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Anesthesia and Euthanasia of
Amphibians and Reptiles Used
in Scientific Research: Should
Hypothermia and Freezing Be
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Current research guidelines for ectothermic tetrapod vertebrates prohibit the use of cold as an adjunct to gaseous anesthesia, and they prohibit
freezing as a means of euthanasia of these same animals. Here, we argue that those guidelines merit re-evaluation. Under natural conditions,
numerous amphibians and reptiles experience large variations of body temperature, and life at low temperatures is natural. In tropical species
less tolerant of cold, nociception is likely to be extinguished at low temperatures because of the anesthetizing actions of cold on membranes
and cold block of nerve conduction. Physical principles and physiological data suggest that smaller ectothermic vertebrates do not experience
pain attributable to ice crystals that form during freezing. Therefore, whole-body cooling, followed by freezing, should be a humane form of
euthanasia for numerous smaller ectothermic species. In addition, we believe that cooling offers a humane and useful means of supplementing

currently acceptable methods of anesthesia.

Keywords: euthanasia, freezing, amphibians, reptiles, animal ethics guidelines

hereas low temperatures and freezing were

formerly accepted means of anesthesia and eutha-
nasia for ectothermic tetrapods used in scientific research,
Institutional Animal Care and Use Committees (IACUCsS)
and Fthics Committees (ECs) around the world have
recently adopted guidelines that, with few exceptions, ban
such practices. Opinions vary concerning the humane uses
and efficacy of cold as a supplement to conventional meth-
ods of anesthesia, or of hypothermia followed by freezing for
euthanasia, and there has been little discussion of the scien-
tific evidence underlying current guidelines. With regard to
amphibians and reptiles, we believe that current guidelines
are based on a mammalian-biased perspective and need
to be reevaluated. We believe there is a widespread lack of
understanding of the natural history, physiological diversity,
and evolutionary adaptations of these ectothermic verte-
brates. Therefore, we hope this article will promote a better
understanding of the variable and unique physiological

attributes of these animals that should be considered by
the authorities responsible for creating and implement-
ing guidelines for choices of anesthesia and euthanasia for
amphibians and reptiles used in research.

Background and perspective

Anthropogenic and climate change—induced extirpations
and extinctions of wildlife currently present massive chal-
lenges to society and to the capacity of scientists to investi-
gate, understand, and mitigate these phenomena. Biological
research produces benefits for humanity and biodiversity
alike. Whereas approvals for research by members of ECs
(hereafter to include IACUCs and ECs) have improved the
overall well-being of animals used in research, disagree-
ments sometimes arise between ECs and investigators con-
cerning appropriate humane practices. Here, we discuss
one such area of controversy. Our aim is to promote better
understanding that could lead to further discussion and
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improve relations between ECs and investigators working
with ectothermic tetrapods: amphibians and reptiles.

The use of cold and freezing for anesthesia or euthanasia
of ectothermic tetrapods used in scientific research is con-
troversial. In recent years it has been a source of multiple
disagreements between ECs and investigators (e.g., Shine
et al. 2015). Previously, for more than a century, low tem-
peratures were used as an acceptable method of anesthesia
of ectothermic vertebrates, and freezing formerly was con-
sidered an acceptable and humane method for euthanasia
(Blair 1971). Although various opinions are held regard-
ing advantages or disadvantages of using cold as a means
of anesthetizing or euthanizing ectothermic vertebrates,
these procedures are now considered unacceptable and are
prohibited by many ECs worldwide. Possibly the earliest
formal recommendation against the use of cold and freez-
ing as a means of restraint or euthanasia of amphibians
and reptiles is the report of a joint Universities Federation
for Animal Welfare—World Society for the Protection of
Animals Working Party that stated, “freezing is generally
contraindicated since the formation of ice crystals on the
skin and in the tissues of an animal is likely to cause pain or
distress” (Cooper JE et al. 1989). Numerous Internet-based
sources of advice concerning euthanasia of amphibians or
reptiles repeat the statement that formation of ice crystals
causes pain and distress. Unfortunately, these sources do
not provide authoritative references, and no such source has
cited research that indicates this is actually true. Indeed, it
is physically impossible for nerve conduction of pain sig-
nals to occur when freezing blocks diffusion of ions across
membrane channels. Nevertheless, regulatory guidelines
banning the use of hypothermic anesthesia in ectotherms
were given further legitimacy by the American Veterinary
Medical Association (AVMA) and Institute for Laboratory
Animal Research (ILAR) in the early 1990s, although vari-
ous guidelines were not well referenced and were sometimes
contradictory (Martin 1995). Here, we set forth reasons why
we believe the justifications behind current guidelines (and
likely the guidelines themselves) need to be reevaluated.

Concerns Regarding Current AVMA Guidelines for
the Euthanasia of Amphibians and Reptiles

The following statements are taken from the AVMA
Guidelines for Euthanasia of Animals, 2013 edition, section
S7.3 Captive Amphibians and Reptiles, S7.3.7 Unacceptable
Methods:

Hypothermia—Hypothermia is an inappropriate
method of restraint or euthanasia for amphibians and
reptiles unless animals are sufficiently small (<4 g)
to permit immediate and irreversible death if placed
in liquid N, (rapid freezing). Hypothermia reduces
amphibians’ tolerance for noxious stimuli and there is
no evidence that it is clinically efficacious for eutha-
nasia. In addition, it is believed that freezing can
result in the formation of ice crystals in tissues that
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may cause pain. Consequently, because amphibians
and reptiles lack behavioral or physiologic means of
demonstrating pain or distress while hypothermic,
generalized prohibitions on hypothermia for restraint
or euthanasia are appropriate. Localized cooling in
frogs may reduce nociception, but this localized effect
is not appropriately applied to the whole body as a part
of euthanasia procedures. Freezing of deeply anesthe-
tized animals may be justified under circumstances
where human safety could be compromised.

Our understanding of amphibians’ and reptiles’
nociception and responses to stimuli is incomplete;
therefore, many recommendations for minimizing
pain and distress are extrapolated from information
available about mammals. Where uncertainty exists,
erring to proactively alleviate potential pain and suf-
fering is recommended as an appropriate approach to
euthanizing amphibians and reptiles.

Here, we comment on the aspects of these guidelines that we
think merit review and reconsideration by the scientific and
veterinary community.

