abundantly represented by teeth and 
jaws. The postcranial skeleton of multi- 
tuberculates is, however, poorly known, 
and a variety of locomotor habits were 
postulated by early workers from limited 
evidence (1). The discovery of a nearly 
complete and well-preserved skeleton of 
Ptilodus kutnmae in the Paleocene Ra- 
venscrag Formation of southeastern Sas- 
katchewan (2) provides an opportunity 
to  reassess hypotheses concerning the 
locomotor adaptations of North Ameri- 
can multituberculates. Examination of 
all North American genera of Cretaceous 
and early Cenozoic multituberculates for 
which adequate postcranial material is 
available leads us to  conclude that they 
possessed adaptations suited for arbore- 
al life. 

The articulated portion of the skeleton 
of P ,  kummae is virtually complete pos- 
terior to  the anterior part of the rib cage. 
Portions of the dentition, pectoral girdle, 

and forelimbs were also recovered. Our 
analysis is based primarily on this skele- 
ton as  well as  on a specimen of the hind 
limbs and pelvis of a multituberculate 
referred to  the genus Eucosmodon by 
Granger and Simpson (3). We also exam- 
ined all available postcranial remains of 
North American multituberculates of the 
suborders Ptilodontoidea and Taeniola- 
bidoidea (4). These consist primarily of 
isolated limb bones, most of which have 
not been described. 

The skeletal proportions of multituber- 
culates are comparable to  those of gener- 
alized, noncursorial mammals such as 
opossums and tree shrews (5). However, 
specializations in the structure of the 
ankle, in the joint between the entocune- 
iform and the hallucal metatarsal, and in 
the tail are similar to  those in certain 
arboreally adapted Recent mammals. 

A number of mammals that climb, 
many of which are arboreal, possess an 
unusual range of pedal mobility (particu- 
larly abduction and plantar flexion) that 
permits headfirst descent on vertical sur- 
faces such as  tree trunks (6). During such 
activity, the hind foot is reoriented so as  
to  point the toes backward and position 
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the claws to secure a grip. The tibioas- 
tragalar and astragalocalcaneal joints of 
the multituberculate ankle provide evi- 
dence of similar mobility. The distal end 
of the tibia bears two asymmetrical con- 
dyles (unlike the distal tibial facet in 
most mammals, which is a single concav- 
ity). The lateral condyle is longer than 
the medial and wraps spirally around the 
distal end of the tibia from its anterome- 
dian to  posteromedian margins (Fig. IA). 
The short, linear medial condyle extends 
from the anterior margin to  the center of 
the distal end; it is oriented anterome- 
dially-posterolaterally. These condyles 
articulated with two sulci, one medial 
and the other lateral, on the proximal 
surface of the astragalus. Abduction and 
related movements suitable for securing 
grips over a wide range of foot postures 
appear t o  have been accommodated, in 
part, by the asymmetrical configuration 
of the tibial condyles. From the neutral 
position (Fig. lB1), translation of the 
astragalar sulci along the tibial condyles 
of different lengths results in abduction 
of the hind foot. In this movement, the 
lateral sulcus translates along the semilu- 
nar lateral condyle, whereas the medial 
sulcus rolls and pivots about the medial 
condyle (Fig. lC1). Among living mam- 
mals, the Virginia opossum (Didelphis 
virginiana) possesses a similar arrange- 
ment of tibial condyles and astragalar 
sulci that permits a large degree of ab- 
duction of the hind foot (7). 

In addition to  abduction, a hind foot 
must be plantar-flexed in order to  secure 
a grip for headfirst descent. In multitu- 
berculates, this movement occurred at 
the astragalocalcaneal joint (Fig. 1, B2 
and C2) and involved pivoting the calca- 
neum about an axis through the susten- 
taculum tali; the facet of the sustentacu- 
lum and its counterpart on the astragalus 
are nearly equal in size, and thus give no 
evidence of substantial translatory 
movement. Excursion at  the proximal 
astragalocalcaneal joint, however, did 
involve translation. The bulbous proxi- 
mal facet on the calcaneum provided a 
semilunar pathway for the much smaller, 
concave facet on the astragalus, thus 
permitting full plantar flexion as  well as  
some conjoint inversion (Fig. lCz). Ad- 
ditional postural adjustments of the foot 
permitting inversion-eversion and dorsi- 
flexion-plantar flexion were possible a t  
the astragalonavicular and calcaneocu- 
boid joints. 

The structure of the femoral head and 
acetabulum indicates that, in the neutral 
position, the femur was abducted about 
45" from a sagittal plane (8).  The normal 
stance of the foot, therefore, probably 

also involved an abducted posture. We 
estimate that the longitudinal axis of the 
foot (passing along the third metatarsal) 
deviated 30" to 40" from a sagittal plane. 
With an additional 90" of abduction pos- 
sible at the tibioastragalar joint, the foot 
could have readily assumed the postures 
depicted in Figs. 1C and 2. These pos- 
tures required repositioning the tibia and 

fibula nearly parallel to  the vertical sub- 
strate, in contrast to a more or  less 
perpendicular orientation in a stance on 
a horizontal substrate. 

