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Abstract
In essence, to survival a spacecraft breakup an animal must not experience a lethal
event. Much as with surviving aircraft breakup, dissipation of lethal forces via breakup of
the craft around the organism is likely to greatly increase the odds of survival. As
spacecraft can travel higher and faster than aircraft, it is often assumed that spacecraft
breakup is not a survivable event. Similarly, the belief that aircraft breakup or crashes
are not survivable events is still prevalent in the general population. As those of us
involved in search and rescue know, it is possible to survive both aircraft breakup and
crashes. Here we make the first report of an animal, C. elegans, surviving atmospheric
breakup of the spacecraft supporting it and discuss both the lethal events these animals
had to escape and the implications implied for search and rescue following spacecraft
breakup.
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STS-107 (Columbia) broke up while re-entering the Earth's atmosphere.
Columbia was in the mesosphere approximately 62 km above the Earth's surface while
traveling at Mach 18. Onboard was a passive C. elegans life support experiment, the full
details of which will be reported elsewhere. Loss of spacecraft structural integrity during
the breakup exposed all animals onboard to potentially lethal factors including shear
forces, heat, shockwave(s), freezing, explosive decompression, anoxia, cosmic radiation,
impact with the Earth, starvation, and environmental toxicity (1)). Despite these factors,
C. elegans survived the atmospheric breakup of Columbia as shown in Figure 1.
Under normal operating conditions the spacecraft and life support systems are
designed to protect animals from lethal events (2). Thus, the longer the spacecraft and life
support systems survive breakup the more likely it is that breakup is survivable.
Following Columbia's breakup, video images aired by the mass media clearly indicated
that large recognizable debris survived breakup. This suggests that the spacecraft
survived long enough to protect occupants from aerodynamic shear forces, frlcdonal heat,
Shockwaves associated with deceleration and decompression of the cabin, and the
freezing temperatures of the upper atmosphere. These broadcasts also suggested the
likelihood that intact or reasonably intact containers containing live C. elegans could be
recovered. As is standard practice with rescue associated with aviation incidents, such
debris should signal rescuers of the possibility of crew survival. The absence of such
debris is should be taken as an indicator of decreased, but not impossible, survivability.
The images aired by the mass media also highlight the importance of partitioning some
search and rescue resources to monitoring of mass media and ground interrogation in
locating potential sites of interest that may be spread over a much larger area than for
aircraft incidents.
In the case of C. elegans, the spacecraft and/or the flight hardware had to protect
the animals from explosive decompression. The flight hardware was designed to
withstand a maximum decompression rate of 62.1 kPa/min before exhibiting structural
damage (D. Reed, personal communication). Thus, the reported identification and
recovery of intact flight hardware suggested the possibility of recovering live animals as
the flight hardware should have protected the animals from decompression. Unlike
humans, C. elegans can withstand up to a day of ar.cr.i? (3). Therefore, loss of
atmosphere due to decompression was not a concern for recovery of live worms. This is
in stark contrast to the Soyuz 11 incident in which anoxia secondary to decompression is
believed to be the cause of crew death (1)). However, the findings with C. elegans
reported here are in line with the suggestions made to increase crew survival following
Soyuz 11. Specifically, spacecraft crews should wear suits that provide protection against
atmospheric decompression while traveling through the atmosphere. Use of such suits
provides an additional likelihood of survival and their presence and use or absence
thereof should be considered when partitioning search and rescue resources. Additionally,
incorporation of emergency locator transmitters into such suits should greatly assist in
rescue of crew members who are alive but otherwise unable to communicate with rescue
crews.
Given the short duration involved in return to the Earth's surface following
atmospheric breakup, it is unlikely that cosmic radiation will kill an animal. Many
animals including humans, rodents (4), and C. elegans (5) have previously flown in space
and been exposed to cosmic radiation, with minimal to moderate protection, and have

survived. Therefore, brief duration exposure to cosmic radiation should not be an
immediate concern for search and rescue operations. However, with longer term health in
mind, inclusion of radiation protection into life support suits worn by crews while
traveling through the atmosphere seems prudent.
Impact with the Earth's surface is by far the most obvious lethal event cited by the
general public in relation to lack of ability to survive an airplane breakup or crash. Unlike
humans, C. elegans can withstand brief exposure to 100,000 x G (L. Avery, personal
communication) making surface impact less of a lethal force consideration for this
animal. With respect to humans, surface impact is likely the proximate cause of death in
both the Soyuz 1 and STS-51L (Challenger) incidents (1)). However, as indicated by C.
elegans survival and as the first author has personaly observed on a plane crash rescue
mission, surface impact need not be a lethal event. In flight crew egress from a breaking
up or crashing spacecraft is likely to indicate an increased probability of survival.