We agree that hypothermia by itself is inappropriate for
the restraint and anesthesia of amphibians and reptiles,
but we believe it does have value as an adjunct to currently
acceptable methods (see below). On the basis of rodent mod-
els, the guidelines indicate that “rapid freezing” is acceptable
euthanasia provided that the animal is very small (less than
4 grams) and is immersed in liquid nitrogen. This must pro-
duce “immediate and irreversible death” However, if entire
animals are cooled to the freezing point of body fluids, ice
crystals rapidly “seed” the body water, and freezing likely
occurs rapidly in small animals (Cziko et al. 2006, but see
Claussen and Costanzo 1990 and below). If this is the case,
according to the guidelines, the cooling and freezing of small
amphibians and reptiles should be an acceptable means of
euthanasia. We do not propose that freezing is an appropri-
ate method of euthanasia for larger species such as crocodil-
ians, pythons, or many turtles, but animals that might be
euthanized by a procedure of cooling and freezing could be
considerably larger (up to several kilograms) than those cur-
rently recommended for immersion in liquid nitrogen.

The statement that hypothermia “reduces amphibians’
tolerance for noxious stimuli” is not strictly correct with
respect to the literature cited to justify the statement (Stevens
and Pezalla 1989, Machin 1999). These references discuss a
decrease in nociceptive threshold in summer frogs that are
“adapted” to cold (4 degrees Celsius, °C) and thus address
sensitivity and not tolerance to pain. Moreover, if this
statement were correct, it would contradict two statements
that appear further on in the same paragraph, which read,
“amphibians and reptiles lack behavioral or physiologic
means of demonstrating pain or distress while hypothermic,”
and “localized cooling in frogs may reduce nociception”
Most importantly, the “noxious stimuli” in these studies
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refer to acetic acid or other forms of insult, but not cold. The
cited papers are not relevant to whole-body thermal pain or
hypothermia per se. This distinction is centrally important
and is discussed further below.

The guideline’s prohibition of freezing as a means of eutha-
nasia is based largely on the widely held “belief” that freezing
causes the formation of ice crystals in tissues and that these
cause pain. The references cited by the AVMA, J. E. Cooper
and colleagues 1989 and Close and colleagues 1997, appear to
be speculative and without empirical evidence. Pain is physi-
cally impossible upon freezing, and to our knowledge, no one
has demonstrated that ice crystals cause pain in amphibians
or reptiles. This is discussed in greater detail below.

An important statement in the quoted guidelines is the
following: “because amphibians and reptiles lack behavioral
or physiologic means of demonstrating pain or distress while
hypothermic, generalized prohibitions on hypothermia for
restraint or euthanasia are appropriate” The justification
for this statement is not clear, and it represents only an
opinion. Furthermore, the statement is not correct because
nociception has, in fact, been demonstrated in frogs at low
temperatures (Stevens and Pezalla 1989, Machin 1999). If the
statement were correct, it would (again) contradict the previ-
ous statements claiming that hypothermia “reduces amphib-
ians’ tolerance for noxious stimuli” Invoking parsimony, we
believe that amphibians and reptiles simply do not experi-
ence thermal pain or distress from cold while they are hypo-
thermic near freezing, and it is less likely that under these
conditions they lack the physiological or behavioral ability to
demonstrate pain and distress (according to the statement).

Finally, the statement “many recommendations for mini-
mizing pain and distress are extrapolated from information
available about mammals” reflects a lack of understanding
how mammals (and birds) differ physiologically from ecto-
thermic tetrapods. Mammals are endothermic, and much of
the information about pain in mammals relates to regional
cooling, in which cold peripheral parts respond to various
stimuli while the central nervous system and peripheral con-
ducting pathways are at normal or near-normal functional
temperatures. This situation is entirely different from that
in which the whole body of a small ectothermic organism is
cooled uniformly to low temperatures, including the central
nervous system (Shine et al. 2015).

The proscriptions in the AVMA’ guidelines are not iso-
lated. Similar recommendations occur in other publications.
For example, in a review of anesthesia in amphibians and
reptiles, Ross and Ross (2008) stated that hypothermia is
not a “real” anesthetic and provides no analgesia, but they
do not provide any evidence or references. They say that the
technique should be used with care to avoid mortality in
amphibians but that recovery is rapid and deaths are rare in
reptiles—again with no data or references.

The measurement of pain

Many people have subjective impressions of pain when an
animal that is being observed or studied experiences it. Such
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anthropomorphism must be critical, however, and based on
the latest scientific evidence in order to be used in policy
(Morton et al. 1990). Symptoms of distress are most likely
to be recognized in animals with which investigators are
familiar. However, the sensation of pain is difficult to objec-
tively quantify. This remains true even though we know a lot
regarding the mechanisms of nociception and the transmis-
sion and processing of painful stimuli (Defrin et al. 2002,
Paul-Murphy et al. 2004, Foulkes and Wood 2007, Sneddon
2015). Nociception is a term that is often used interchange-
ably with pain and is defined as the neural process of encod-
ing noxious stimuli. However, the word “pain” is generally
accepted to imply something more: a sensory and emotional
experience associated with actual or potential tissue dam-
age (Millan 1999, Paul-Murphy et al. 2004). Although it is
difficult or impossible to accurately assess emotion in any
other animal, including people, in 2002, a workshop on
pain developed a consensus statement that all vertebrates
and some invertebrates experience pain (Paul-Murphy et al.
2004). It is often assumed that amphibians and reptiles
perceive pain similarly to, or analogous with, mammals
because they possess appropriate anatomical, physiological,
and pharmacological components, as well as antinociceptive
mechanisms, to modulate behavioral responses to a noxious
stimulus (Machin 2001, Mosley 2011).

Although we agree with these general comparative state-
ments, we caution that interpretations of the perception of
pain are controversial and that nociception in various ver-
tebrates may not be comparable to the perception of “pain”
by humans. For example, differences of opinion concerning
whether fish feel pain arise largely from interpretations of a
limited repertoire of reflex behaviors to noxious stimuli in
context of the neuroanatomy and physiology of mental states
(Burghardt 2016, Key 2016). Moreover, some teleosts lack
receptors that respond to cold and are therefore unlikely to
experience pain associated with cold (Ashley et al. 2006). In
context of the present discussion, we adopt the conservative
position that amphibians and reptiles (indeed all vertebrates)
experience some form of “pain” and distress (Paul-Murphy
et al. 2004, Mosley 2011, Guénette et al. 2013). This assump-
tion does not specify the modality of stimulus or the nature
of the aversive state that is induced.