A second specialization is in the diver- 
gent hallux, which could move indepen- 
dently of the other digits. The distal facet 
on the entocuneiform is saddle-shaped 
(concave dorsoventrally, convex medio- 

I tc mtc 

Fig. 1 .  Functional aspects of a multituberculate (right) hind foot interpreted from specimens of 
Ptilodus kummae (UA 9001) and ?Eucosmodon sp. (AMNH 16325). (A) The distal end of a tibia, 
viewed from posterior aspect, showing the configuration of the lateral (ltc) and medial (mtc) 
tibial condyles. (B) The hind foot, viewed from anterior aspect, in a neutral posture (such as 
would have been used in standing on flat ground). The relationships of the tibial condyles with 
the medial (mas) and laterial sulci (/as) on the proximal surface of the astragalus are shown in 
B I ;  the astragalocalcaneal joint, comprising the two ventral astragalar facets articulating with 
the sustentacular (st) and proximal ( p )  facets of the calcaneum, is shown in B2. (C) The hind 
foot, viewed from dorsal aspect, in an abducted, plantar-flexed, and inverted posture, such as 
would have been used to secure a grip for headfirst descent (see Fig. 2). To achieve this posture, 
the foot was abducted at the tibioastragalar joint (C,)  and plantar-flexed and inverted at the 
astragalocalcaneal joint (C2)  The fibula has been intentionally omitted from this figure to 
provide a fuller view of the astragalus. (D) The saddle-shaped distal facet of the entocuneiform; 
the range of abduction-adduction of the hallucal metatarsal is indicated at the right. 



laterally) and permitted both flexion-ex- 
tension and abduction-adduction o f  the 
hallux (Fig. ID). However, the convex- 
ity is asymmetrical; the facet extends 
farther medially than it does laterally, a 
feature that is directly indicative o f  an 
unusual degree o f  hallucal abduction (9) .  
A divergent, abductable hallux is a typi- 
cal grasping adaptation o f  mammals that 
move across uneven and discontinuous 
surfaces such as branches. 

A third specialization occurs in caudal 
structure. The  tail o f  P. k~rrnrnae appears 
to have been prehensile. All living, pre- 
hensile-tailed mammals employ their 
tails in climbing; all may be considered 
to  be arboreally adapted despite varia- 
tions in allocation o f  time spent on the 
ground or in trees. A preliminary survey 
o f  these taxa reveals a number o f  shared 
features (10). The  tail is long, commonly 
twice or more the length o f  the precaudal 
vertebral column; in a few taxa the tail 
is shorter ( for example, in Didelphis, 
where the tail is 1.2 times the length o f  
the precaudal vertebral column). Hems1 

arches are developed along nearly the 
entire length o f  the tail. Transverse pro- 
cesses are robust and are present even 
on the most distal caudals. Finally, the 
sacral spinous processes are relatively 
large, commonly nearly equaling in 
height the spinous processes o f  posterior 
lumbar vertebrae. The  development o f  
the various processes appears to be re- 
lated to the hypertrophy o f  the caudal 
musculoskeletal system necessary for in- 
creased gripping strength. 

The tail o f  P ,  krtmtnae gives evidence 
o f  most o f  these bony features (Fig. 2 ) .  
The estimated tail length is 1.2 to 1.4 
times the length o f  the precaudal verte- 
bral column. Transverse processes are 
well developed, even on the distal cau- 
dals. Hemql processes are large and 
present along the entire length o f  the tail. 
Sacral spinous processes, to the extent 
tbat their height can be estimated, ap- 
pear to have been as prominent as those 
on the posterior lumbar vertebrae. From 
this evidence, P.  k~t tnmar possessed 
structural adaptations that, in living 

F I ~  2 Kzconstruc 
tlon of a mult~tuber- 
culate skeleton based 
pr lnc~pdlly on a specl- 
men of Ptllodu, kllm- 
mue ( U A  9001) The 
body IS p o s ~ t ~ o n e d  f o ~  
headfirst descent In 
t h ~ s  restlng posture 
the thoracolumbar re 
glon IS extended, the 
hlnd foot 1s ~ e o r ~ e n t e d  
such that the toes 
p o ~ n t  backward, and 
the tall 1s employed as 
a grasplng and itabl- 
l~zlng organ The re- 
coqstructlon dep~cts  
the e p ~ p u b ~ c  bones 
that were foynd In ds- 
soclatlon ~ ~ t h  U A  
900 1 

mammals, are related to tail prehensility 
and climbing habits. 