However, lack of signs of egress should not be assumed lu indicate lack uf uicw suivival.
Future spacecraft designs should continue to consider egress systems for both structural
intact and damaged spacecraft but the lack of such systems in a spacecraft should not be
taken as an indication that spacecraft breakup or ground impact is not survivable.
Additionally, as is the case with automobiles, occupants of spacecraft that have
incorporated impact force countermeasures into their design should be considered to have
a higher probability of survival.
As with survival of aircraft breakups and crashes flight crews must survive not
only the immediate event but also the interim until search and rescue crews arrive. In the
case of C. elegans, starvation was not a concern as animals were recovered within the
period that animals can survive in the ?^~uce of food. As shown in the left panel of
Figure 1, animals grown on Nem^c-de Growth Media (6) are in a ^crr^nt dauer state (7),
presumably from the expected exhaustion of food during the spaceflight. Animals can
remain viable in this state tor up t? si* months. As shown in the right panel of Figure 1,
animals grown on C. elegans Maintenance Medium (8) were actively reproducing
indicating that these animals had not yet exhausted food stores. Remarkably, these
animals survived despite wide temperature variation (average daily temperatures of 4.1 to
19.7°C prior to recovery), and the invasion of the flight hardware by an airborne mold
capable of killing C. elegans (not shown). In the case of flight crews, similar survival
concerns exist. As recently highlighted by the return of Expedition 6 via a Soyuz
spacecraft, arrival of search and rescue teams may be delayed. Measures to increase the
efficiency of locating surviving crew members, such as individual emergency locator
transmitters, should be evaluated. Similarly, continued survival training of crews is
recommended as is inclusion of short duration survival kits to aid crew members in
surviving until search and rescue arrives.
Here we report the first survival of any animal following atmospheric breakup of
the spacecraft supporting it. While C. elegans is three orders of magnitude smaller than
humans and can withstand considerably larger G forces, its survival clearly demonstrates
that atmospheric spacecraft breakup is survivable. This demonstration highlights the need
to carefully evaluate existing search and rescue procedures as well as crew survival
systems for inadequacies that may have arisen due to the belief that spacecraft breakup is
not survivable. "These things we do that others may live"
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In Memoriam
STS-107
R. Husband. W. McCool. D. Brown, L. Clark, I. Ramon, M. Anderson, K. Chawala
STS-51L
F. Scobee, M. Smith, E. Onizuka, J. Resnik, R. McNair, G. Jarvis, C. McAuliffe
Soyuz 11
G. Dobrovolsky, V. Patsayev, V. Volkov
Soyuz 1
V. Komarov
Acknowledgements
We thank J. Bagian, R. Mancinelli, L. Jacobson, D. Reed, and W. McLamb, and D.
Loftus for useful discussions. We thank the rescue and recovery workers, who are too
many to name, involved in STS-107 operations. N.S. thanks the Civil Air Patrol Ranger
program for providing training in search and rescue and the opportunity to record two
saves. C. elegans wildtype strain N2 was provided by Stuart Kim. Recovered strains were
deposited with the Caenorhabditis Genetics Center, which is funded by the NIH Natir»^:_l
Center for Research Resources (NCRR). The STS-107 C. elegans life support experiment
was funded by NASA Fundamental Biology and the NASA Astrobioloev Institute.
References:
1. Shayler, D.J. Disasters and Accidents in Manned Spaceflight. Chichester UK:
Springer-Praxis Books in Astronomy and Space Science; 2000.
2. Griswold, H.R., and Trusch, R.B. Emergency and rescue considerations for manned
space missions. Acta Astronautica 1981; 8:1123-1133
3. Scott, B.A., Avidan, M.S., and Crowder, C.M. Regulation of hypoxic death in C.
elegans by the insulin/IGF receptor homolog DAF-2. Science 2002; 296:2388-2391
4. Kiefer, J. Kost, M. and Schenk-Meuser, K. Radiation Biology. In: Moore, D., Bie,
P.,and Oser, H. Eds. Biological and Medical Research in Space An Overview of Life
Sciences Research in Microgravity. New York: Springer 1996
5. Hartman, P.S., et. al. A comparison of mutations induced by accelerated iron particles
versus those induced by low earth orbit space radiation in the FEM-3 gene of
Caenorhabditis elegans. Mutation Research 2001; 474:47-55
6. Brenner, S. The genetics of Caenorhabditis elegans. Genetics 1974; 77:71-94
7. Cassada, R.C., and Russell, R.L. The life cycle of the nematode Caenorhabditis
elegans. I. Wild-type growth and reproduction. Dev Biol 1975; 46:326-342
8. Lu, N.C., and Goetsch, K.M. Carbohydrate requirement of Caenorhabditis elegans
and the final development of a chemically defined medium. Nematologica 1993;
39:303-311