Most attempts to measure or detect perception of pain in
animals depend on the application of various noxious stimuli
eliciting withdrawal reflexes or other defined behavioral or
physiological responses (e.g., Martin 1995, Suckow et al.
1999). Experiments performed include the use of thermal
stimulators and probes to evoke subjective descriptions of
response from human subjects (Defrin et al. 2002), as well
as the interpretation of neuronal patterns within the brain
(Brown et al. 2011, Shine et al. 2015). There has been no
demonstration that ectothermic tetrapod vertebrates experi-
ence “cold” thermal pain when the entire body is cooled to
low temperatures or when ice crystals form during freezing.

Pain is notably absent among ten neurologic symptoms of
mild, moderate, and severe general hypothermia in humans,

January 2017 / Vol. 67 No. 1 « BioScience 55

220z 1Mdy Lo uo Jasn Aleiqi uosxi( ‘uonoag sjeuss Aq Sz y9z/SS/1L/L9/21911e/a0usiosolq/wod dno-olwspeoe//:sdny WwoJj papeojumoq



Forum e

including ataxia, dysarthria, and confusion, leading to loss
of consciousness and coma (Kempainen and Brunette 2004).
Rather, general hypothermia has anesthetic effects (Taylor
1988) and in fact has been used to control intractable pain
(Guly 2011). Judgments about thermal pain based on mam-
malian studies in which only the appendages are chilled
(regional heterothermy) while the body remains normo-
thermic are not relevant here, and any application of such
results to cold amphibians or reptiles is neither appropriate
nor scientifically justified.

Natural history and the evolution of tolerance of cold
Many kinds of well-studied amphibians and reptiles undergo
large variations of body temperature, both on seasonal or
daily bases, and the range of such changes in body tem-
perature may exceed 30°C (e.g., Carey 1978, Navas 1996).
Tuataras, as well as north-temperate and south-temperate
amphibians and reptiles, function at low temperatures, and
extreme cold and winter dormancy are a regular part of
the annual environment of numerous other species. These
forms often exhibit the capacity for movement as well as
sensory responses to the environment at remarkably low
temperatures approaching freezing (Ultsch 1989, Costanzo
et al. 1999). Amphibians and reptiles living in temperate
or montane habitats select overwintering sites that provide
some protection from freezing while they become dormant
for weeks or months. Many species of amphibians and
aquatic turtles overwinter beneath ice in ponds or ground
surfaces, and a variety of snakes spend winters in dormancy
underground where hibernacula and body temperatures
may range from about 2°C to 7°C (e.g., Macartney et al.
1989, Ultsch 1989, Costanzo et al. 1999, Bernstein and Black
2005). Many tropical species of amphibians and reptiles also
experience cold, which can reach freezing temperatures at
higher elevations, and this can happen on a daily basis at
elevations higher than 3500 meters (e.g., Navas 1996, Navas
et al. 2013). Moreover, various species of amphibians with
aquatic life stages initiate breeding activities in water at tem-
peratures well below 10°C (movements, calling, and mating;
e.g., Brattstrom 1999).

Amphibians and reptiles adaptively alter their functional
responses to low temperatures, and these adjustments are
related to behavior and survival unrelated to “pain” (e.g.,
Brattstrom 1968). Species that overwinter in sites where
freezing occurs require particular biochemical and physi-
ological adaptations to protect living processes. Such species
either resist freezing at subfreezing temperatures, or they tol-
erate the freezing and thawing of their body fluids without
damage (Layne and Lee 1995, Costanzo and Lee 2013). Some
terrestrial amphibians and reptiles tolerate days or weeks in
a state with as much as two-thirds of their total body water
in the form of ice (Storey and Storey 1992, Costanzo et al.
1993). Wood frogs living in interior Alaska remain frozen
for prolonged periods of up to 6 months and experience
minimum temperatures ranging from —9°C to —18°C with
100% survival (Costanzo et al. 2013, Larson et al. 2014). It is
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well known that some Arctic marine teleost fishes, as well as
notothenioid fishes living in the Antarctic, possess antifreeze
proteins that prevent freezing of body fluids at subfreezing
temperatures (Fletcher et al. 2001, DeVries and Cheng 2005,
Cziko et al. 2006). These fishes live their entire lives in a
supercooled state in continuous contact with ambient water
having a freezing point around —1.9°C.

Amphibians and reptiles that overwinter near or below
freezing temperatures have evolved mechanisms that depress
metabolism and change the mass and structure of body tis-
sues (Storey and Storey 2004, Storey 2015). These changes
are reversible, and no one doubts that they are adaptive
traits because they permit survival for prolonged periods at
low temperatures with minimum harm. Exposure to cold—
even freezing—is part of their natural life, so it is incom-
prehensible that these animals experience pain or distress
during seasonal or even diurnal exposure to near-freezing
temperatures. On the other hand, it is adaptive for animals
to remain sensitive to environmental noxious insults, albeit
movements or activity are slowed at low temperatures. For
example, turtles and frogs have been observed moving either
in cold burrows or beneath ice during wintertime, with pos-
sible significance related to physiological benefits from fol-
lowing gradients of oxygen tension or temperature (Ultsch
1989). Moreover, it must be important for these overwinter-
ing animals to retain responsiveness to detect the arrival of
spring (Madsen et al. 2013). Indeed, sensitivity to external
stimuli might well be fine-tuned to existence in cold: For
example, endogenous opioid systems in Northern grass
frogs (Rana pipiens) are down-regulated during autumnal
hibernation (Stevens and Pezalla 1989).

We emphasize, however, that the retention of functional
sensitivity to the external environment in overwintering
amphibians and reptiles does not suggest that they experi-
ence thermal pain attributable to cold body temperatures
per se. This does not make biological sense. Similarly,
mammals and birds that naturally experience extreme cold
during hibernation or regional cooling while walking on
snow or ice (Kilgore and Schmidt-Nielsen 1975) cannot be
expected to be in pain during these natural behaviors that
may continue for many months. It is unlikely (and contrary
to natural selection) that Arctic and Antarctic fishes thriv-
ing at freezing temperatures are in constant pain throughout
their entire lives. These are crucial aspects of physiology
and natural history when considering the cooling of entire
animals to low temperature. No one can demonstrate—and
we doubt anyone would suggest—that normal behaviors and
situations in natural environments are painful.