The interpretation o f  several features 
in Ptilodlis and Eucosmodor? as adapta- 
tions for climbing does not necessarily 
imply that the entire radiation was com- 
prised o f  arboreal forms. However, tar- 
sal bones and distal tibiae o f  taxa other 
than Ptilodlts and Eucosmodon bear the 
same structural features that we have 
interpreted as adaptations for climbing. 
Furthermore, on the basis o f  all post- 
cranial materials available for our review 
(4), we infer that North American multi- 
tuberculates are strikingly homogeneous 
throughout the postcranial skeleton. The  
absence o f  any great variability is all the 
more striking in light o f  the diversity in 
size and in dental specializations known 
in the Multituberculata (11).  
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The Effects of Direct-Current Magnetic Fields on throughout the diurnal cycle, all results 
are grouped into one of four different L D  

Turtle Retinas in vitro cycle phases: ( i )  light (L) ,  8 a .m.  to  6 
p.m.; (ii) light-to-dark transition (L-D), 6 

Abstract. Direct-current magnetic ,fields of' 10 to  100 gauss carrse a significant p.m. to  8 p.m.;  (iii) dark (D),  8 p.m. to 6 
short-term redirction of the in vit1.o elec.troretinographic b-wa~le response in turtle a .m. ;  and (iv) dark-to-light transition (D- 
retina. This response compression i , ~  not ac,c,ompanied by the ~rsilal reduction itz L) ,  6 a .m.  to 8 a .m.  
retinal sensitivity that  occur.^ ~ ' i t h  b ~ c k g r o l ( ~ l d  illumination. flrrthermore, this e f e c t  Extracellular microelectrodes (25- to  
is obtained only briej7y after the ~ff:'c.rt o fambien t  lighting in the diurnal light-dark 50-pdm tip diameters, 350- to 500-kilohm 
cycle of  nonhihernating animals. resistance) were placed in the thin layer 

of vitreous humor remaining in the eye- 
The magnetic susceptibility of the hu- ined whether or not d-c magnetic fields cup after dissection and drainage. The 

man visual system is manifested by mag- can produce changes in retinal sensitiv- eyecup was placed in a continuously 
netophosphenes induced in the retina by ity and function similar to those that gassed (95 percent O2 and 5 percent C 0 2 )  
alternating-current (a-c) magnetic fields follow normal photoisomerization. chamber within the 10-inch pole piece 
(1, 2). Direct-current (d-c) magnetic On-line electroretinogram (ERG) re- separation of an SCK-controlled d-c 
fields d o  not elicit magnetophosphenes, cordings from an in vitro turtle eyecup electromagnet. Magnetic field profiles 
but d o  influence certain spatially ordered preparation (13) before, during, and after mapped at this poifit showed a maximum 
biological systems, including the visual brief d-c magnetic field exposures were d-c field inhomogeneity of 0.2 percent 
photoreceptors (3-7), through a physical used; all of the results presented here over the dimensions of the eyecup (7 to 
realignment of diamagnetically anisotro- refer only to b-wave ERG data. Both 10 mm) and a maximum a-c magnetic 
pic molecules, cellular elements, or cone-dominant (Pseude~nys  scripta ~ l e -  field ripple component of 10 mG in the 
both. For  instance, in an aqueous sus- 
pension, isolated rod photoreceptor out- 
er segments will realign themselves with Experimental 
their long axes parallel to an external d-c 200 rA sequence 

magnetic field of several thousand gauss 1 
( 1  G = tesla). This diamagnetic an- 
isotropy (8 ,  Y) arises in the photopigment 
rhodopsin (10-12). We have used an in 150 - 5 

> 3 
vitro retinal eyecup preparation to study Y a 7 

the electrophysiological effects of acute 
exposures to d-c magnetic field intensi- .- 
ties known to influence rhodopsin in 
solution. 

Our studies assessed the functional 
capacity of the vertebrate retina to un- 
dergo visual adaptation (operationally 
defined here as  the change in retinal 
sensitivity resulting from an altered level 
of background illumination) and con- 
trasted this capacity with the effects of - 
applied d-c magnetic fields. We exam- c V) 

m - .,- Initial control 1000 G 
50 G 
100 G 

Fig. 1 .  (A) Retinal response of the turtle to 
photic stimuli during transition from light to 
dark. Intensity-response functions obtained 
with diffuse light flashes in an in vitro retinal 
eyecup (Chrlydru serpentina) during d-c mag- 
netic field exposures. Each curve is labeled 
with the d-c magnetic field intensity at which 
it was obtained. Note the extensive, but simi- 
lar, amount of response amplitude decrement 
seen with each magnetic field intensity. (B) 
Normalized intensity-response functions that 
show no curve shifting a s  a result of retinal -4 - 3 - 2 - 1 0 

desensitization. 
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