Cold or freezing as appropriate anesthesia or
euthanasia for amphibians and reptiles

Here, we discuss important points related to the issue
of whether cold and freezing are, under certain condi-
tions, humane methods for either supplementing recognized
methods of anesthesia or as a primary method of euthanasia
of small ectothermic tetrapod vertebrates.
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Hypothermia and anesthesia. Hypothermia has been used as
a primary or supplemental method for anesthesia and
analgesia for more than a century, both in ectotherms and
endotherms (Blair 1971, Phifer and Terry 1986, Martin 1995,
Suckow et al. 1999). In the sciatic nerves of toads, low tem-
perature exerts the same structural and electrophysiological
effects on myelinated nerves as various local anesthetics
(Luzzati et al. 1999). However, the molecular events associ-
ated with anesthesia remain controversial (Mullins 1991,
McKemy 2005, Foulkes and Wood 2007), as do opinions
about guidelines for whether hypothermia is a clinically
efficacious method for anesthesia (Martin 1995). This is
because low temperature may lead to apparent paralysis
without having fully blocked nociception. Data from stud-
ies of fishes suggest that rapid cooling can provide rapid
anesthesia, potentially low mortality rates, improved safety,
and an effective anesthetic method for scientific research
(Matthews and Varga 2012, Chen et al. 2014). Although
we do not recommend low temperature as a sole mode of
anesthesia, we believe it can be very useful as a supplement
to other methods (see below).

An important issue related to transient hypothermia for
supplemental anesthesia is the potential for immunosup-
pression and the subsequent development of infectious
disease. The immune responses of amphibians and rep-
tiles are temperature sensitive—often with their strongest
responses occurring at “optimal” temperatures specific to a
species (Zimmerman et al. 2010)—and can be suppressed
by periods of hypothermia or variations of temperature
(Cooper EL et al. 1992, Maniero and Carey 1997, Raffel
et al. 2006). Temperature can also affect the prevalence and
life cycles of pathogens in addition to immune defense.
Problems attributed to hypothermia have been discussed
in several publications related to commercially farmed fish
and stranded, “cold-stunned” sea turtles (e.g., Bly and Clem
1992, Innis et al. 2009). In the case of sea turtles, only a
portion of populations succumbs to “cold-stunning” and
their preconditions are not known. Conversely, it has been
suggested that amphibians can tolerate, or even benefit
from, natural patterns of rapid warming and cooling (Terrell
et al. 2013). Cooling is not logically implicated to impose
long-term health problems for individuals or populations
of species that naturally experience seasonal or daily bouts
of exposure to low temperature (Storey and Storey 1992).
Most importantly, there are no studies that indicate that
very short-term hypothermia (e.g., less than 1 hour of
supplemental anesthesia) negatively affects the subsequent
health of ectothermic tetrapods. Snakes representing several
species that were cooled to low temperature as supplemental
anesthesia during cardiovascular surgeries recovered normal
behaviors rapidly and survived well for periods of months
until they were released or transferred to other projects
(personal observations by HBL and RSS). We suggest the
possible effects of very short-term hypothermia (less than 2
hours of supplemental anesthesia) would be an interesting
and profitable area of further research.
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Temperature and conduction of nerve signals. The conduction
velocities for neuronal action potentials decrease with
decreasing temperature and may cease at temperatures close
to 0°C. There is a clear linear relationship between tem-
perature and the velocity of nerve conduction in tortoises,
and nerve blockage occurs at temperatures of 1°C-3.5°C
(Rosenberg 1978). Similarly, conduction by peripheral
nerves is blocked at about 0°C-2°C in bullfrogs (Roberts
and Blackburn 1975). Therefore, the excitable membranes
of some ectothermic vertebrates experience cold block
of action potentials at low temperatures near freezing. In
addition, blockage of nociceptive C fibers occurs at higher
temperatures than does blockage of neuromuscular A fibers
in bullfrogs (Roberts and Blackburn 1975). In general, the
blockage of nerve conduction in mammals occurs at higher
temperatures compared with that in ectothermic vertebrates
(e.g., Rossi and Britt 1984). For example, anesthetized goats
do not respond to peripheral painful stimuli when they
are cooled to about 20°C and the anesthetic is removed
(Antognini 1993).

Still, cold-resistant and freeze-tolerant species retain
functionality at very low temperatures, with the variability
of response depending on the thermal adaptations of species
(Dalé et al. 1995, Costanzo et al. 1999, Madsen et al. 2013).
Cold-resistant amphibians and reptiles are capable of coor-
dinated movements down to freezing temperatures and can
readily respond to stimuli such as a leg pinch. However, their
response to continued lowering of temperature alone does
not appear to be one of stress or panic (personal observa-
tions by KBS and HBL). Notably, there are no indications of
pain withdrawal or distress in the response to simple chilling
or freezing when amphibians or reptiles are not touched,
which implies that cooling or freezing per se is not a painful
or distressful stimulus.

Therefore, we believe that a sensation of pain attribut-
able strictly to hypothermia is not present during cooling
of whole ectothermic animals before ice crystals begin to
form, and this reflects their natural history and assures that
these animals retain mobility and other functions at low
temperatures. Some will correctly suggest, therefore, that
cold temperatures do not readily induce unconsciousness in
these animals (Martin 1995, Madsen et al. 2013). The point
here, however, is that a trajectory of lowering whole-body
temperature to freezing eliminates the possibility of pain
that might be associated with freezing of the entire animal.
Again, the possibility of pain in freezing tissues is physically
impossible.

Temperature and brain function. Normal brain function depends
on temperature and ceases at low temperatures approach-
ing 0°C in cold-sensitive ectothermic vertebrates. There
is a close relationship between brain temperatures and
cerebral metabolism, which is reduced dramatically at low
temperature (LaManna et al. 1980, Mrozek et al. 2012).
The restoration of neuronal membrane potential follow-
ing depolarization requires energy and suggests a direct
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link between temperature and neuronal activity (Sokoloff
1999). Moreover, temperature also influences the passive
properties of neuronal membranes, synaptic transmission
(including release, reuptake, and diffusion of neurotransmit-
ter) and cerebral blood flow (Mrozek et al. 2012). Electro-
encephalographic studies demonstrate near-zero activity in
recordings from the brains of amphibians or reptiles having
body temperatures close to 0°C (Hunsaker and Lansing
1962, Shine et al. 2015). Although only a small number of
cold-tolerant species have been studied (Dald et al. 1995,
Madsen et al. 2013), one might expect near-zero brain activ-
ity to be characteristic of numerous taxa.

Bispectral analysis is a statistic applied to EEG waveforms
to monitor the depth of anesthesia. Research in humans
indicates that the bispectral index (BIS) decreases by 1.12
units for every °C decrease in body temperature (Mathew
et al. 2001). It would be useful to develop a bispectral index
for use in monitoring the effects of hypothermia in amphib-
ians and reptiles.

Formation of ice crystals. Physical laws contradict the assump-
tion that ice crystals cause pain. The formation of ice crystals
will block the movement of all charged particles (freezing
them in place) and thereby disrupt any activity of excitable
membranes and thus inhibit neural transmission as well as
any central integration of “pain” Therefore, any pain experi-
enced concurrent with the initiation of ice formation could
be near instantaneous and quickly blocked as ice penetrates
through the body and impairs nerve function. In anurans,
ice crystals form at —1°C to —4.3°C (Storey and Storey 1986,
Hillman et al. 2009). As we have discussed above, periph-
eral nerves are unlikely to transmit signals when tissues of
cold-sensitive species are below 0°C, and the brain is likely
to be inactive as well. Thus, nociception or perception of
pain is not possible at temperatures that induce formation
of ice crystals in tissues, and the creation of a crystal lattice
involving neural tissue would further prevent any neural
activity. Therefore, we conclude that the transmission of
pain associated with freezing is not possible. Note also that
cryoprotectants identified in some cold-resistant and freeze-
tolerant amphibians would delay but not stop the disrup-
tion of excitable membrane function associated with the
formation of ice crystals. Moreover, cooling and freezing for
euthanasia would not engage time courses sufficiently long
to produce effective amounts of cryoprotectants in those
freeze-avoiding species that are capable of such protection.
When freezing at any particular location seeds growth
of ice crystals, the subsequent change of water to ice can be
very rapid at the freezing point (Packard et al. 1993, Cziko
et al. 2006, Cheng and Detrich 2007), although the freezing
kinetics of organisms can vary considerably depending on
the mass of the organism, its water content, and the cooling
capacity of the microenvironment (Claussen and Costanzo
1990). Moreover, the rate of nucleation (crystal growth) is
faster in tissues than in water, depending on colloidal or
macromolecular inclusions (Stephenson 1956). Therefore,
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when smaller amphibians or reptiles are cooled and the
entire body approaches freezing, the end result is likely to
be a very rapid formation of ice. When larval polar fish
having low concentrations of antifreeze proteins are cooled
to an organismal freezing point causing ice crystals to form
(—0.99°C to —2.63°C), complete freezing occurs within 1-2
seconds of the onset of the growth of crystal (Cziko et al.
2006).

Freezing might occur much more slowly in freeze-tolerant
species or in animals that cool very gradually or intermit-
tently under natural conditions in the field (Storey and
Storey 1992). Again, however, it seems contrary to natural
processes that such “slow freezing” would render animals
to be in pain for prolonged periods while subject to normal
conditions in natural environments. Alaskan wood frogs
sometimes undergo multiple, repetitive cycles of freezing
and thawing in their natural environment (Costanzo et al.
2013, Larson et al. 2014).

Cooling of tropical species. Cooling of low-elevation tropical
species to temperatures approaching 0°C can kill tropical
species without formation of ice crystals in body fluids or
tissues (Wilson et al. 2009). Therefore, we consider either
rapid cooling in an ice bath or slower cooling in a refrigera-
tor and/or freezer (Shine et al. 2015) to be a humane method
of euthanasia for small tropical amphibians and reptiles
because low temperatures will suppress nerve and brain
function as discussed above. Moreover, the use of chemical
agents for euthanasia might induce equal or greater levels
of distress (see below). Generally, freezing of zebrafish is
allowed by current guidelines, and we suggest this practice
also should be extended to small species of tropical amphib-
ians and reptiles.

Pain and distress associated with chemical agents. The injection
of euthanizing chemicals can be painful and induce neural
and behavioral effects that are highly variable in different
species (e.g., Wilson et al. 2009). Arguably, the humane use
of chemical agents to induce anesthesia or death in animals
depends on appropriate parameters of delivery such as
volume, concentration, site and rate of injection, and appro-
priate buffering. Whereas zebrafish display signs of distress
both to buffered and to unbuffered tricaine methanesulfo-
nate (MS222; Wilson et al. 2009, Mathews and Varga 2012),
Conroy and colleagues (2009) outlined a two-stage protocol
for euthanasia of small reptiles with MS222 suitable for use
in both the laboratory and the field. Because of the interspe-
cific variation of responses to chemical agents, the judicious
and humane use of chemical anesthetics potentially requires
clinical trials and training that is appropriate for any species
of wildlife in question. One of us (ER]) has continued to
modify euthanasia methods over 46 years of research and
clinical experience with amphibians and reptiles.

Field research. We propose that freezing can provide a humane
and practical means of euthanasia for amphibians and reptiles
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that might be investigated in remote or particular field situ-
ations in which the appropriate chemical agents required for
euthanasia by current guidelines are not available. Moreover,
there are many locales where the transport of controlled sub-
stances places the investigator in legal or physical jeopardy,
thereby also threatening the viability of the project and the
humane treatment of animals that are involved.

Validation of the endpoint

The important question arises with respect to euthanasia:
How does one determine whether a frozen amphibian or
reptile is actually dead, especially if it is a freeze-tolerant
species? This issue needs to be addressed when freezing is
considered for euthanasia. We recommend that investigators
work in cooperation with their respective EC to verify death
for any given species that is euthanized. The first approach
might be to determine whether animals recover following
freezing. If recovery occurs, the frozen animal could be kept
in a—80°C freezer for some period (24—72 hours) subsequent
to freezing or be subjected to some other secondary means
of physical euthanasia while frozen (e.g., pithing and decapi-
tation). If the animals are not required for further study, they
could simply be kept frozen until discarded (e.g., incinera-
tion). We suggest that simple tests and observations can be
used to determine whether animals euthanized by freezing
are indeed “dead,” and we suspect the vast majority of species
(especially tropical and subtropical species) will not recover
from freezing to temperatures that are characteristic of most
commercially available freezers (—10°C to —20°C). Indeed,
even freeze-tolerant species would undoubtedly die at these
temperatures. Everyone must be open to the possibility that
rare exceptions might be found (e.g., the Alaska wood frog;
Larson et al. 2014). We also note that confirmation of an
end point is required for the use of chemical agents, equally
as for freezing.

Conclusions
Considerations of physiology and physical principles based
on the available literature lead us to conclude that amphib-
ians and reptiles are incapable of experiencing pain at
temperatures when ice crystals form in tissues during whole-
body cooling, or in the case of cold-tolerant and freeze-
tolerant species, there is no pain attributable to whole-body
hypothermia per se. Nociception is diminished and extin-
guished at very low temperatures because of the anesthetiz-
ing actions of cold on membranes, the cold-block of nerve
conduction, and the lack of brain function in cold-sensitive
species. Moreover, once ice crystals are seeded and begin to
grow, the process is likely to be rapid. Therefore, if whole-
body cooling is without pain, cooling to the freezing point
and beyond should not induce any painful stimuli other than
what is possibly (but unlikely) experienced when ectotherms
are flash-frozen in liquid nitrogen, which is allowed by cur-
rent guidelines.

We propose that cooling to low temperatures is accept-
able as supplementary anesthesia when other gaseous (e.g.,
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isoflurane) or local (e.g., lidocaine) anesthetics are also used,
provided that such bouts of cooling do not compromise the
immune competency of the animal. Advantages include
clarity of the visual field during surgery owing to the dimin-
ishment of blood flow in tissues (reducing surgical “errors”),
the reduction of handling time, easier maintenance of the
appropriate plane of anesthesia, and potentially more rapid
recovery from anesthesia (particularly useful during field
work). We also propose that rapid cooling and freezing is a
humane form of euthanasia for numerous species of smaller
amphibians and reptiles. The advantages include elimination
of pain that is sometimes associated with the use of certain
chemical agents, minimizing the stresses associated with
the handling time of animals, reduced risks to health and
safety of investigators (e.g., bites from venomous snakes), the
efficiency of costs, and the research-associated advantages
of leaving animals without gross damage to body form and
without the chemical contamination of body fluids.

Finally, we encourage an open dialogue between inves-
tigators who have extensive experience with ectothermic
vertebrates and those involved in oversight, including a will-
ingness of both parties to respect each other’s opinions and
to value what is actually known about the biology of animals
(wildlife) that might not “fit” well with current guidelines.
Research guidelines for the health and welfare of amphibians
and reptiles should include understanding of the evolution
and natural histories of species that are investigated, as well
as consideration of the “evolutionary value of pain as an
essential element for survival” (Paul-Murphy et al. 2004).

References cited

Antognini JE 1993. Hypothermia eliminates isoflurane requirements at
20°C. Anesthesiology 78: 1152—1156.

Ashley PJ, Sneddon LU, McCrohan CR. 2006. Properties of corneal recep-
tors in a teleost fish. Neuroscience Letters 410: 165—168.

Bernstein NP, Black RW. 2005. Thermal environment of overwintering
ornate box turtles, Terrapene ornata ornata, in lowa. American Midland
Naturalist 153: 370-377.

Blair E. 1971. Hypothermia. Pages 555—579 in Soma LR, ed. Textbook of
Veterinary Anesthesia. Williams and Wilkins.

Bly JE, Clem LW. 1992. Temperature and teleost immune functions. Fish
and Shellfish Immunology 2: 159-171.

Brattstrom BH. 1968. Thermal acclimation in anuran amphibians as a func-
tion of latitude and altitude. Comparative Biochemistry and Physiology
24:93-111.

——— 1999. Seasonal and microhabitat partitioning of calling sites by frogs
from southeastern Queensland. Herpetofauna 29: 32—48.

Brown JE, Chatterjee N, Younger ], Mackey S. 2011. Towards a physiology-
based measure of pain: Patterns of human brain activity distinguish
painful from non-painful thermal stimulation. PLOS ONE 6 (art.
€24124). doi:10.1371/journal.pone.0024124

Burghardt GM. 2016. Mediating claims through critical anthropomor-
phism. Animal Sentience: An Interdisciplinary Journal on Animal
Feeling 3 (art. 2016.024).

Carey C. 1978. Factors affecting body temperatures of toads. Oecologia 35:
197-219.

Chen H, et al. 2014. The evaluation of rapid cooling as an anesthetic
method for zebrafish. Zebrafish 11: 71-75.

Cheng C-HC, Detrich HW III. 2007. Molecular ecophysiology of Antarctic
notothenioid fishes. Philosophical Transactions of the Royal Society B
362: 2215-2232.

January 2017 / Vol. 67 No. 1 « BioScience 59

220z 1Mdy Lo uo Jasn Aleiqi uosxi( ‘uonoag sjeuss Aq Sz y9z/SS/1L/L9/21911e/a0usiosolq/wod dno-olwspeoe//:sdny WwoJj papeojumoq



Forum e

Claussen DL, Costanzo JP. 1990. A simple model for estimating the ice con-
tent of freezing ectotherms. Journal of Thermal Biology 15: 223-231.

Close B, et al. 1997. Recommendations for euthanasia of experimental ani-
mals, part 2: DGXI of the European Commission. Laboratory Animals
31: 1-32.

Conroy CJ, Papenfuss T, Parker ], Hahn NE. 2009. Use of tricaine methane
sulfonate (MS222) for euthanasia of reptiles. Journal of the American
Association of Laboratory Animal Science 48: 28—32.

Cooper EL, Wright RK, Klempau AE, Smith CT. 1992. Hibernation alters
the frog’s immune system. Cryobiology 29: 616—631.

Cooper JE, Ewbank R, Platt C, Warwick C. 1989. Euthanasia of Amphibians
and Reptiles. Universities Federation for Animal Welfare (UFAW),
World Society for the Protection of Animals (WSPA).

Costanzo JP, Lee RE Jr. 2013. Avoidance and tolerance of freezing in ecto-
thermic vertebrates. Journal of Experimental Biology 216: 1961-1967.

Costanzo JP, Lee RE Jr, Lortz PH. 1993. Glucose concentration regulates
free tolerance in the wood frog Rana sylvatica. Journal of Experimental
Biology 181: 245-255.

Costanzo JP, Litzgus JD, Lee Jr RE. 1999. Behavioral responses of hatchling
painted turtles (Chrysemys picta) and snapping turtles (Chelydra serpen-
tina) at subzero temperatures. Journal of Thermal Biology 24: 161-166.

Costanzo JP, do Amaral MC, Rosendale AJ, Lee RE. 2013. Hibernation
physiology, freezing adaptation, and extreme freeze tolerance in a
northern population of the wood frog. Journal of Experimental Biology
216: 3461-3473.

Cziko PA, Evans CW, Cheng C-H C, DeVries A. 2006. Freezing resistance
of antifreeze-deficient larval Antarctic fish. Journal of Experimental
Biology 209: 407—-420.

Dalé NL, Hackman JC, Storey K, Davidoff RA. 1995. Changes in motoneu-
ron membrane potential and reflex activity induced by sudden cooling
of isolated spinal cords: Differences among cold-sensitive, cold-resis-
tant, and freeze-tolerant amphibian species. Journal of Experimental
Biology 198: 1765-1774.

Defrin R, Ohry A, Blumen N, Urca G. 2002. Sensory determinants of ther-
mal pain. Brain 125: 501-510.

DeVries AL, Cheng C-H. 2005. Antifreeze proteins and organismal freezing
avoidance in polar fishes. Pages 155-201 in Farrell AP, Steffensen JE
eds. The Physiology of Polar Fishes. Fish Physiology, vol. 22. Academic
Press.

Fletcher GL, Hew CL, Davies PL. 2001. Antifreeze proteins of teleost fishes.
Annual Review of Physiology 63: 359—-390.

Foulkes T, Wood J. 2007. Mechanisms of cold pain. Channels 1: 154—160.

Guénette SA, Giroux M-C, Vachon P. 2013. Pain perception and anaesthesia
in research frogs. Experimental Animals 62: 87-92.

Guly H. 2011. History of accidental hypothermia. Resuscitation 82:
122-125.

Hillman SS, Withers PC, Drewes RC, Hillyard SD. 2009. Ecological and
Environmental Physiology of Amphibians. Oxford University Press.
Hunsaker D. II, Lansing RW. 1962. Electroencephalographic studies of

reptiles. Journal of Experimental Zoology 49: 21-32.

Innis C, AC Nyaoke, CR Williams III, B Dunnigan, C Merigo, DL
Woodward, ES Weber, S Frasca Jr. 2009. Pathologic and parasitologic
findings of cold-stunned Kemp’s Ridley sea turtles (Lepidochelys kempii)
stranded on Cape Cod, Massachusetts, 2001-2006. Journal of Wildlife
Diseases 45: 594—610.

Kempainen RR, Brunette DD. 2004. The evaluation and management of
accidental hypothermia. Respiratory Care 49: 192—205.

Key B. 2016. Why fish do not feel pain. Animal Sentience: An
Interdisciplinary Journal on Animal Feeling 3 (art. 2016.003).

Kilgore DL, Schmidt-Nielsen K. 1975. Heat loss from ducks’ feet immersed
in cold water. Condor 77: 475-517.

LaManna JC, Rosenthal M, Novack R, Moffett DF, J6bsis FE. 1980. Temperature
coefficients for the oxidative metabolic responses to electrical stimulation
of cerebral cortex. Journal of Neurochemistry 34: 203—209.

Larson DL, Middle L, Vu H, Zhang W, Serianni AS, Duman J, Barnes BM.
2014. Wood frog adaptations to overwintering in Alaska: New limits to
freezing tolerance. Journal of Experimental Biology 217: 2193—-2200.

60 BioScience « January 2017/ Vol. 67 No. 1

Layne JR Jr, Lee RE Jr. 1995. Adaptations of frogs to survive freezing.
Climate Research 5: 53—59.

Luzzati V, Mateu L, Marquez G, Borgo M. 1999. Structural and electrophysi-
ological effects of local anesthetics and low temperature on myelinated
nerves: Implication of the lipid chains in nerve excitability. Journal of
Molecular Biology 286: 1389—1402.

Macartney JM, Larsen KW, Gregory PT. 1989. Body temperatures and
movement of hibernating snakes (Crotalus and Thamnophis) and ther-
mal gradients of natural hibernacula. Canadian Journal of Zoology 67:
108-114.

Machin KL. 1999. Amphibian pain and analgesia. Journal of Zoo and
Wildlife Medicine 30: 2-10.

. 2001. Fish, amphibian, and reptile analgesia. Veterinary Clinics of
North America: Exotic Animal Practice 4: 19-33.

Madsen JG, Wang T, Beedholm K, Madsen PT. 2013. Detecting spring after
a long winter: Coma or slow vigilance in cold, hypoxic turtles? Biology
Letters 9 (art. 20130602).

Maniero GD, Carey C. 1997. Changes in selected aspects of immune func-
tion in the leopard frog, Rana pipiens, associated with exposure to cold.
Journal of Comparative Physiology B 167: 256—263.

Martin BJ. 1995. Evaluation of hypothermia for anesthesia in reptiles and
amphibians. ILAR Journal 37: 186—190.

Mathew JP, Weatherwax KJ, East CJ, White WD, Reves JG. 2001. Bispectral
analysis during cardiopulmonary bypass: The effect of hypothermia on
the hypnotic state. Journal of Clinical Anesthesia 13: 301-305.

Matthews M, Varga ZM. 2012. Anesthesia and euthanasia in zebrafish.
ILAR Journal 53: 192—204.

McKemy DD. 2005. How cold is it? TRPM8 and TRPA1 in the molecular logic
of cold sensation. Molecular Pain 1 (art. 16). doi:10.1186/1744-8069-1-16

Millan MJ. 1999. The induction of pain: An integrative review. Progress in
Neurobiology 57: 1-164.

Morton, DB, Burghardt G, Smith JA. 1990. Critical anthropomorphism,
animal suffering, and the ecological context. Hastings Center Report
20: 13-19.

Mosley C. 2011. Pain and nociception in reptiles. Veterinary Clinics of
North America: Exotic Animal Practice 14: 45-60.

Mrozek S, Vardon E Geeraerts T. 2012. Brain temperature: Physiology
and pathophysiology after brain injury. Anesthesiology Research and
Practice 2012 (art. 989487). doi:10.1155/2012/989487

Mullins L]. 1991. Viewing anesthesia research 1954-1990. Annals of the
New York Academy of Science 625: 841-844.

Navas CA. 1996. Implications of microhabitat selection and patterns of
activity on the thermal ecology of high elevation neotropical anurans.
Oecologia 108: 617-626.

Navas CA, Carvajalino-Fernandez JM, Saboya-Acosta LP, Ruedo-Solano
LA, Carvajalino-Fernandez MA. 2013. The body temperature of active
amphibians along a tropical elevation gradient: Patterns of mean and
variance and inference from environmental data. Functional Ecology
27:1145-1154.

Packard GC, Ruble KA, Packard MJ. 1993. Hatchling snapping turtles over-
wintering in natural nests are inoculated by ice in frozen soil. Journal of
Thermal Biology 18: 185-188.

Paul-Murphy J, Ludders JW, Robertson SA, Gaynor ]S, Hellyer PW, Wong
PL. 2004. The need for a cross-species approach to the study of pain in
animals. Journal of the American Veterinary Medical Association 224:
692—-697.

Raffel TR, Rohr JR, Kiesecker JM, Hudson PJ. 2006. Negative effects of
changing temperature on amphibian immunity under field conditions.
Functional Ecology 20: 819—-828.

Roberts JN, Blackburn JG. 1975. Cold block of peripheral nerve fiber
activity using a Peltier biothermode. Journal of Electrophysiological
Techniques 4: 40—43.

Rosenberg ME. 1978. Thermal relations of nervous conduction in the tor-
toise. Comparative Biochemistry and Physiology 60A: 57—63.

Ross LG, Ross B. 2008. Anaesthesia of amphibians and reptiles. Pages
179-190 in Ross LG, Ross B, eds. Anaesthetic and Sedative Techniques
for Aquatic Animals, 3rd ed. Wiley-Blackwell.

http://bioscience.oxfordjournals.org

220z 1Mdy Lo uo Jasn Aleiqi uosxi( ‘uonoag sjeuss Aq Sz y9z/SS/1L/L9/21911e/a0usiosolq/wod dno-olwspeoe//:sdny WwoJj papeojumoq



Rossi GT, Britt RH. 1984. Effects of hypothermia on the cat brain-
stem auditory evoked response. Electroencephalography and Clinical
Neurophysiology 57: 143—155.

Shine R, Amiel ], Munn AJ, Stewart M, Vyssotski AL, Lesku JA. 2015. Is
“cooling then freezing” a humane way to kill amphibians and reptiles?
Biology Open 2015: 1—4. doi:10.1242/bi0.012179

Sneddon LU. 2015. Pain in aquatic animals. Journal of Experimental
Biology 218: 967-976.

Sokoloff L. 1999. Energetics of functional activation in neuronal tissues.
Neurochemical Research 24: 321-329.

Stephenson JL. 1956. Ice crystal growth during the rapid freezing of tissues.
Journal of Biophysical and Biochemical Cytology 2: 45-52.

Stevens CW, Pezalla PD. 1989. Endogenous opioid system down-regulation
during hibernation in amphibians. Brain Research 494: 227-231.

Storey KB. 2015. Regulation of hypometabolism: Insights into epigenetic
controls. Journal of Experimental Biology 218: 150—159.

Storey KB, Storey JM. 1986. Freeze tolerance and intolerance as strategies
of winter survival in terrestrially hibernating amphibians. Comparative
Biochemistry and Physiology 83: 613—617.

—— 1992. Natural freeze tolerance in ectothermic vertebrates. Annual
Reviews of Physiology 54: 619—-637.

. 2004. Metabolic rate depression in animals: Transcriptional and
translational controls. Biological Reviews 79: 207-233.

Suckow MA, Terril LA, Grigdesby CF, March PA. 1999. Evaluation of
hypothermia-induced analgesia and influence of opioid antagonists in
leopard frogs (Rana pipiens). Pharmacology and Behavior 63: 39-43.

Taylor CA. 1988. Surgical hypothermia. Pharmacology and Therapeutics
38:169-200.

Terrell KA, Quintero RP, Murray S, Kleopfer JD, Murphy JB, Evans M],
Nissen BD, Gratwicke B. 2013. Cryptic impacts of temperature variabil-
ity on amphibian immune function. Journal of Experimental Biology
216: 4204—4211.

Ultsch GR. 1989. Ecology and physiology of hibernation and overwinter-
ing among freshwater fishes, turtles, and snakes. Biological Review 64:
435-516.

http://bioscience.oxfordjournals.org

e [orum

Wilson JM, Bunte RM, Carty AJ. 2009. Evaluation of rapid cooling and
tricaine methanesulfonate (MS222) as methods of euthanasia in zebraf-
ish (Danio rerio). Journal of the American Association for Laboratory
Animal Science 48: 785-789.

Zimmerman LM, Vogel LA, Bowden RM. 2010. Understanding the verte-
brate immune system: Insights from the reptilian perspective. Journal of
Experimental Biology 213: 661-671.

Harvey B. Lillywhite (hbl@zoo.ufl.edu) is a professor in the Department
of Biology at the University of Florida, in Gainesville. Richard Shine is a
professor in the School of Life and Environmental Sciences at the University
of Sydney and a laureate fellow of the Australian Research Council. Elliott
Jacobson is an emeritus professor in the Department of Small Animal Clinical
Sciences in the College of Veterinary Medicine at the University of Florida,
in Gainesville. Dale E. DeNardo is an associate professor in the School of
Life Sciences, an attending veterinarian and director of the Department of
Animal Care and Technologies at the Arizona State University, in Tempe.
Malcolm S. Gordon is a professor in the Department of Ecology and
Evolutionary Biology at the University of California, Los Angeles. Carlos A.
Navas is professor titular in the Departamento de Fisiologia at the University
of Sdo Paulo, in Brazil. Tobias Wang is a professor and head of section
for zoophysiology in the Department of Bioscience at Aarhus University,
in Denmark. Roger Seymour is an emeritus professor in the Department
of Ecology and Environmental Science at the University of Adelaide, in
Australia. Kenneth B. Storey is Canada research chair and professor in
the Institute of Biochemistry at Carleton University, in Ottawa, Canada.
Harold Heatwole is an emeritus professor of Biology at North Carolina
State University, in Raleigh. Darryl Heard is associate professor of zoological
medicine in the Department of Small Animal Clinical Sciences at the College
of Veterinary Medicine at the University of Florida, in Gainesville. Bayard
Brattstrom is an emeritus professor of zoology at California State University,
in Fullerton. Gordon M. Burghardt is an alumni distinguished service profes-
sor in the Departments of Psychology and Ecology and Evolutionary Biology
at the University of Tennessee, in Knoxville.

January 2017 / Vol. 67 No. 1 « BioScience 61

220z 1Mdy Lo uo Jasn Aleiqi uosxi( ‘uonoag sjeuss Aq Sz y9z/SS/1L/L9/21911e/a0usiosolq/wod dno-olwspeoe//:sdny WwoJj papeojumoq



